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ABSTRACT

La maladie d’Alzheimer (MA) est caractérisée par 'accumulation cérébrale de peptides B-amyloides
(AB) et de protéine tau mal conformés, associés a une neuroinflammation excessive et a des altérations
synaptiques, menant a la perte neuronale et au déclin cognitif. Les mutations dans la séquence de
I’AB1-42 induisent des variations de sa structure et de ses propriétés biochimiques qui peuvent étre
délétere (AB1.42 -Osaka, ABosa) Ou protectrices (AB142 -muté, ABice). L'origine de ces effets variables est,
cependant, encore mal connue. Nous souhaitons donc en déterminer les mécanismes d'action et

identifier une nouvelle stratégie thérapeutique en mimant l'effet des variants protecteurs.

Nous avons inoculé AB.s. et ABice dans I'hippocampe (partie du cerveau importante pour la mémoire)
de souris transgéniques APPswePS14e0 4gées de 2 mois qui sécrétent continuellement de I’AB endogéne.
Nous avons ensuite évalué I'impact des différents variants de I’AB sur plusieurs domaines : i) les
fonctions cérébrales englobant les performances de mémorisation et la connectivité cérébrale ; ii) le
développement pathologique des Iésions de la MA (amyloide et tau) ; iii) le processing de la protéine
précurseur de l'amyloide (APP) et les espéces d’AB sécrétées; iv) la densité synaptique; v) la
neuroinflammation. Les souris ayant recu ces deux variants ont été comparées a des souris ayant recu
soit une solution controle (PBS) soit de I’ABi.42 non muté (Apwr). Cette étude multimodale nous a
permis d’identifier des cibles potentielles de chacun des variants sur un large spectre d’événements

pathologiques déja identifiés chez les patients.

Nous avons montré qu’a une méme concentration, ’AB a des impacts fonctionnels différents
dépendant de sa structure primaire. Ces impacts se maintiennent 4 mois aprés I'inoculation et nous
permettent de différencier les variants selon leur toxicité : toxique, modéré et protecteur. L'ABosa
entraine de sévéres déficits mnésiques et une perte de connectivité cérébrale associés a une perte
synaptique sans modulation de la pathologie Tau. Ces altérations fonctionnelles sont, en fait, induites
par une accélération de I'amyloidose se traduisant par une augmentation des plaques amyloides, une
forte production d’oligomeres AB préfibrillaires et fibrillaire ainsi qu’un exces de processing de I’APP
résultant en une augmentation des fragments C-terminaux (CTF-B et CTF-a). Alors que les souris
APPswePS14es inoculées avec du PBS présentent des pertes de mémoire spatiale, I'inoculation de I’ABice
restaure un phénotype normal en préservant la mémoire spatiale, la connectivité cérébrale et la
densité synaptique. Chez ces souris, I'amyloidose n’est pas modifiée mais la pathologie Tau est réduite,
suggérant de possibles relations entre ce variant et Tau. L'ABic. semble moduler des éléments de la
pathologie AP endogéne qui peuvent constituer de nouvelles cibles importantes pour traiter la

maladie.



L'impact fonctionnel a long terme d’une inoculation unique d’AB sur une cascade d’événements
pathologiques n’a jamais été démontré. De plus, en choisissant différents variants de I’AB, nous
espérons trouver diverses cibles de I’AB dépendant uniquement de sa structure, ce qui apporterait des
explications sur I’hétérogénéité de la MA. Finalement, en utilisant des variants protecteurs, nous

mettons en évidence des mécanismes d’action pouvant étre utilisés comme des outils thérapeutiques.
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Chapter 1 — Alzheimer’s disease overview

Alzheimer’s disease (AD) is the most widespread form of dementia in the world. It is characterized by
a progressive neurodegeneration leading to a progressive disability in doing normal daily tasks. In most
cases, the first signs of AD start over 65 years. Thus, for a long time, AD manifestations were hidden
by the low population lifespan. During the XX century, medical progress and lifespan extension
revealed an emergence of AD cases in the elderly population and AD became a worldwide issue for

public health.

The most common clinical symptoms of AD affect cognitive abilities like memory loss, inability to learn
new things, difficulty with language, poor judgment and mood and personality changes. This form of
dementia is the main cause of patient dependence. Physical, psychological, social and economic
consequences are weighty for AD patients but, also, for their caregivers and more generally for the

society.

AD is a heterogeneous disease as regards to its biology. The presence of extracellular senile plaques
composed of aggregated B-amyloid (AB) peptides and intracellular neurofibrillary tangles (NFT)
composed of misfolded tau proteins in the brain remain the primary neuropathological criteria for AD
diagnosis. In the last decade, other hallmarks, as the activation of the neuroinflammatory cells and the
synaptotoxicity, were demonstrated to play a central role in the pathogenesis of AD. However, how

the crosstalk between all AD hallmarks affects disease progression is still unclear.

Despite the rise of the scientific and medical community interest in AD, there is still no cure for this
devastating disease. Most of the available drugs help to control symptoms without changing the
disease progression. Recently, Lecanemab has received an approval as a curative therapy for AD from
the U.S. Food and Drug Administration (FDA). This is the first drug that showed an efficient disease-
modifying effect. This drug aims to remove the early accumulation of AB protofibrils from the brain
and to hinder the cognitive decline progression. This therapy highlights the importance of both the A

pathology and the need for early detection of AD.
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1.1 General context

1.1.1 Before Alzheimer’s disease

AD has occurred in human history long before it was named. It was included in a bigger category called
“dementia”. The transcription of Ebers Papyrus, the earliest medical text, revealed that 2000 years
before Christ, Egyptian physicians associated the mental disorders as memory decline and attention
troubles (distinctive feature of AD) to aging. During Ancient Greece, Pythagoras (philosopher and
mathematician) divided the lifetime into six stages: infancy, adolescence, adulthood, middle age,
senescence and old age. The last two phases of life were described as an inevitable period of decline
and decay of the mind and the body, where the mental capacities return to a baby mental state
(Berchtold and Cotman, 1998; Halpert, 1983). Additionally, Hippocrates (father of medicine) and Plato
(philosopher) also recognized that aging was the main cause of dementia. It was during Ancient Roma
that Marcus Tullius Cicero (philosopher and politician) pointed out that an active mental life could
prevent mental deterioration thus, dementia was not an inevitable consequence of aging (Yang et al.,
2016). Unfortunately, the end of Roman Empire and the Middle Age slowed down the progress of
studies on dementia as dementia and other mental health illnesses were considered as punishment of
God for sins committed during life. The diagnosis of dementia was then accepted in the Modern Age
and several neurologists began to discover pathological features of dementia that will be associated

to AD later on.

1.1.2 Discovery of AD

Alois Alzheimer, a German psychiatrist and neurologist, was interested in the development of senile
dementia and neuropathology. At this time, these features were mainly associated with neurosyphilis
or vascular disease. In 1901, he was intrigued by a new patient, Auguste Deter, a 51-year-old woman
who presented clinical symptoms of progressive cognitive disorders different from anterior known
features. Alzheimer fully documented the process and the aspects of her memory decline. Additionally
to memory troubles, Auguste Deter was disoriented in time and space (Figure 1A) and she suffered
from paranoia, auditory hallucinations and psychological disability (Maurer et al., 1997). She could not
write her own name or remember objects that were presented to her just before (Alzheimer et al.,
1995) (Figure 1B). Finally, she died of pneumonia in 1906. The autopsy of her brain revealed brain
atrophy and two particular neuropathological lesions: tangles of fibrils within the cytoplasm of neurons
and extracellular senile plaques (Figure 1). Alzheimer concluded about a “disease of cerebral cortex”
and described for the first time the main lesions of AD that will be named later on as neurofibrillary

tangles (NFT) and amyloid plaques.
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Figure 1: The discovery of AD

A. Picture of Mrs. August Deter, patient of Dr. Alois Alzheimer. B. Auguste Deter’s handwriting. C.
Neurofibrillary tangles from Auguste Deter, drawn by Alois Alzheimer above the caption ‘Peculiar

fibrillary changes of the nerve cells. Progressed stage of disease’. From (Alzheimer et al., 1995).

Indeed, the proteins associated with these lesions were identified only in the 80’s. The American
pathologist, George Glenner, discovered the AB peptides as the major component of the amyloid
plaques (Glenner and Wong, 1984a). In the meantime, the Belgian neuropsychiatrist Jean-Pierre Brion
identified the presence of an accumulation of abnormally phosphorylated Tau proteins in NFT (Brion,
2006; Brion et al., 1985; Grundke-Igbal et al., 1986). Further discoveries about genetic mutations
responsible for familial AD (FAD) transmission and allelic risk factors were also revealed. Many studies
to understand AD markers were thus conducted and many treatments has been proposed. However,
the complexity of AD physiology and clinical symptoms only lead yet to a daily growing knowledge

about the crosslinking between AD markers.

1.1.3 Epidemiology of AD: a worldwide dementia

Since AD discovery, the number of people being afflicted has logically risen due to the improvement
of its diagnosis. According to The World Alzheimer Report, there are over 55 million people worldwide
living with dementia in 2020. Every 3 seconds, someone in the world develops dementia. AD accounts
for 60-80% of dementia cases. The number of AD patients is predicted to double within the next two
decades, leading to major social and economic challenges for the patients’ relatives and for the society

(2020 Alzheimer’s disease facts and figures, 2020).

This rise of AD cases is more important in developing countries as the elderly population is growing
faster. The cumulative incidence of AD has been estimated to increase from about 5% by age 70 to

50% by age 90. In France, more than 1,175,000 people suffer from AD according to France Alzheimer.
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They estimate over 200,000 new patients every year, making AD an immeasurable issue for public

health.

Over the last decades, studies about AD have gained more prominence as the number of publications
on the topic and associated proteins has sharply increased (Figure 2). Today, finding a cure for AD is a

challenge that our societies have to overcome.
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Figure 2: Number of publications about AD since its discovery

1.2 Clinical aspects of AD

1.2.1 Symptoms

AD is a slowly progressive disorder combining cognitive symptoms and neuropsychiatric troubles.

1.2.1.1 Memory dysfunctions

Progressive loss of memory is among the first symptoms reported by AD patients. This loss of
memory disrupts daily life. Affected people are unable to learn new things, they usually forgot
relatively new facts such as recent conversations, ask the same questions over and over, do
not remember the names of objects or misplace items in the house. With progression of the
disease, amnesia becomes more severe and they can forgot their personal history leading to a
complete loss of their autonomy. For example, it can be difficult to remember the names of

people they know and to recognize their family and friends.

At early stages of the disease, a person with AD may be aware of having difficulty remembering

things. Progressively, the symptoms worsen, patients are not aware of the severity of memory
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1.2.1.2

1.21.3

1.21.4

1.2.15

1.2.1.6

loss and associated memory deficits to age. Thus, it becomes difficult for the caregivers to

convince patients to accept their help.

Spatial and temporal disorientation

Patients can get lost or wander. They may not know what time or day it is. They may have
troubles understanding something if it is not happening immediately. Sometimes, they may

forget where they are or how they got there.

Alteration of executive functions

Attention deficits and alteration of working memory associated to degeneration of frontal
subcortical circuits lead to impaired executive functions as making judgements and decisions,

problem solving, thinking and reasoning.

Mood disorders
Changing in mood such as obsessive, repetitive or impulsive behavior is frequent with AD
patients. They can feel increasingly anxious, frustrated or agitated. One of the first signs of AD
that August Deter developed was delusions. She accused her husband of adultery for no
apparent reason and became aggressive with him (Alzheimer et al., 1995). AD patients are
prone to paranoia and suspicious about careers or family members. As a result, they may have

trouble keeping up with their close environment or favorite activity.

Aphasia
Aphasia-related problems with speech or language arise from the inability to comprehend or
formulate language. AD patients have trouble following or joining a conversation. They may
stop in the middle of a conversation without knowing how to continue or they may repeat
themselves. They may struggle with vocabulary, have trouble in naming a familiar object or
use the wrong name. As a result, they withdraw from hobbies, social activities or other

engagements.

Apathy
Apathy is the loss of motivation in doing daily tasks leading to emotional deficits due to an
impairments of fronto-striatal circuits, specifically involving the anterior cingulate cortex
(Nobis and Husain, 2018). As apathy worsens, AD patients show poor judgement and may

struggle with making decisions.
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1.2.1.7 Agnosia

Agnosia is the impairment of the ability to recognize familiar stimuli or sensory modality
(visual, auditory, tactile, olfactory, gustative), despite normal perception of those stimuli. For

example, AD patients may not recognize faces of familiar persons, objects, sounds or tastes.

1.2.1.8 Apraxia

Apraxia, inducing gesture impairments, is the difficulty in completing familiar tasks even

though patient has normal sensation and motor control.

1.2.2 Continuum of AD

AD is a gradual neurodegenerative disease. The progression of the disease from asymptomatic to
complete dementia is called the continuum of AD manifestations (Figure 3). Within this continuum,
there are 3 phases: preclinical AD, mild cognitive impairments (MCI) and dementia. The last phase is
further divided in 3 parts: mild dementia, moderate dementia and severe dementia which reflect the
disability for patients to keep doing daily activities. The time spent in each phase varies from one

patient to another depending on several individuals’ factors as age, genetics, gender, etc.

—— Dementia due to AD —

Preclinical AD ﬂﬂ?paﬁ:ggfée p Mild Moderate
‘.//,/ :
| | | | |
No symptoms Very mild Symptoms Symptoms Symptoms
symptoms that do interfere with interfere with interfere with most
not interfere with some daily many daily daily activities
daily activities activities activities

Figure 3: Continuum of AD

AD continuum is divided into three phases: preclinical AD characterized by biomarker-positive changes
without symptoms occurrence, mild cognitive impairments (MCI) associated with subtle cognitive
changes and AD dementia qualified as mild, moderate or severe depending on the severity of
symptoms interference with daily activities. Adapted from (2020 Alzheimer’s disease facts and figures,

2020).

During preclinical phase of AD, early brain changes occur at molecular levels. The AB peptides and tau
proteins abnormally accumulate in the brain without causing any cognitive disorder. This
asymptomatic phase can last 10 to 20 years. At this stage, early biological disturbances can be
compensated by the brain, which precludes the distinction between AD patients and healthy

individuals after clinical examination. However, some tools can be used as biomarkers of early AD such
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as abnormal levels of AB in cerebrospinal fluid (CSF) or decreased metabolism of glucose measurable
by positron emission tomography (PET) scans. The accuracy and the reproducibility of these methods
vary between patients due to the individual heterogeneity of the disease. Actually, not all individuals
with AD-related early brain changes develop MCl and dementia. Thus, developing biomarkers of the
preclinical phase to earlier diagnose patient with AD is a major goal of current research. The earliest
AD is detected, the easiest the disease could be slowed and stopped before the advent of major

biological perturbations causing cognitive deficits.

The MCI phase, also called the prodromal AD, is the predementia phase of cognitive impairment.
During this phase, neurobiological changes continue to progress. Individuals start to have mild
disturbances in episodic memory and thinking but these subtle symptoms do not interfere with daily
activities. The apparition of these symptoms is caused by the inability of the brain to compensate
molecular changes as brain atrophy and synaptic loss that are strongly correlated with cognitive
decline. Recent studies have shown that 32% of MCl individuals develop AD dementia within five years
(Mitchell and Shiri-Feshki, 2009; Ward et al., 2013), which indicates that not all MCl patients convert
to dementia. In many cases, the symptoms of MCI remain stable and sometimes individuals revert to
normal cognition (Jongsiriyanyong and Limpawattana, 2018). In fact, the MCI stage of AD is a
prodromal transitional state between normal aging and AD, where curative therapeutics can have a
crucial impact to reverse disease progression. An efficient diagnosis of this stage may allow

identification of individuals who are more predictable to develop AD.

Cognitive changes during AD dementia worsen and they can be completely distinguished from normal
age-related cognitive changes. During this phase, symptoms interfere progressively with daily activities
and AD patients lose their autonomy. First, they suffer from mild dementia, although memory starts
to be impaired, they can still drive, go to work but, sometimes, they require few assistances for some
activities. Then, in the moderate stage of AD dementia, individuals have troubles to perform routine
tasks, to communicate and they have mood disorders (aggressivity, depression...). Most of the AD
symptoms reported by the caregivers appear during this stage which can be long. Finally comes the
severe stage of AD dementia characterized by a complete loss of autonomy, where patients cannot do
any daily activities without help. As a result, they are vulnerable to other pathologies like pneumonia

which is the major contributing cause of death among AD patients.

1.2.3 Diagnosis

Several studies indicated that 65 and older individuals can survive from four to ten years after the
diagnosis of AD dementia, yet some live as long as 20 years with dementia. Even if the progression of

AD is slow and uncertain, an accurate diagnosis of AD is useful for comparative studies of patients,
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including patients in clinical trials. Nowadays, the diagnosis of AD addresses the medical history of the
patient, a clinical examination, several neuropsychological testing and some laboratory assessments.
Because AD dementia is often underdiagnosed, the diagnosis is based on standardized criteria that

must progress with the advance in AD knowledge.

1.2.3.1  Clinical diagnosis

Twenty years ago, a work group composed of the National Institute of Neurological and
Communicative Diseases and Stroke (NINCDS) and the Alzheimer’s disease and Related Disorders
Association (ADRDA) established and described the clinical criteria for the diagnosis of AD (McKhann
et al.,, 1984). These criteria relied on functional, psychiatric and neurologic assessments which
demonstrated a continuing decline of cognitive function compared to previous performance.
Moreover, these criteria depended on the exclusion of systemic disease or other deficits that can cause
dementia. The diagnosis of AD was categorized in three items: possible AD (atypical clinical course of
dementia), probable AD (memory impairments and, at least, disability in one non-amnestic domain)
and definite AD (clinical and histopathologic evidences). Although these criteria allowed distinction
between AD and others dementias, clinicians were able to diagnose AD only in the presence of
dementia which lowered the sensitivity and specificity of the diagnosis as we know that AD starts long
before symptoms appear. Thus, based on the advances in the understanding of AD, diagnosis criteria
were revised in 2011 by NINCDS-ADRDA. They now include the formalization of earlier disease stages
(MCI and preclinical AD). According to the new proposal, memory impairment is not necessarily
required. The cognitive or behavioral disorders should involve at least two of the following domains

for probable AD: memory, executive function, speech, visual-spatial ability and change in personality.

Alternatively, the Diagnostic and Statistical Manual of Mental Disorders 5% edition (DSM-5) defined
criteria for major neurocognitive disorder (previously called dementia) that are also used for AD
diagnosis. They are based on the identification of a gradual decline of cognitive functions in one or
more cognitive domains including learning and memory, language, executive function, complex
attention, perceptual-motor and social cognition. These deficits should interfere with independence

in daily activities and they are not due to any other psychiatric or neurologic disorders.

In practice, how clinicians can address the cognition inabilities? Several standardized
neuropsychological tests which investigate mental flexibility and executive functioning have been
developed. The Mini-Mental State Examination (MMSE) is the most commonly used in clinic and
research. It associates a cognitive score from 0 to 30 (most severe dementia) to patients. Another

surprisingly simple test is the Clock Drawing test. AD patients show early deficits in semantic memory
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which lead to difficulties in visual spatial processing and misrepresentation of clock numbers (Figure

4).

L\l s
l 3 s ;
g b M) s T
\ = 1 4 —
—_i‘_ — -3 —
Normal MCI, early AD Late AD

Figure 4: Clock Drawing test in healthy elderly individual, early AD and late AD
AD patients progressively loose the capacity to accurately place the clock numbers.

Atypical forms of AD may not be detected following the above criteria of classical AD diagnosis. Thus,
additionally to clinical examination, complementary exams as neuroimaging and blood test are always
recommended to confirm the diagnosis and exclude alternative causes of dementia, especially for the

asymptomatic phase of AD.

1.2.3.2 Post-mortem diagnosis: neuropathology

The gold standard of definitive AD diagnosis remains the neuropathology studies of brain lesions after
the death of the patient. It relies on the identification of the two hallmarks of AD: AR deposits and
NFTs. In 2012, the National Institute on Aging-Alzheimer’s Association (NIA-AA) recommended to
evaluate the degree of AD-associated neuropathological changes using an “ABC” score based on the
morphology and density of AD lesion features (Hyman et al., 2012). This score is based on 3 criteria:
the distribution of amyloid plaques according to Thal phases (“A” for Amyloid), the presence of NFTs
related to Braak stage (“B” for Braak) and the semi-quantitative evaluation of neuritic plaques based
on the Consortium to Establish a Registry for AD (“C” for CERAD). Together, the 3 criteria help to define

»nou

a score that reflects the level of neuropathological changes as “not”, “low”, “intermediate” or “high”.
However, during preclinical and MCI stages of AD, only a proportion (20-40%) of non-demented
individuals display enough amyloid plaques and NFTs within their brain that fit with these criteria.
Additionally, half of individuals with cerebrovascular or metabolic disease present the same

neuropathological lesions and unfortunately may be diagnosed as AD. Thus, because of these

comorbidities, neuropathological changes are not sufficient to diagnose AD. Fortunately, ante-mortem
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diagnosis of AD is now possible since several AD biomarkers in the brain and in the biological fluids has

been explored.

1.2.3.3 Biomarkers of AD

A biomarker is a characteristic that “can be measured and evaluated as an indicator of normal
biological processes, pathological processes or pharmacologic responses to a therapeutic
intervention” (Lashley et al., 2018). Current AD biomarkers rely on brain scanning, CSF protein
examination and blood test. Rapid advances in the development of ultra-sensitive assays may enable

individuals on the AD spectrum to be distinguished from healthy controls.

1.2.3.3.1 Classification of biomarkers: benefits and limitations

According to NIA-AA Research Framework, AD is defined as “a biologic construct that is identified by
biomarkers in living people”, which enlarges the diagnosis of AD from a syndromal to a biological and
possibly asymptomatic aspect (Jack et al., 2018). A new classification of AD biomarkers has been
proposed to simplify diagnosis. The ATN classification system groups the detection of amyloid
pathology (A), tau pathology (T) and neurodegeneration or neuronal injury (N). In this system, AB
biomarkers determine whether or not an individual is in the AD continuum while pathologic tau
biomarkers determine if a patient who is in AD continuum has AD. The last biomarkers serve as an
indication of staging severity and are not specific to AD. Each biomarker is binarized into normal (-) or
abnormal (+) items which lead to eight different biomarkers profiles (Table 1). Then, each patient is
assigned to one or more biomarker categories: (1) individuals with normal AD biomarkers (A-T-N-); (2)
patients in the AD continuum (any A+ combination); and (3) patients with a normal amyloid biomarker

but with abnormal T or (N), or both, also called “Suspected Non-Alzheimer’s Pathophysiology” (or

SNAP).
Cognitive Stage
Co'gnltn'/ely Mild C.ogmtlve Dementia
unimpaired Impairment
. Normal AD
A T (N) | Normal AD biomarkers Normal /-.\D biomarkers biomarkers with
with MCI .
dementia
A TH(N)
AT (N)* Suspected Non-Alzheimer’s Pathophysiology (SNAP) change
Biomarker | A" T"(N)*
Profile A*T (N)
A*T (N)*
AT .. . . .
(N) Preclinical AD AD with MClI AD with dementia
A+ T+
W

Table 1 : ATN biomarkers
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Each cognitive stage of AD can be associated with ATN biomarker profile. (-) and (+) represent

respectively normal and abnormal biomarker.

The standardization of diagnosis criteria through this classification may ensure the diagnosis of
symptomatic patients and evaluate the probability that asymptomatic patients develop AD, using
continuous measures of biomarkers. This approach may facilitate the enrollment of patients in clinical
trials whenever they have classical or typical AD. Moreover, the flexibility to add new discovered
biomarkers when there are validated and available makes possible the personalized medicine of each
pathologic change for each patient. The use of biomarker-based diagnosis in everyday clinical practice
is still under debate. The main limitation of this classification relies on its purely biological definition of
AD which can lead to consider as an AD patient any individual positive for AD biomarkers but without
AD symptoms. This confusion between the presence of AD lesions and AD symptoms rises the
existential question about when we could really consider an asymptomatic individual as an AD patient.
The International Working Group (IWG) which contests the new definition, proposed to consider these
individuals more like at-risk for progression to AD and recommended to use clinical-biological

diagnosis (Dubois et al., 2021).

1.2.3.3.2  Currently available AD biomarkers

The first neurodegenerative change is the cerebral atrophy. It mainly occurs in the medial temporal
lobe which includes the hippocampus (region of memory) and entorhinal cortex and then, spreads
through other cortical regions as sensory-motor and visual areas. In clinical settings, structural
magnetic resonance imaging (MRI) measured the regional atrophy in patients with pre-existing MCl to
confirm positive diagnosis of AD. The accuracy of this diagnosis depends on the measured regions and
the topographical progression of atrophy as normal aging leads also to a reduced volume of
hippocampus and other areas. Longitudinal assessment of cerebral atrophy allows to follow the
progression of the disease meanwhile as the clinical signs increase. Thus, patients suspected of AD
display a typical pattern of atrophy distinguishable from cognitively normal elderly with 80-90%
accuracy (Figure 5). Non-invasive volumetric MRI-based techniques remain the modality of choice to
evaluate brain changes caused by other dementias and some affected regions are similar with those
showing AD associated-brain changes. In the last decade, multimodal MRI analysis - from white matter
diffusion studies to brain region networking evaluation - has emerged in research settings. These novel
developments may help to find specific AD criteria with high predictive value that can be applicable in

clinical settings.
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Healthy control Alzheimer’s disease

Figure 5: Brain atrophy is observed in AD patients compared to healthy individual

Brain MRI samples of a healthy person (left) (male, 84.8 years) and an AD patient (right) (female, 71.8
years). Increased atrophy in the medial temporal lobe and the enlarged ventricles are apparent.

Adapted from (Ledig et al., 2018).

Neurodegeneration can also be evaluated using PET imaging which allows to measure brain
metabolites in the living human brain. F-fluorodeoxyglucose (FDG)-PET measures glucose uptake in
neurons and glial cells and is sensitive to synaptic dysfunction. Several studies have shown AD-
associated hypometabolism in the temporo-parietal and posterior cingulate cortex of AD patients.
Accurate interpretation of FDG-PET allows to distinguish AD from other dementia and from cognitively
normal elderly individuals. Hippocampal FDG-PET changes occur in the early stages of AD, before first
symptoms appear. Thus, non-invasive longitudinal metabolic assessment allows to detect the decline

from normal to MCl or AD.

Another early molecular brain change detected by PET imaging is the increase of AB. The thioflavine T
derivative Pittsburgh Compound-B (PiB) is a tracer of AB used clinically to detect progressive deposition
of fibrillary AB plagques in patients’ brain (Figure 6). However, brain amyloidosis has been shown to be
strongly associated with dementia (Ossenkoppele et al., 2015) and AB plaques have been found in
cognitively normal elderly individuals (Marchant et al., 2012). Thus, positive amyloid PET is more an
exclusive predictive value of AD diagnosis (Scheltens et al., 2016) and needs complementary diagnosis.
Tau PET is a new modality which evaluates the binding of fluorinated ligands to tau fibrillary aggregates
(Figure 6). A combination of amyloid and tau PET imaging could help to confirm AD diagnosis. However,

additionally to the difficulty to bind all pathological isoform of Tau, Tau PET suffers from off-target

27



binding (Makaretz et al., 2018). New Tau ligands are under validation in research settings (Marquié et

al., 2015).
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Figure 6: Accumulation of amyloid Carbon 11-labeled PiB and Tau-PET in AD patient
AD patients display higher amyloid and Tau burden. From (Schéll et al., 2016)

Ante-mortem AD neuropathologic diagnosis can be performed using CSF assessment of AD lesions. AB
arising from the endoproteolytic cleavage of amyloid precursor protein (APP), is secreted into the
extracellular space and continuously released within CSF. CSF AB is a core biomarker candidate of AD.
AB4; is more prone to aggregate and is a major component of amyloid deposits. During AD, cortical
accumulation of AB leads to sequestration of AB4, within senile plagues causing a decrease of its
release in the CSF (Lashley et al., 2018; Olsson et al., 2016). In contrast, cortical neuronal loss induce
high level of total tau (T-tau) in CSF. Additionally, tangle-containing neurons release phosphorylated
tau (P-Tau) that can also be measured in CSF (Buerger et al., 2006). The most widely measured
phosphorylated tau epitope is threonine 181 (P-taul81P). Despite a sensitivity and a specificity of CSF
biomarkers reaching 85-90% for detecting AD, protein concentration does not always correlate with
PET imaging (Blennow et al., 2010; Buerger et al., 2006; Lashley et al., 2018). While PET imaging

measures amyloid plaque load and tau deposits accumulating over time, CSF biomarkers measure the

level of production and clearance of AB and phosphorylated tau at a given time. CSF biomarkers are
used to decipher pathological state at different stages of AD (Andreasen et al., 1999). Low CSF AB4; is
associated with increased CSF T-Tau and P-Tau levels in prodromal AD, in patients with MClI, as well as
in asymptomatic AD-risk ones, compared to healthy controls with good accuracy (Olsson et al., 2016).
Recently, a comparative study showed that lower CSF AB4; is a strong prognostic factor of AD-

associated mortality (Boumenir et al., 2019). Thus, using CSF biomarkers, future cognitive decline in
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healthy individuals can be predicted and the progression of cognitively impaired patients to dementia

can also be known.

1.2.3.3.3 Challenges in the development of new biomarkers

AD is characterized by a continuum of pathological changes without any clear distinction between AD
patients and cognitively normal elderly individuals. One of the aims of biomarker-based diagnosis is to
separate, with high performance, AD from healthy controls on the one hand and prodromal AD with
MCI from stable MCI on the other hand. Emerging evidence have shown that AD develops 10 to 20
years before symptoms appear, which indicates that at one point AD-risk patients and healthy
individuals are clinically indistinguishable. A current challenge for our societies is to detect the most of
AD-risk patients in a general population that does not present any symptoms at the time of diagnosis.
Rapid non-invasive diagnosis tests need to be developed for primary care and even future population

screening.

While CSF collection is invasive and impressive for patients, blood collection is more accessible in
routine practice. Recent studies have shown the ability to detect, in the plasma, AB species from brain
of AD patients. Abnormal levels of plasmatic ABs; and ABs were associated with AD. However,
measuring CNS-specific proteins in routine blood diagnosis is under debate because of their weak
reliability due to their low concentration in the plasma. Additionally, platelets and other extra-cerebral
tissues also secrete AB in the plasma that interfere and prevent higher concordance between plasma
AB level and cerebral B-amyloidosis (Olsson et al., 2016; Zetterberg, 2015). Encouragingly, assessment
of plasma ABa42/AB1o ratio - by combining immunoprecipitation and mass spectrometry (IPMS) - showed
promising results for predicting AD at individual level (Nakamura et al., 2018). Indeed, reduced plasma
AB42/AB4o ratio was demonstrated to correlate with brain amyloid-B PET burden and levels of CSF ABa2
in pre-symptomatic, MCl and AD patients (Nakamura et al., 2018). The quantification of AB42/ABao
ratio, rather than separate levels of AR and AB4o, allows to normalize AB level for biologically induced
AB variations. Interestingly, the study of a cohort including cognitively normal elderly individuals
showed that amyloid-negative individuals with positive plasma AB42/ABao have 15-fold higher risk to
develop brain AB PET burden (Schindler et al., 2019). This finding indicates that plasma AB42/ABaoratio
can predict earlier brain amyloidosis rather than amyloid PET. Although underlying causes of theses
associations are still unclear, it is essential to consider that blood-brain exchange of AB has a crucial

role in early stages of AD.

Regarding tau pathology, plasma levels of tau phosphorylated at residue 181 (P-taul81) and residue
217 (P-tau217) appear to be specific biomarkers of AD as they were found significantly higher in AD

compared to others tauopathies or neurodegenerative diseases (Leuzy et al., 2022; Palmqvist et al.,
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2020; Thijssen et al., 2020). Plasma P-tau level changes occur before symptom onsets and increase
with progression from prodromal to late AD suggesting that this measure can predict AD development
(Figure 7)(Janelidze et al., 2020). Importantly, plasma P-tau level changes were strongly associated
with amyloid PET, tau PET and CSF P-tau (Janelidze et al., 2020; Mattsson et al., 2016; Palmqyvist et al.,
2020). The measures enabled to detect amyloid PET-negative individuals who converted to amyloid
PET-positive indicating that plasma P-tau becomes positive earlier than PET targets. Although, plasma
P-tau level increase occurs before tau aggregation and amyloid burden, it occurs after CSF and plasma
AB changes, which is in accordance with hypothesis of early AB-induced tau changes in AD. As a result,
plasma P-Tau combined with plasma AB42/ABo are good candidate biomarkers for preclinical and
symptomatic AD. Now, research needs to optimize the blood-based assays for high precision

population screening and determine their potential role in clinical care.
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Figure 7: Plasma-based biomarkers across the clinical continuum of AD

The most promising plasma biomarker or plasma biomarker combination is represented within each

stage of the disease. (From (Leuzy et al., 2022)).

Among the existing biomarkers used, urinary analysis has also been considered for AD diagnosis. A
propensity-score match study revealed that high arsenic or low dimethylarsinic acid levels
(predominant urinary metabolites) are associated with increased AD-risk which indicates that urinary

biomarkers are promising candidate for AD diagnosis (Yang et al., 2018).

Despite its invasiveness, CSF biomarker yet remains the gold standard to detect and follow AD-related
proteins. Thus, research aims to find novel CSF biomarker candidates. One such biomarker is AB
oligomers that have a central role during early AD-induced toxicity. Because of their presence in
physiological conditions, their threshold of detection in AD patients overlaps with healthy control and
CSF is poorly concentrated in AR oligomers. Fortunately, ultra-sensitive A oligomer assays have been

developed and show high precision to discriminate AD patients from cognitively normal elderly
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individuals (Savage et al., 2014). Synaptic biomarkers are also promising as synaptic dysfunction occurs
early in AD. High CSF synaptic proteins have been shown to correlate with progression of AD clinical

severity (Kvartsberg et al., 2015).

Improve diagnosis and prognosis in AD, using ultra-sensitive biomarker-based assays, might enable to
identify patients who could benefit from AD-targeted disease-modifying agents by decreasing the

time, cost and risk of drug trial.

1.2.3.3.4 Time-course of major AD pathophysiological events

AD is a progressive age-related disorder that start 15 to 20 years before the onset of clinical symptoms.
The effect of each pathophysiological event on brain increases either simultaneously or consecutively
and can be detected as a biomarker (Section 1.2.3.3). Longitudinal studies of AD patients’ biomarkers
allowed to propose a model of AD evolution based on the clinical course (Figure 8) (Long and Holtzman,
2019). Accumulation of AB occurring during preclinical phase is the first event of the disease. It can be
detected by a reduction of AB4; in CSF and plasma coming with an increased signal of amyloid PET
imaging. At meantime, microglia and astrocyte changes occurred and cortical hypometabolism is
observed in FDG-PET imaging. Then, while AB deposition spreading reaches all the brain structures,
increased NFT tau pathology is observed in tau PET imaging and CSF P-tau levels increase. The
spreading of tau leads to synaptic dysfunction and neurodegeneration. The first symptoms start to
appear from subtle symptoms to dementia. Longitudinal imaging of hippocampal volume loss (MRI)
enables to follow these neurodegenerative changes. At the onset of cognitive impairments the brain
AB build-up reaches a plateau (Long and Holtzman, 2019). As a result, progression of cognitive
impairment correlates with tau pathology and hippocampal atrophy but not with amyloid deposition.
Regarding the first event of AD, whether it is AB-related toxicity or microglia/astrocyte dysfunction
that initiates the pathology remains unclear. One hypothesis can be that cooperation between AB and
neuroinflammatory actors, during the preclinical phase, facilitates the progression to MCI stage and,
then, the increase of tau pathology aggravates the disease and amplifies the severity of clinical
symptoms until complete dementia. Interestingly, regarding the topography of tau and amyloid
deposits, another model has been proposed where tau pathology starts even before AB deposits in
some cortical regions involved in AD. The timeline of apparition of AD pathological events led to many

hypotheses on AD origins that will be discussed in Chapter 2.
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Figure 8: Timeline of the apparition of AD biomarkers in relation to clinical course
The horizontal axis represents the clinical stages of AD: preclinical AD, MCl and dementia. The vertical
axis represents the degree of each biomarker during disease progression. The level of AB in CSF and

plasma is the first biomarker that becomes positive (+). CDR : Clinical Dementia Rating Adapted from

(Long and Holtzman, 2019).

1.3 Different forms of AD

AD is a multifactorial disorder that can be classified into two categories: familial and sporadic forms.
Genetic factors are responsible for familial forms of AD (FADs) that represent 1% of AD patients. FADs
are rare autosomal dominant diseases resulting in an early onset of the pathology, between 30 and 60
years, and are more aggressive. Accumulation of multiple genes and environmental risk factors
throughout life are responsible for developing complex sporadic forms of AD (SADs) that represent the
majority of AD cases (99%). SADs result in late onset of pathology and are more challenging to study

because of the wide heterogeneity among patients.
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1.3.1 Familial forms

FADs are due to genetic mutations transmitted through families indicating that at least one first-degree
relative of the patient has a history of AD. These mutations have been identified in 3 main genes coding
for proteins involved in AB production: APP, Presenilin 1 (PSEN1) and Presenilin 2 (PSEN2). These
mutations are directly involved in the accumulation, aggregation and stability of AB in the brain by
influencing its structure and its regulation. For several decades and until now, the study of FADs

enabled the major advances in AD mechanism deciphering.

1.3.1.1 Mutation in presenilin PSEN1/PSEN2

PSEN1 and PSEN2 are two homologous genes coding for two proteins that have around 67% of
homology (Piaceri et al., 2013). Linkage analysis revealed their implication in the majority of FAD cases.
Both are subunits that form the catalytic core of the y-secretase complex which is involved in C-
terminal cleavage of APP resulting in the generation of AB isoforms. Most of the mutations in presenilin
genes are autosomal dominant missense mutations leading to amino acid substitution. While PSEN2
mutation is rare, PSEN1 mutation accounts for up to 50% of FADs. Both mutations disturb AR
regulations. The mechanism by which PSEN mutations induce neurodegeneration and alteration of
cognitive functions remains unclear. Several hypotheses have been proposed. On the one hand, PSEN
mutations have been suggested to duplicate y-secretase activity resulting in a toxic increase in AB
synthesis and AB4,/AB4o ratio. On the other hand, PSEN mutations would lead to a loss of physiological
presenilin function that is important for learning and memory, as animal models bearing these
mutations were found to mimic better neurodegeneration of AD than animal models bearing AB

overproduction-based mutations (Shen and Kelleher, 2007).

1.3.1.2 Mutations in APP

The first mutation causing the FADs was identified in the APP gene on chromosome 21 as patients with
Down’s syndrome showed similar neuropathological features as AD patients. The duplication of
chromosome 21 leads to a gain function of APP gene associated with a cerebral accumulation of AB in
these individuals (Goate et al., 1991). The discovery of mutations on APP gene at the origin of the FADs
has brought a lot to our understanding of the disease. Nowadays, more than 50 mutations have been
identified in APP. They are located outside or inside the AB sequence and mostly near or around a-, B-
or y-secretase cleavage sites, which are the enzymes responsible for APP cleavage and AB production.
Depending on their location, mutations can: enhance AB production (Swedish, Flemish); change
AB42/ABa4o ratio and induce selective production of highly toxic isoforms of AB (Taiwanese, Artic, Dutch);
modulate AR folding and aggregation properties (Osaka, lowa, Italian) (Bi et al., 2019). Interestingly,

mutations in the N-terminal domain of AP lead to a decrease of AB levels and have protective
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properties on cognition (Di Fede et al., 2012; Jonsson et al., 2012). These APP mutations will be further
detailed in Section 3.3.1. Regarding that mutations in APP gene induced specific properties, FADs have
been useful for understanding the widespread heterogeneity observed in AD patients. Multiple animal
models bearing these familial mutations have been developed to guide AD research and test disease-

modifying therapies.

1.3.2 Sporadic form and risk factors

The majority of AD origins cannot be explained by one single event but by a huge number of sequential
events that patients progressively acquire during their life. Unsurprisingly, age is a major risk factor for
succumbing to AD. Sporadic late onset AD is an age-related multifactorial disease which complexity
relies on multiple genetic and environmental factors that interact with each other and badly influence

disease threshold to develop AD.

1.3.2.1 Genetic susceptibility

The best known susceptibility gene involved in AD is the Apolipoprotein E (APOE) gene that codes for
a lipoprotein binding amyloid proteins. APOE is a polymorphic gene meaning that three alleles (APOE2,
APOE3, APOE4) exist at this locus and gradual AD risk depends on the expressed alleles. Individuals
that carry APOE2 allele, have a lower risk to develop AD. APOE3 does not have any influence on AD
risk. In contrast, APOE4 has been associated with higher AD risk (Figure 9). One copy of this allele
increases by 3-fold the risk to develop AD and two copies increase it by 12-fold, indicating that either
in homozygous state or in heterozygous state, APOE4 has a predominant role in the predisposition to
AD. APOE is an apolipoprotein involved in the transport and homeostasis of cholesterol. Correlation
between increased brain cholesterol and production of AR has been found in AD patients. Recently,
super-resolution imaging of the mouse brain showed that the transport of cholesterol by APOE from
astrocytes to neurons, contributes to maintain Ap plaques around neurons and determines the
production of AR (Wang et al., 2021). Thus, APOE4 allele carrying has been associated with the increase
of AB plaques. Moreover, the discovery of APOE in senile plaques and intracellular NFTs revealed that
APOE was enabled to bind AB and play a role in formation of AB oligomers and fibrils (Castano et al.,
1995). The elimination of AB oligomers through CSF and plasma was found reduced in AD patients
bearing the APOE4 allele, indicating that APOE is involved in the sequestration and the accumulation
of AB in the brain (Tai et al., 2013). Other studies have highlighted the own neurotoxic effects of APOE
independently of AB (Piaceri et al., 2013).
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Figure 9: Genetic landcape of AD

Representation of AD-associated genes including causative genes (APP, PSEN1 and PSEN2) and
susceptibility genes with high, medium and low risk factors. The colours in the key show the pathways

in which these genes are implicated. (Scheltens et al., 2016).

Although APOE gene is the best documented susceptibility gene for AD, over 60% of SADs are not
associated with APOE suggesting that other factors contribute to the development of AD. In fact, large-
scale Genome-Wide Association Study (GWAS) enabled to identify more than 30 genetic loci involved
in predisposition for AD (Figure 9). Most of the genes were clustered within the main three pathways:
immune system-inflammatory response, cholesterol-lipid metabolism and endocytosis (Figure 9).
Among them, mutation in Triggering receptor expressed on myeloid cells 2 (TREM2) gene, coding for
a microglial receptor involved in AR clearance, has been associated with increased AD risk to carriers.
Interestingly, a rare TREM2 variant (R47H) prevents TREM2-mediated early microglial response to AB
phagocytosis and plaque compaction. The discovery of many genes involved in microglial and immune
cell function has reconsidered the role of this cell type in the progression of AD and new mechanism

hypothesis of AD has emerged.
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1.3.2.2 Lifestyle-related factors

The wide clinical spectrum of SAD cases makes unclear the etiology of this disease. As causal genetic
susceptibility was not found in all SAD patients, the role of environment as a putative risk factor has
gained importance during the last decade. Particularly, bacteria and virus infections have been shown
to alter AB pathology. Chronic oral exposure to a periodontal pathogen has been shown to induce
accumulation of AB in the brain of WT mice (llievski et al., 2018). Moreover, the herpes virus has been
observed more frequently in AD brains than in healthy brains supporting that the neuroinflammation
response is altered in AD. Moreover, lifestyle choice appears to be a determinant factor in AD
developing risk. Social context, as high education and physical activity, contributes in modulating the
risk of AD. As high cholesterol level is a concomitant sign of AD, having an unhealthy diet (eating
saturated fats, lots of sugar and salt) affects biological mechanisms such as inflammation and oxidative
stress and, finally, leads to the development of metabolic disorders (obesity, diabetes) that underlie
AD. Furthermore, increasing evidence suggests that consumption of alcohol and tobacco aggravates
AD risk. Vascular background (cardiovascular diseases) is also linked to lifestyle comorbidities and, as
a result, increases the incidence of AD. Epidemiological studies on the effect of environmental
pollutants on the predisposition to develop AD revealed AD aggravation in presence of some
neurotoxic metals (mercury, aluminum, arsenic) and pesticides that enhance AP accumulation, Tau
phosphorylation and impairment of cognitive functions (Rahman et al., 2020). Hence, it is critical to
establish public health strategies, achievable for all societies, to enable healthy lifestyle at individual

level and to enhance environmental protection rules.

1.4 Pathophysiology of AD

AD patient autopsy revealed the presence of two main disease-related neurohistopathological lesions:
extracellular senile plaqgue composed of aggregated AR peptide and intraneuronal accumulation of
hyperphosphorylated Tau protein matting in NFTs. Additionally, growing evidence suggested that
neuroinflammatory activation and synaptic deterioration play a pivotal role in AD pathophysiology.

Deciphering the role of each AD hallmark is crucial in the understanding of the disease.

1.4.1 Amyloidosis

1.4.1.1 Formation and clearance of AB peptide

An imbalance between production and clearance of AB is responsible for its accumulation and

aggregation throughout the brain.
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AB peptide is the main constituent of amyloid plaque. AB is generated from APP, a transmembrane
protein produced in neurons, which can be proteolytically cleaved through non-amyloidogenic a-
secretase or amyloidogenic B-secretase pathways (Figure 10) (Haass et al., 2012). Initial APP cleavage
by B-site amyloid precursor protein cleaving enzyme 1 (BACE1, B-secretase enzyme) at the N terminus
of AB sequence releases a large N-terminal secreted APP-B fragment and the membrane-bound C99
fragment also called CTF-B. C99 fragment is further cleaved by the y-secretase that allows the
formation of several truncated A species depending on the location of y-cleavage. AP and AB4; are
the more predominant isoforms of AB found in AD patients. Alternatively, to this amyloidogenic
pathway, the physiological pathway, including the a-cleaving site within the AR sequence of APP,
precludes AR generation and yields soluble N-terminal APPa (sAPPa) and C-terminal fragment a (CTF-
a) production. The CTF-a is further processed by y-secretase to generate P3 which contains the 17-42

AB fragment and a final C-terminal fragment called APP IntraCellular Domain (AICD) (Figure 10).
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Figure 10: APP processing and generation of AB

Amyloid Precursor Protein (APP is a single transmembrane protein. In the non-amyloidogenic pathway
(left), APP is cleaved by a-secretase to yield CTF-a and extracellularly released sAPPa. CTF-a is
subsequently cleaved resulting in the release of P3 fragment. In the amyloidogenic pathway (right),
APP is first cleaved by B-secretase (BACE1). CTF-B fragment is subsequently cleaved by y-secretase
composed of PSEN1 or 2. This proteolytic processing releases AB into the extracellular space that will
further aggregates into oligomers, fibrils and finally AB plaque. APP intracellular domain (AICD) from
the initial a- or B-secretase cleavage is released into intracellular space. Adapted from (Hampel et al.,

2021).

The mechanism of AB elimination from the brain, mostly invalidated in SAD, is unclear. Pathways that
are known to be involved in clearing soluble AB include transport across the blood—brain barrier (BBB),

phagocytosis, enzymatic degradation and perivascular drainage.
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AD-related pathology is not exclusively related to AB occurrence but is thought to be due to
unbalanced of APP cleavage products. The first B-cleavage of APP initiates the neurodegenerative
process as it has been suggested a predictive role of B-CTF accumulation in cognitive alteration in
transgenic mouse (Lauritzen et al., 2016). Despite the numerous clinical trial failures in targeting
secretases in the amyloidogenic pathway, concepts that look for new therapeutic targets across the
secreted fragment from the non-amyloidogenic pathway have emerged to resolve AD pathology. The
sAPP-a appears to be a potential candidate as low levels of SAPPa were reported in patients with mild
cognitive impairment and AD (Lannfelt et al., 1995). Additionally, in APP transgenic mouse model,
modulation of hippocampic sAPPa by gene transfer was shown to rescue spatial memory impairment
and synaptic alteration (Fol et al., 2016). This results were strongly supported by in vitro studies
demonstrating a protective role of sAPPa against neuron death (Copanaki et al., 2010) and
excitotoxicity (van der Kant and Goldstein, 2015). So far, the underlying protective mechanisms of this
pathway still need to be elucidated. In pathological conditions, direct interaction between AB and a-
secretase were proposed to contribute to modulation of non-amyloidogenic pathway (Marcello et al.,

2019).

1.4.1.2 Neuropathology

Post-mortem analysis of AD patients’ brain revealed the presence of extracellular amyloid plaques
and intracellular amyloid, in the parenchyma, whereas accumulation of AB deposits around blood

vessel wall were responsible for cerebral amyloid angiopathy (CAA).

1.4.1.2.1 Parenchymal amyloid plaques

Investigating the morphology of AB aggregates in the parenchyma led to the description of different
types of AB plaques: diffuse, fibrillary and dense-cored plaques (Figure 11). Diffuse plaques are highly
variable in size (from 50 um to several hundred um), irregular in shape and without distinct edges. As
they are mainly composed of AB4o, amyloid dyes cannot enable their visualization and they have been
usually revealed using antibodies against AB. This amorphous deposits have been found in large
numbers in cognitively unimpaired patients during the preclinical AD (Duyckaerts et al., 2009). Late

stage of AD is associated with the presence of numerous fibrillar plaques which are composed of

central mass of AB with compact spoke-like fibril bundles (Dickson and Vickers, 2001). The last form of
plaques has been described as dense-cored plaques characterized by a compacted central core of AR
surrounded by an outer sphere of AB. They adopt either a reticular or radial shape and are smaller
than the other forms of AB plaques. These focal deposits mainly contain ABa4; species and thus, are

highly reactive to amyloid aggregate dyes as Congo Red and Thioflavine S.
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A common phenomenon in AD is the association between AP plaques and clusters of dystrophic
neurites. A detailed exploration of this association showed that dense-cored plaques composed of
radiating amyloid fibrils can be surrounded with neuritic components as tau filaments, AR oligomers

and activated glial cells in order to form large neuritic plaques also called senile plaques (DeTure and

Dickson, 2019; Duyckaerts et al., 2009).

Although AB is the major component of senile plaques, various proteins, lipids and cells can bind to AR
deposits and contribute to highly pathogenic clusters surrounding neurons. Among these molecules,
emerging evidence have shown that heparan sulfate proteoglycans - membrane receptors of growth
factors - induce tau abnormal phosphorylation and facilitate tau spreading, which initiates tau

pathology in AD.
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Figure 11: Pattern of amyloid depositions in the brain parenchyma

Different types of amyloid plaques can be visualized on visible (scale bar= 40um) and confocal
microscopy (scale bar = 20um). Adapted from (DeTure and Dickson, 2019; Dickson and Vickers, 2001;
Duyckaerts et al., 2009; Walker, 2020)

1.4.1.2.2 CAA

Physiopathological study of FAD patients bearing the Dutch mutation in APP gene enabled the
identification of severe inherited cerebral hemorrhages linked to AB causing CAA (Biffi, 2022; Levy et
al., 1990). Although CAA can develop separately from AD, around 80% of AD patients present features

of CAA in their brain that are associated with early and severe AD dementia. This vascular disorder is
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characterized by amyloid deposition within the walls of leptomeningeal and cortical blood vessels, with
specific predilection for arterioles over capillaries and veins (Figure 12). The vascular deposition is
predominantly made of AB4 and is particularly found in the occipital cortex. For several decades,
mechanism by which AB secreted by neurons can accumulate within blood vessels has triggered many
questioning. Abnormal perivascular drainage of AB through interstitial fluid (ISF) and increased BBB
permeability has been suggested to have a major role in the accumulation of AB within the vessel wall.
An alternative hypothesis proposed that AP-mediated astrocyte dysfunction impaired CSF-ISF

exchange involved in perivascular AB elimination via the glymphatic system (Greenberg et al., 2020).
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Figure 12: Cerebral Amyloid Angiopathy

Amyloid deposition within the wall of vessels lead to cerebral Amyloid Angiopathy (CAA) that can be
visualized in frontal cortical sections using AB antibody labeling (a) or Thioflavin S staining (b) Scale

bars= 40 um (DeTure and Dickson, 2019).

1.4.1.2.3 Intracellular amyloid

Numerous studies have confirmed that intracellular accumulation of AR is an early event in AD and
may be a source for extracellular deposits (Gouras et al., 2010, 2000; LaFerla et al., 2007; Tomiyama et
al., 2008). Indeed, growing evidence supported that intraneuronal AB build up precedes extracellular
plaque formation in AD patients and its levels decrease as extracellular plaques accumulate. The main
question remains about the origin of the intracellular AR pool. One hypothesis is that endocytoliticly
generated AB is not secreted, resulting in a sequestration of AB in neurons. The release of AB is strongly
dependent on the localization of APP along with the - and y-secretases and, thus, can occur in several
cellular compartments. AR cleavage can occur either at plasma membrane, leading to AB release in
extracellular medium, or in trans-Golgi network, endoplasmic reticulum, endosomal membranes,
lysosomal membranes and mitochondrial membranes. Alternative hypothesis proposed that secreted
AB from extracellular pools can be uptaken by the cell to feed AB intracellular pools. Internalization of

AB is mediated through interaction with AB-binding protein receptors present at the cell surface like
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metabotropic glutamate receptor 5 (mGIuR5). Additionnaly, N-methyl-D-aspartate (NMDA) receptor

antagonist limits neuronal AB uptake, prevents microglial activation and reduces AB-mediated toxicity.

Inside neurons, AP is predominantly aggregated as oligomeric AR assemblies which have been
described as the most pathological forms of AB (Figure 13). This intraneuronal AB has been associated
to tau phosphorylation, neuronal loss and to the development of synaptic pathology at the origin of
cognitive deficits (Gouras et al., 2010; Ripoli et al., 2014). Thus, emerging questioning has been
addressed to know whether extracellular or intracellular AB were the most deleterious in AD
pathogenicity. Recently, a study of AR pathology propagation from diseased to healthy neurons
brought to light the crucial role of cooperation between extracellular and intracellular AB in synaptic
alterations. Treatment of healthy primary cortical neurons with exogenous A oligomers increased the
amyloidogenic processing of APP which led to intracellular accumulation of newly produced AR
oligomers in the synaptic terminal where it exerted its toxicity (Rolland et al., 2020). The release of

extracellular AR oligomers promoted the spreading of synaptopathology through a vicious cycle.

Non-demented AD patients Cognitively impaired AD patients

Figure 13: Intracelluar AB were found in AD cases and healthy controls

Representation of ABa, labeling in the entorhinal cortex of a 79-year-old subject without dementia
(left) and an 83-year-old cognitively impaired subject (right). The arrow indicates a neuron with
intracellular staining. Increased staining with higher intensity was found in AD case compared to age-

matched control. Scale bar = 40 um. (Gouras et al., 2000).

1.4.1.3 Amyloid deposits’ progression pattern: Thal phases

Amyloid deposits are absent at the beginning of the disease and gradually appear with aging through
a typical topographical distribution. Thal and colleagues described five hierarchical phases for amyloid
deposition pattern (Figure 14). First, AB deposits are found exclusively in the neocortex (phase 1), then
disease spreads to allocortical and limbic brain regions, including the hippocampus, entorhinal cortex

and cingulate gyrus (phase 2). The phase 3 is characterized by the occurrence of amyloid plaques in
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subcortical areas such as thalamus, hypothalamus, striatum and the basal forebrain, while phase 4
displays amyloid deposits in the midbrain and the medulla oblongata as well as in several brainstem
nuclei. Finally, during the phase 5, AB plaques reach the cerebellum and the pons (Thal et al., 2015,
2002).

Pre-clinical stages Clinical stages

Phase 5

Phase 3

Figure 14: Topographic distribution of amyloid deposition according to the Thal phases

Red areas in Thal phases depicts the brain regions with the initial accumulation of AB. Continued
deposition in the same areas are shown in darker colors in the subsequent stages, with the new areas
showing AB in red in each phase. Pre-clinical stages: In phase 1, neocortical regions including
association cortices are first affected (phase 1); additional accumulation is seen in allocortical and
limbic regions (phase 2); subcortical areas are then reached out (phase 3). Clinical stages: midbrain,

brainstem and cerebellum are the last regions to display AR accumulation in late phases 4 and 5.

1.4.2 Tauopathy

1.4.2.1 Tau protein

Tau protein name comes from Tubulin associated unit. Tau is a microtubule-binding protein encoded
by the MAPT gene on chromosome 17 (Binder et al., 2005). Tau is divided into four domains: N-
terminal domain containing two alternatively spliced N-terminal insert, proline-rich domain (PRD),
microtubule-binding domain (MTBD) including four imperfectly repeated motifs and C-terminal tail.
Six distinct isoforms of this protein are produced in the adult human brain through alternative splicing
in the microtubule associated protein tau (MAPT) gene which contains 16 exons coding for a 441-
residue polypeptide. Tau isoforms are distinguished by either the absence (ON) or presence of two (2N)
or one (1N) of the N-terminal inserts encoded by exon 2 and 3; and the presence (4R) or absence (3R)
of the second of the four C-terminal microtubule-binding repeats encoded by exon 10. This gives rise
to a total of six isoforms: 2N4R, 1N4R, ON4R, 2N3R, 1N3R and ON3R (Figure 15). The 3-repeat (3R) tau
isoforms are mainly produced during development while the 4-repeat (4R) tau isoforms are produced
only in adulthood. Both are maintained in a balanced ratio (1:1) in adult human brains. Impaired ratio

has been involved in AD as well as in other tauopathies.
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Figure 15: Tau isoforms

Tau is encoded by the MAPT gene on chromosome 17 (top). The alternative splicing of exons 2, 3, and
10 generates 6 Tau isoforms. Inclusion of exon 10 (green) produces Tau with 4 microtubule-binding
(MTB) domains (4R). The absence of exon 10 producing tau with 3 MTB domains (3R). Tau can include
(2N or 1N) or exclude (ON) amino-terminal inserts through regulation of exons 2 (purple) and 3 (pink).
While all isoforms are expressed in adult humans and exclusively the 4R isoforms in the adult mouse,

the human and mouse fetal brain only expresses ON3R tau. Adapted (Kent et al., 2020).

Compared to AB, the role of Tau has been largely elucidated over the last decade. In physiological
conditions, tau is found primarily in the axons of mature neurons where it regulates the dynamic
instability of microtubules and plays an important role in axonal transport of cargo proteins from the
soma to axon terminals by interacting with motility proteins such as dynein and kinesin. Although many
in vitro studies supported the idea that Tau contributes to microtubule stabilization and neuronal
architecture maintenance, MAPT knockout or knockdown in mouse models and in primary neurons
does not impair microtubule assembly or axonal transport (Guo et al., 2017). This finding suggested
that compensatory mechanisms may arise from other microtubule associated proteins (MAP). Tau
participates to neuronal cell signaling pathways by binding to transmembrane receptors. Furthermore,
the identification of Tau within the cell nucleus revealed a pivotal role as DNA-binding protein allowing
DNA repair mechanism, gene expression and epigenetic regulation. Interestingly, Tau translocation to

nucleus regulates the expression of glutamatergic transporter proteins, as Vesicular Glutamate
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Transporter 1 (VGLUT1), leading to a control of neuronal excitability. The role of Tau in neuronal
development, synaptogenesis and synaptic plasticity has been demonstrated as it induces synaptic
response to brain-derived neurotrophic factor (BDNF) which facilitate spine growth. Moreover, Tau
knockdown in murine models showed that new-born granule neurons in the dentate gyrus failed to
migrate normally and had both disrupted postsynaptic densities and mossy fiber terminal formation

during hippocampus neurogenesis (Kent et al., 2020; Pallas-Bazarra et al., 2016).

Tau is subject to numerous post-translational modifications including phosphorylation, acetylation,
ubiquitination, sumoylation, methylation, glycation and truncation. Tau phosphorylation is a common
feature of AD. Tau can be phosphorylated by protein kinases at 82 residues. Aberrant phosphorylation
due to pathological mutations in kinases results in decreased microtubule binding affinity in addition
toincreased propensity of tau to aggregate. Hyperphosphorylated tau can be found in somatodendritic
compartments and post-synaptic densities where it alters synaptic function by reducing glutamate

receptor trafficking and synapse pruning.

1.4.2.2 Neuropathology of post-mortem AD brain

In AD, tau is found as aggregated and filamentous deposits inside neurons. Subcellular
compartmentalization of Tau location revealed different types of deposits: NFTs in the soma, neuropil
threads (NTs) in the dendrites and neuritic plaques (NPs) mainly in axonal processes (Duyckaerts et al.,
2009). NFTs correspond to abnormal formation of paired helical filaments (PHFs) of Tau mainly
detected by AT8 monoclonal antibodies which recognize phosphorylated epitopes at serine and
threonine residues (Figure 16). Several evidence suggested that NFTs strongly correlate with cognitive
decline in AD compared to amyloid deposits. Besides AD, NFTs have been identified in over 20 different
neurodegenerative diseases like tauopathies and frontotemporal dementia. NTs are composed of
dendritic and axonal processes containing filamentous Tau including PHFs and straight filaments of Tau
(Figure 16). NTs may represent the majority of tau burden in AD and they are thought to originate from
neurons containing NFTs. Gallyas silver staining enables their visualization in the brain of AD patients.
Cored NPs containing Tau-positive neurites and a central zone of dense amyloid have already been
described in Section 1.4.1.2. Dystrophic neurites are thought to originate from neurons bearing NFTs
in their soma and can contain neurofilament proteins. They are mostly heterogenous. Degenerating
mitochondria, lysosomal bodies and vesicles can also accumulate in NPs, playing a central role in

alteration of trafficking and protein degradation pathways (Figure 16) (DeTure and Dickson, 2019).
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Figure 16: Tau deposits in AD brain

Accumulation of Tau aggregates are shown within either the cell body of neurons as NFTs (arrow) or
the dendritic shaft as NTs (arrowheads) or within the immediate vicinity of amyloid plaques in NP.

Scale bars: 10um. Adapted from (Duyckaerts et al., 2009).

1.4.2.3 Progression of Tau pathology: Braak stages

The most widely used staging scheme for progression of NFTs and NTs in AD brains was proposed in
1991 by Heiko and Eva Braak. First, Tau pathology is largely confined to the transentorhinal and
perirhinal cortex (stage 1). Then, the CA1 region of the hippocampus is affected (stage Il). The pathology
spreads to the entire hippocampus and reaches the subiculum followed by limbic structures such as
the thalamus, the temporal cortex and the fusiform gyrus (stage lll). The Braak Stage IV is characterized
by massive development of neurofibrillary pathology in neocortical associative areas and further
increases in amygdala, thalamus and claustrum. Cognitive decline starts to appear in AD patients. NFTs
reach out the isocortical areas as frontal cortices, superolateral and occipital territories and the
peristriate region (stage V). Finally, primary sensory areas including striate areas as well as motor and
visual regions become involved (stage VI) (Figure 17) (Braak et al., 2006; Braak and Braak, 1991). The
typical temporal-spatial progression of Tau pathology in AD brain demonstrates the consistence of

Tau-mediated AD spreading though neuron-to-neuron pathway.

Pre-clinical stages Clinical stages

Stages Il Stages IlI-IV Stages V-VI

Figure 17: Topographic distribution of Tau deposition according to the Braak stages
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Green areas in Stage I-ll depicts cortical regions with the initial accumulation of Tau during the early
pre-clinical stages, including the transentorhinal and entorhinal cortex. Additional accumulation is
seen in hippocampal region, basal forebrain and thalamus associated with the involvement of the
amygdala, putamen and accumbens nucleus during Stages llI-IV. The isocortex and temporal lobe, and
most of association cortices have Tau accumulation in late phase clinical Stages V-VI. Adapted from

(Goedert et al., 2014).

1.4.3 Neuroinflammation

Neuroinflammation exerted by astrocytes and microglial cells plays a central role in the pathogenesis
of AD. Reactive glial cells are associated with amyloid plaques and NFTs. However, it was uncertain

whether microgliosis and astrogliosis reflect a beneficial, detrimental or inconsequential activity in AD.

1.4.3.1 Astrogliosis

1.4.3.1.1 Physiological function of astrocytes

Astrocytes are the most abundant glial cells and are involved in multiple essential brain functions.
Astrocytes regulate formation, maturation and elimination of synapses and are central for maintaining
synaptic transmission and information processing by neural circuit functions. Astrocytes are involved
in reuptake and recycling of neurotransmitters. They provide metabolic support to neurons and assist
neurogenesis. They are responsible for brain homeostasis by maintaining extracellular ion balance.
They form biochemical support of endothelial cells of the BBB and they regulate the cerebral blood
flow. When brain injuries occur, astrocytes become activated and so called reactive astrocytes.
Reactive astrocytes increase neuroprotection and trophic support of stressed neurons. They isolate
the damaged areas from the rest of the brain by forming a glial scar. Then, they participate to BBB

reconstruction and repair process.

1.4.3.1.2 Reactive astrocytes in AD

Loss of astroglial function and reactivity contributes to AD. Hippocampal morphological and
phenotypic alterations of astrocytes occur early in AD prior to amyloid plaques and NFTs depositions.
These changes are highly heterogeneous and region-specific. Astrocytes undergo degeneration and
atrophy at the early stages of pathological progression. Absence of reactive astrocytes in some brain
regions such as the entorhinal cortex coincides with higher vulnerability of these regions to AD
pathology (Rodriguez-Arellano et al., 2016). Indeed, chronic astrogliopathology leads to a loss or
remodeling of basic astroglial functions and facilitates the development of AD. For example, alteration
of brain homeostasis contributes to early cognitive deficits. Morphological atrophy of astroglial cells

reflects a decrease in their territorial domains meaning that astrocytes are not anymore able to cover
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neurons and synapses located in these domain. Thus, a reduction of astroglial homeostatic support is
observed and the performance and survival of neurons decrease. Furthermore, astrocyte-synaptic
contacts are abolished, which affects functional activity of synapses by weakened synaptic
transmission and plasticity. As synaptic deficit is an early event in AD, this finding claims that astrocyte
activation may occur early in AD even before amyloid deposition (Fuller et al., 2009; Orre et al., 2014;
Verkhratsky et al., 2010). Histopathological analysis of post-mortem AD brains revealed that, at later
stage of AD, hypertrophic reactive astrocytes accumulate around and are associated with neuritic

plaques.

Hypertrophic reactive astrocytes are characterized by increased expression of glial fibrillary acidic
protein (GFAP). In the 3xTg mouse model of AD, reactive GFAP-positive astrocytes were found around
senile plaques and associated with perivascular AR deposits (Rodriguez and Verkhratsky, 2011;
Verkhratsky et al., 2010). Growing evidence demonstrates that theses reactive astrocytes produce pro-
inflammatory factors that can be regulated by AB. Some studies have shown that astrocytes release
cytokines, interleukins, nitric oxide and other cytotoxic molecules upon exposure to AB (Gitter et al.,
1995; Speciale et al., 2003). The synergistical action of AR and these cytokines on astrocytes
exacerbates the neuroinflammatory response (LaRocca et al., 2021). AB has been shown to bind
several astrocytic receptors like receptor for advanced glycation endproducts (RAGE) and low-density
lipoprotein receptor-like protein 1 (LRP1) that activate pro-inflammatory signaling pathways. Recently,
these pro-inflammatory “disease-associated astrocytes” have been shown to accumulate and facilitate
AD progression (Habib et al., 2020). Together, these findings suggest a possible cytokine-like effect of
AB in AD. Interestingly, in transgenic mouse bearing APP mutations, prior to amyloid deposition, up-
regulation of inducible nitric oxide synthase (iNOS) by reactive astrocytes was found to prepare an

environment that favors the development of future amyloid plaques (Heneka et al., 2015).

Levels of AP in the brain are regulated by innate immune response which in turn, can be it-self
activated by AB. Astrocytes have a potential role in internalizing and degrading AB. The clearance of
parenchymal soluble AB by astrocytes occurs by paravenous drainage across BBB or by enzymatic
degradation (Ueno et al., 2014). Impaired function and atrophy of astrocytes manifest in the reduction
of proteolytic clearance of AB. Astrocyte-mediated clearance of AR requires APOE and depends on a
signaling pathway involving astrocytic water channel aquaporin-4. For several decades, it was thought
that neuronal cells were the major source of AB. However, growing evidence showed that astrocytes

can secrete a pool of AB that significantly contributes to brain amyloid burden (Frost and Li, 2017).
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1.4.3.2  Microglia

1.4.3.2.1 General function

Microglial cells are the macrophages of the central nervous system (CNS) and are responsible for innate
immune response. Under a resting state, microglial cells serve as resident phagocytes that dynamically
survey the environment using their long ramifications. They play a crucial role in tissue maintenance,
injury response and defense against pathogens. Microglia releases trophic factors including BDNF
which aims at protecting synapses and ensures maintenance and plasticity of neuronal circuits though
synapse remodeling. During normal brain development, a massive elimination of unwanted neurons
and synapses, called synapse pruning, is required to ensure correct neuron connectivity (Paolicelli et
al., 2011). Microglia mediates synaptic engulfment and sculpts synaptic connections during synapse
pruning by involving the classical pathway of complement. Microglia-synapse interactions also

contribute to memory formation.

Microglia becomes activated following exposure to pathogen-associated molecular patterns (PAMPs)
and/or endogenous damage-associated molecular patterns (DAMPs). Once activated, microglia
migrates to brain lesions and undergoes chronic morphological changes. Microglia ramifications
shorten, somas widen and microglial cells adopt an amoeboid or round morphology. Additionally,
microglia-secreted factors change from neurotrophic factors to cytotoxic molecules such as
proinflammatory cytokines, reactive oxygen species, proteinases and complement proteins that may

cause neuronal damage.

1.4.3.2.2 AD-associated microglia

Human genetic studies identified that the majority of risk genes for AD are highly expressed by
microglia (Lambert et al., 2013; Srinivasan et al., 2016). Among them, the discovery of AD-associated
variants in TREM2, a receptor protein selectively and highly expressed by microglia, brings to light an
impairment of microglial activation. In TREM2, R47H loss-of-function mutation prevents the protective
effect of microglia against AD as it reduces the ability of microglia to phagocyte pathogens as AB (Jay
et al.,, 2017; Ulrich et al., 2017; Yeh et al., 2017). The activation of microglia exerts beneficial or
deleterious aspects depending on the stage of AD. Early AD is associated with a protective role of

microglia while in late AD high activation of microglia contributes to synaptic dysfunction.

Controversial role of the effects of microglia on AD physiopathology has been reported in the literature
that strengthens the counteracting effects in the early and late stages of AD. On the one hand,
evidence have shown that microglia protects against the incidence of AD as alteration of its activity
has been associated with increased AD risk, in particular impairment of AB-toxicity response (Yeh et

al., 2016). Moreover, microglia is involved in uptake and clearance of AB, in phagocytose of insoluble
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AB deposits and in the initiation of chemotaxis (Hansen et al., 2018). Additionally, several studies in
mouse models of AD and human AD brains described an accumulation of microglia around amyloid
plaques. Microglia has been suggested to form a protective barrier around amyloid deposits that
compacts AB fibrils into dense-cored plaques (potentially less toxic), prevents the attachment of new
AB and reduces axonal dystrophy around the amyloid plaques (Condello et al., 2015; Yuan et al., 2016).
On the other hand, activated microglia has been shown to be neurotoxic for neurons. Acute
inflammation has a protective role in defending against brain injury such as the presence of AB plaques.
However, chronic and persistent activation of microglia makes it incapable of removing amyloid
plaques. Unfortunately, microglia ability to secrete pro-inflammatory cytokines that can injure neurons
directly is maintained. As a result, an imbalance between the pro- and anti-inflammatory cytokines is

created and may impair dendritic spines and also disrupt microglial clearance of AB.

Additionally, microglia has been shown to exacerbate Tau pathology, mediate engulfment of synapse
and activate neurotoxic astrocytes (Leyns and Holtzman, 2017; Spangenberg and Green, 2017).
Evidence have been shown that AP and Tau are directly linked to microglia-mediated toxicity that will

be discussed in Section 2.3.1.

1.4.4 Synaptopathy

1.4.4.1 The excitatory glutamatergic synapse

Transmission of nervous messages from one neuron to another occurs through synaptic transmission
between pre- and postsynaptic elements separated by a gap called the synaptic cleft. In the excitatory
glutamatergic synapses, the presynaptic element is rich of numerous small vesicles which contains
excitatory (glutamate) or inhibitory (Gamma-Aminobutyric Acid, GABA) neurotransmitters that can be
released in the synaptic cleft. The postsynaptic element contains several ion channels and
neurotransmitter receptors. The majority of the excitatory neurotransmission in the CNS is carried out
by glutamatergic excitatory synapses which are abundant in the hippocampus and the cortex. When
the action potential arrives, membrane depolarization induces the opening of voltage-dependent
calcium channels. Calcium influx provokes the fusion of glutamate-containing vesicles to the
presynaptic membrane followed by the release of glutamate in the synaptic cleft. Then, glutamate
binds to postsynaptic receptors and induces an influx of cations (Na*,K*,Ca?*) leading to excitatory
postsynaptic potential (EPSP) responsible for the transmission of nervous signal. Two categories of
glutamate postsynaptic receptors were described: metabotropic receptors coupled to G proteins and
ionotropic receptors coupled to ion channels including a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA), N-methyl-D-aspartate (NMDA) and kainate receptors. Metabotropic

receptors are involved in the regulation of neuronal excitability and inhibition of glutamate release.
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AMPA receptors mediate fast excitatory synaptic transmission. Kainate receptors contribute to the
modulation of glutamate release and are involved in epilepsy mechanism. Finally, NMDA receptors

take part in the induction of synaptic plasticity which is central for learning and memory.

In 1888, morphology of synapses was first described by Ramon y Cajal as tiny protrusions from
dendrites, which form functional contacts with neighboring axons. The dendritic spines are composed
of spine head and spine neck. Dendritic spines are highly heterogenous structures in term of number,
size and shape, which constantly change in response to neuronal activity. This particular feature of
dendritic spines is crucial for synaptic plastic. Spines can adopt three different shapes categorized as
mushroom, thin or stubby (Figure 18). Compelling evidence have suggested that this different shapes
of spine reflect different developmental stages and/or altered synaptic strength (Hayashi and
Majewska, 2005; Yuste and Bonhoeffer, 2001). Strong synaptic connections are associated with
mature spines with larger head, as mushrooms, while immature spines with small head contribute to

weak synaptic connections, as thin. Stubby spines are intermediates in the process of maturation.

Thin Stubby Mushroom

Figure 18: Schematic representation of the maturation of dendritic spines

1.4.4.2 Reduction of synaptic density and synapse morphological changes

It appears that synaptic loss precedes neuronal loss and is strongly correlated with cognitive decline in
AD patients. The projection of neurons belonging to septal-hippocampal and basal forebrain-
neocortical cholinergic pathways are abolished in AD (Whitehouse et al., 1982). Investigation of the
alterations that occur in synapses and axons during AD revealed particular dysfunction of excitatory
cholinergic and glutamatergic synapses while deficits in several neurotransmitters (GABA, serotonin,
somatostatin) increase as the disease progresses (Selkoe, 2002). Transmitter alterations result from
axonal dysfunction affecting the presynaptic terminals. Proteins involved in synaptic vesicle trafficking

and neurotransmitter recycling as well as structural elements of synapses are thought to be strongly
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affected during AD. It has been shown that impaired axonal transport due to Tau dysfunction facilitates
the mislocation of Tau in dendritic spines. These pathogenic changes of synapse terminals contribute
to alter synaptic transmission and, thus, impair synaptic function. Morphological analysis of synapses
showed that synaptic damages are related to a decrease in synaptic density in the hippocampus and
medial temporal lobes. Biopsy of AD brains revealed a decrease of 15-35% in the number of synapses
per cortical neuron (Davies et al., 1987). This quantification is assimilated to the number of dendritic
spines near excitatory synapses in most of in vivo imaging studies. Additionally to the number spines,
their shape also influences synaptic activity by allowing or not neuronal connections and
communications, which are crucial for developing cognition function. Spine structure can be classified,
according to three-dimensional morphology, as thin, stubby and mushroom. While newly formed
spines are thin, immature and dynamic structures, stubby spines are transitional structures that can
enlarge and become mushrooms, the most stable and mature kind of spines. The volume of spines is
proportional to the density of their receptors which is strongly correlated to efficient synaptic
transmission. Indeed, high synaptic stimuli increase the volume of spines whereas low synaptic stimuli
cause a decrease in spine volume (Hayashi and Majewska, 2005). In AD, a reduction in mature spine
density is accompanied by an increased appearance of immature spines due to the presence of AR
(Ortiz-Sanz et al., 2020). Despite an important loss of synapses in early stages of AD, the remaining
synapses become larger and more robust indicating that compensatory synaptic mechanisms take

place to ensure a cognitive reserve.

1.4.4.3 Loss of synaptic function

Memory loss is a very common symptom of AD and is strongly associated with synaptic alterations.
Many studies investigated whether synaptic dysfunction and damage in AD were driven by early subtle
pathological brain changes. Learning and memory require persistent changes in neuronal circuits which
rely on synaptic plasticity. Thus, evaluating synaptic plasticity at hippocampal synapses appears to be
a good marker to estimate memory dysfunction. Long-term potentiation (LTP) is defined as a long-
lasting increase in synaptic transmission induced by either a short high-frequency stimulation delivered
to presynaptic afferents or pharmacological treatments (Tv and Gl, 1993). Following electrical or
biochemical stimulation, the slope or amplitude of EPSP is measured and represents the depolarization
of the postsynaptic membrane due to the release of glutamate from presynaptic compartment (Figure
19). Glutamate binding to postsynaptic receptors provokes the expulsion of Mg?* from ion channels of
postsynaptic NMDA receptors, allowing strong calcium influx into the neuron. Strong Ca?* influx
activates various protein kinase signaling cascades leading to recruitment of more glutamate-binding

AMPA receptors accompanied by an increased volume of spines to facilitate rapid synaptic responses.
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Deficits in LTP have been found in still undemented future AD patients, which is in line with the

apparition of hippocampal LTP impairments prior to behavioral deficits in AD transgenic mice.

Resting
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Figure 19: Synaptic mechanism of LTP generation

Under resting condition, NMDAr are blocked by Mg?* ions. High-frequency stimulation induces the
release of glutamate from the presynaptic compartment. Glutamate binds to NMDA and AMPA
receptors inducing post-synaptic depolarization and subsequent ejection of Mg?* ion along with the
induction of Ca?* influx. The latter is involved in the activation of several signaling pathways leading to
an enlargement of post-synaptic element by the recruitment of more membrane receptors to the

spine.

Long-term depression (LTD) is another form of synaptic plasticity. Unlike LTP, LTD is a long-lasting
decrease of synaptic transmission induced by low-frequency stimulation which leads to a moderate
depolarization activating phosphatase enzymes, instead of kinases, and results in the endocytosis of

AMPA receptors and a decrease in dendritic spine volume.

While LTP is strongly correlated to memory consolidation, LTD is essential for cognitive flexibility
(Jacobsen et al., 2006; Tv and Gl, 1993). Both are strongly affected during AD because of the
internalization and endocytosis of AMPA and NMDA receptors. Disruption of LTP or LTD assessment

may provide insight into synaptic failure by estimating synapse modulation.

1.4.5 Functional alterations

Memory impairment is due to neuronal loss in the perforant pathway of the medial temporal lobe

(MTL) consistent with early NFTs involvement (Hyman et al., 1984). The MTL is composed of several
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subregions including the hippocampus, entorhinal cortex and perirhinal cortex. Recently, the ability to
perform functional magnetic resonance imaging (fMRI) studies during memory tasks brings to light the
alterations of large-scale neuronal communications in clinical AD. Converging evidence suggests that
specific neural networks are vulnerable to AD and most of the affected networks were involved in
memory encoding and retrieval, additionally to executive function. Episodic memory impairment
occurs early in AD and is supported by alterations of neural networks including the MTL network and
the default mode network (DMN). DMN is metabolically active at rest and decreases in activity during
cognitive tasks. It includes the posterior cingulate cortex (PCC) extending into the precuneus, lateral
parietal, and medial prefrontal regions. DMN regions such as the precuneus and PCC are thought to be
preferred accumulating region of amyloid deposition in AD. During memory tasks, while fMRI
activation in MTL regions is abolished, abnormal activation of DMN was reported in cognitively
impaired AD patients compared to control subjects (Golby et al., 2005; Machulda et al., 2003;
Rombouts et al., 2005; Sperling et al., 2010). Consistently, decreases in hippocampal activity were also
observed in AD patients. Regions demonstrating aberrant response to DMN activity overlap with high
amyloid burden in AD. Interestingly, other groups reported particular patterns of functional
connectivity in prodromal AD patients compared to normal elderly individuals and AD patients in task-
related fMRI. Instead of network activity loss, paradoxical hippocampal hyperactivation was observed
suggesting either the enrollment of compensatory mechanisms to maintain memory performance that
lead to subtle cognitive impairments or the existence of excitatory mechanisms that take place early
in the disease and cause neuronal failure (Dickerson et al., 2005; Hamaldinen et al., 2007). At rest,
decreases in DMN functional connectivity allow to distinguish AD patients from cognitively normal
elderly individuals (Greicius et al., 2004). This study highlighted a strong implication of hippocampus
in the impairment of functional connectivity and showed a disruption of functional connectivity
between the hippocampus and the PCC. The pattern of functional connectivity at cerebral rest is more
complex and depends on the stage of AD. Evidence for the involvement of compensatory mechanisms
during the progression of AD is emerging. Longitudinal resting-state studies have shown an increase in
functional connectivity within posterior DMN in MCI patients compared to healthy controls. Then,
connectivity in these regions decreases and frontal DMN shows an increased connectivity (Bai et al.,
2011). In AD patients, posterior DMN connectivity decreases first and frontal DMN increases compared
to healthy controls (Damoiseaux et al., 2012). Finally, AD patients display an overall activity decrease
in the entire DMN. These findings support the hypothesis that hyperconnectivity precedes
hypoconnectivity within the DMN and the passage from one connectivity state to the other may point

out the early phase of brain dysfunction.
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Several studies have also proposed resting-state fMRI setting as a biomarker of early AD as functional
alterations in memory circuits and DMN have been observed in cognitively unimpaired AD patients
even though they were amyloid PET positive (Damoiseaux, 2012; Sperling et al., 2010). Recently,
longitudinal analysis of AD patients combining structural MRI and resting-state fMRI identified two
distinct networks, belonging to the MTL network, strongly associated with differences in Tau and
amyloid burden during AD progression. This finding supports previous investigations, showing a
relationship between functional connectivity disruptions and spreading of disease though specific

networks, and highlights the ability to predict the progression of AD (Flores et al., 2022).
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Chapter 2 — Hypothesis of AD and therapeutic strategy

2.1 The amyloid cascade

2.1.1 Amyloid cascade hypothesis

The identification of AP peptides as the major constituents of senile plaques established the primacy
of AB in AD pathogenesis (Glenner and Wong, 1984a, 1984b). The amyloid cascade hypothesis was
proposed for the first time in 1992 by Hardy and Higgins. This hypothesis placed the accumulation of
AP peptides in the brain as the central event in AD pathology (Hardy and Higgins, 1992). The imbalance
between AB production and A clearance results in AB aggregation and formation of insoluble plaques,
which trigger a cascade of deleterious changes including NFT formation, neuronal death, vascular
damage and, ultimately, clinical dementia. Furthermore, AP accumulation was suggested to initiate a

process that may take several decades to produce the final pathology (Hardy and Higgins, 1992).

The initiation of AD pathological cascade by AB is strongly supported by neuropathological and human
genetic evidences. Rare FADs are directly due to autosomal-dominant mutations in genes involved in
amyloid pathways (Bi et al., 2019; Hatami et al., 2017; Piaceri et al., 2013). As these mutations cause
an increase in AB plaque deposition, this pathological event is sufficient for the development of Tau
pathology and neurodegeneration in the carrier. This discovery brings to light the pathological
contribution of AB in AD pathogenesis. AB is a proteolytically derived product of APP. Most of FAD
mutations identified in the APP gene result in the increased level of hydrophobic AB4; and changes in
the AB42/APB4o ratio. Moreover, missense mutations occurring within A sequence have been shown to
modulate AP aggregation properties, either yielding toxic damages or conferring protective effects.
The central role of APP in AD was further confirmed by the discovery that increased number of copies
of APP gene induce higher prevalence of AD, in particular in Down's syndrome (Sleegers et al., 2006).
Furthermore, the most common form of early-onset FAD was linked to mutations of presenilin, which
altered cleavage of APP to generate more aggregate-prone ABs; and/or less ABs, emphasizing the
importance of AB peptides in AD. Finally, animal models bearing FAD mutations display AD-like

features as amyloidosis, synaptic dysfunctions and memory impairments.

Only a tiny part of AD cases can be explained by familial mutations. Most of AD cases are sporadic,
meaning that a specific event or series of events rising AR deposition may occur according to the
amyloid cascade hypothesis. Pathological genetic variability altering AB has been found in SAD
patients. The allele €4 of APOE gene is a genetic risk factor that reduces A clearance and increases AB

production, whereas the allele €2 of APOE has been demonstrated protective in SAD (Corder et al.,
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1994). Interestingly, reversing APOE effect in transgenic APP mouse model was sufficient to reduce
cerebral AR deposition and downstream events (Bales et al., 1997). Altogether, these data provide

complementary evidence for the amyloid cascade hypothesis.

Spatial and temporal disconnection between amyloid and Tau spreading was demonstrated (Thal et
al., 2002) in human neuropathological studies. A deposition occurs in a step-wise manner, starting in
neocortex, and then spreading to hippocampus while Tau pathology starts from hippocampus before
spreading to the neocortex. The presence of Tau in some brain areas before amyloid deposition and
its high correlation with cognitive decline begs the question whether Tau may initiate the pathology in
this areas (Duyckaerts et al., 2009). However, several studies have suggested a potential temporal AB—
Tau synergy in some brain areas (Figure 20). Tau pathology was shown not to progress from the
entorhinal cortex to the neocortex without co-occurring amyloid pathology (Pontecorvo et al., 2019),
placing Tau pathology downstream of amyloid pathology. Several findings deriving from mouse models
converge toward a synergy between soluble forms of AB and Tau to exert synaptic toxicity.
Furthermore, unlike APP mutations that could induce Tau pathology, genetic mutations in Tau are
strongly associated with frontotemporal lobe dementia without reproducing amyloid deposition.
Additionally, crossing Tau transgenic and APP transgenic mice or inoculating AB4; into Tau transgenic
mice leads to Tau pathology and neurodegeneration. This was also demonstrated recently in our team
by intrahippocampal inoculation of AD-brain extracts harboring AR and tau fibrils into AB-plaque
bearing mice, leading to seeding of aggregated human Tau in NPs and NFTs in the entorhinal cortex
(Lam et al., 2022). In contrast, amyloid pathology remained unaffected in mice bearing Tau pathology
(Hurtado et al., 2010; Pooler et al., 2015) which, again, strongly supports the amyloid cascade
hypothesis. AR has been described to be highly neurotoxic and to increase intraneuronal calcium
concentration, leading to the hyperphosphorylation of Tau and the formation of PHFs, the main
components of NFTs. Accumulation of AP has also been involved in caspase-mediated Tau cleavage
and Tau modifications leading to microtubule destabilization and formation of NFTs. Moreover,
another research group postulated that amyloid pathology may drive the spreading of Tau pathology
responsible for neuronal loss either through direct AB-Tau interaction or in an indirect and continuous
AB load-dependent manner (Karran et al., 2011, p. 2), suggesting a mechanistic link between Tau and
AB. Together, these data strongly argue that AD is an AP-facilitated tauopathy responsible for

disturbance of cerebral function.
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Figure 20: Synergy between AP and Tau pathology

NFTs (red) and AB deposits (blue) coincide in the neocortical areas in the brain of AD subjects (top),
supporting amyloid-p dependent Tau propagation across neocortical regions. Inter-neuronal spreading

of Tau (bottom) is favored by AB in AD brains. From (Hampel et al., 2021).

Initially, senile plaques containing AR were considered to initiate deleterious events and cause AD.
However, although fibrillary AR has been demonstrated to produce deleterious changes in neuronal
culture and following inoculation in mouse models, growing evidence encourages redefining the
nature of pathogenic Ap forms. Amyloid plagues might not be the most relevant pathological AB
species. Recently, the amyloid cascade hypothesis has been upgraded as AB deposition and cognitive
alterations are not linear neither in AD patient nor mouse model of AD (Figure 21) (Karran and De
Strooper, 2022). Additionally, whether the presence of AP plaques in the brain is deleterious or
protective remains controversial. While severely impaired AD patients did not always present with
brain amyloid deposition, the presence of amyloid plaques has been found in cognitively normal
individuals (Nordberg, 2008; Terry et al., 1991; Villemagne et al., 2008). Altogether, these findings
support the idea that insoluble plagues may not trigger the pathological events. Instead, it appears
that soluble forms of multimeric AP species are more toxic than amyloid plaques. This gave rise to the
“Oligomer hypothesis” claiming that these neurotoxic oligomers of AB are mainly responsible for

activation of neuroinflammation and synaptotoxicity, which would be causative of memory deficits.
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Figure 21: Upgraded amyloid cascade hypothesis (Karran and De Strooper, 2022)

There is also an emerging interest in the observations that AR accumulates intracellularly in mouse
models of AD, as well as in human AD brains, and could contribute to disease progression (Bayer and
Wirths, 2010; Gouras et al., 2000; LaFerla et al., 2007; Tomiyama et al., 2008). This extends the amyloid
hypothesis. Many functional studies supported the central role of cellular aspects in the disease
process. This “cellular phase” of AD incriminated dysfunctions of neuronal network, alteration of
neurovascular units and impaired astrocyte and microglia physiological functions. The “cellular phase”
of AD is preceded by a “biochemical phase” characterized by abnormal accumulation of aggregated AB
and hyperphosphorylated Tau intracellularly and/or extracellularly. This process is described as slow
and progressive, initially tolerated by the brain and ultimately responsible for alteration in aggregated
protein clearance resulting in complex cellular damages evolving over decades. Brain could not
compensate anymore the failure of physiological cellular functions and cellular homeostatic

breakdown, leading to neurodegeneration (De Strooper and Karran, 2016).

Taken together, the available data strongly support the central role of aberrant Af accumulation in AD
pathogenesis. Ongoing studies aimed to clarify the underlying mechanism by which AB drives the
pathological cascades and to propose therapeutics strategies to anticipate/counteract the

development of the disease.

2.1.2 AB-directed therapeutic strategies

Despite the announcement of the amyloid cascade hypothesis, several clinical trials using amyloid-
lowering agents have been conducted to resolve AD pathogenic primacy and slow down disease
progression. The three main approaches were: active or passive AB immunization, y-secretase
inhibitors and BACE1 inhibitors. The goals of these AB-directed therapies were to reduce amyloid-

production, facilitate amyloid-p clearance and prevent amyloid-p aggregation.
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2.1.2.1 Increased AB clearance: passive and active AR immunization

Disease-modifying therapies that can change the underlying pathophysiology of AD with AR vaccines
or anti-AB antibodies have been developed successively and assessed in clinical trials. Active and
passive AB immunotherapies aimed to mediate clearance of existing A either by targeting AB plaque
or soluble AB. The goal of active immunization is to inoculate AB fragments into patients in order to
stimulate the immune system so as to produce antibodies against AB, allowing massive AB clearance
from the brain. The first successful active vaccine against Ap (AN-1792) was developed in 1999 and
was composed of synthetic full-length human ABa,. Significant decrease in amyloid deposition was
observed in vaccinated mice at older age and the development of amyloid pathology was prevented
in young mice (Schenk et al.,, 1999). This immunotherapy aborted in phase Il because of the
development of unexpected inflammatory reactions in patients. Indeed, one drawback of active
immunization is a large variability in efficacy, which is due to the inability to control the immune system
response, as the level of produced antibody is variable from patient to patient. Additionally, post-
mortem studies revealed the presence of severe Tau pathology in vaccinated patients even despite

amyloid plaque clearance.

Passive immunotherapy consists in the infusion of monoclonal antibodies against a specific epitope of
AB. Several monoclonal antibodies have been designed successively to target soluble or insoluble AR
via binding to various AP epitopes (Figure 22). Six of them have been advanced to phase lll clinical trials
and tested in patients with mild to moderate AD. The first one is Bapineuzumab, which targets the N-
terminal region of AB peptide and is able to bind fibrillar, oligomeric and monomeric forms of AB
triggering microglial phagocytosis of AR (Demattos et al., 2012). Bapineuzumab induced a decrease of
amyloid deposits to baseline but without improving cognition. It was also associated with amyloid-
related imaging abnormalities (ARIA) edema and microhemorrhages (Salloway et al., 2014). Another
antibody, Gantenerumab, has been tested in a cohort of asymptomatic and symptomatic patients.
Gantenerumab is a fully human 1gG1 antibody, binding a conformational epitope, that targets N-
terminal and mid-domain AP epitopes on amyloid plaques (Bohrmann et al., 2012). It does not bind to
soluble AB (Figure 23). Amyloid deposition was removed and low CSF A4, levels were observed in
patients. Even if asymptomatic patients did not develop cognitive alterations following Gantenerumab
treatment, symptomatic patients have not shown signs of clinical improvement, hence, the drugs was
not considered as efficient. Two anti-AB antibody approaches have directly targeted soluble AB instead
of amyloid plaques and have been tested in phase Il clinical trials (Karran and De Strooper, 2022).
Solanezumab targets the mid-domain of AP peptide and binds predominantly to AR monomers.
Although Solanezumab was able to lower CSF levels of AB4o significantly, there was no significant effect

on AB4,, on brain amyloid PET signal or on cognitive decline. Crenezumab binds to oligomers, fibrillar
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and other forms of AR resulting in a rapid increase of AB in periphery which was not efficacious enough
to remove amyloid plaques and lacked clinical efficacy too.
numbering preference

Amino acid SIG|Y|E|V|HHIQ|K|L|V|F|F|A|E|D|V|G|S|N|K|G|A
Bapineuzumab | 1gG1 M=F

AB amino acid 12 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7|8 9]10[11]12]13[14]15]16]17|18|19]20|21|22|23|24|25|26|27|28]29(30] 1gG class | Monomer/fibril

Lecanemab IgG1 M<<F
Gantenerumab IgG1 M<<F
Aducanumab IgG1 M<<F
Donanemab 1gG1 M =F*
Solanezumab IgG1 M>>>F
Crenezumab 1gG4 M>F

[. Key amino acid epitopesr
Figure 22: AB epitopes of monoclonal antibodies tested in clinical trials against AD

The epitope recognized by the antibodies are stained in red (key amino acid) or orange. The efficiency
on AB monomer (M) or fibril (F) removal is indicated in the last column. From (Karran and De Strooper,

2022).

Recently, Aducanumab developed by Biogen and Eisai, provided therapeutic benefits to patients.
Aducanumab targets N-terminus amino acids 3-7 of the AP peptide and is specific for soluble
oligomers and insoluble fibrils (Figure 23). Although it has shown a dose-dependent reduction of AB
plaques, the study was not sufficiently powered to detect clinical changes and the FDA concluded to
end the studies. Further investigations will be done to elucidate whether this therapy has actual clinical
benefits or not and will be resume in a final report by 2030 (Karran and De Strooper, 2022).
Importantly, following the discovery of Aducanumab, other monoclonal antibodies targeting the
different forms of AB have been developed such as Lecanemab (Legembi | ALZFORUM, n.d.).
Lecanemab showed encouraging results in patients with early AD in clinical trials called ‘the Clarity AD”
which is a double-blind, parallel-group, randomized study. Lecanemab is a humanized IgG1 monoclonal
antibody that binds with high affinity to AP soluble protofibrils rather than amyloid plaques (Figure
23). This antibody has successfully passed the phase Ill of clinical trials, which should reinforce the
importance of targeting AP in disease-modifying therapies. Lecanemab showed a decrease in brain
amyloid burden and, importantly, reduced clinical decline by 27% on the global cognitive and
functional scale compared with placebo at 18 months. Unfortunately, side effects as ARIA edema and
microhemorrhages were observed in few treated patients and need to be further investigated and
controlled. The Eisai laboratory, that developed this drug, plans to submit a marketing authorization

application to the European Medicines Agency by the end of March 2023.
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Figure 23: Monoclonal therapeutic antibodies exhibit distinct binding selectivity toward Ap species

Lecanemab binds most strongly (dark gray) to protofibrils, while aducanumab and gantenerumab favor

fibrils.

2.1.2.2 Decreasing AB production: secretase inhibitors

Several clinical trials with drugs aimed at preventing AR formation by inhibiting B- or y- secretases, the
enzyme ensuring the proteolytic cleavage of APP. In mouse models of AD, BACE1 inhibition limits the
formation of new plaques but does not prevent the growth of established plaques (Ridler, 2018). Thus,
one of the therapeutic strategies was to use BACE1 inhibitors in a primary preventive treatment in
order to reduce the production of AP at early stage of AD and, afterwards, ensure clearance of
established AR with monoclonal anti-AB antibodies. A clinical trial called “TRAILBLAZER-ALZ" tested
this hypothesis by combining the Lilly BACE1 inhibitor LY3202626 with Donanemab, a monoclonal
antibody that targets a pyroglutamate form of AB aggregated in plaque. Despite a significant reduction
of amyloid burden, this combination therapy failed to improve cognitive impairments. A number of
drugs has been developed to test the efficiency of BACE1 inhibitors in AD patients. Among them,
Verubecestat, was tested in phase lll clinical trials in patients with prodromal and mild to moderate
AD. It significantly reduced the cerebral AR production by up to 75%. However, Verubecestat
significantly worsen cognitive decline and the administration of this drug has been associated with
severe side effects such as suicidal ideation, weight loss and sleep disturbance. Subsequently, other
BACE inhibitors in clinical development have also failed or were interrupted because of these side
effects. Indeed, these drugs inhibited both BACE1 and its homologue BACE2 that targets substrates
other than APP, mostly important for physiological functions. The deletion of BACE1 in mice led to
myelination deficits, seizures and cognitive impairments. Thus, it may be difficult to block BACE1

activity without creating unwanted off-target effects.
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Several y-secretase inhibitors have also been tested clinically as disease-modifying therapies for AD.
Among them, Semagacestat was tested in phase lll clinical trials in patients with mild to moderate AD.
It led to a modest reduction in AR production, increased incidence of skin cancer and worsened
cognition compared to placebo. These side-effects were due to the inhibition of other substrates
belonging to Notch signaling pathways mainly involved in developmental and homeostatic processes.
Avagacestat did not alter Notch’s signaling pathway but was aborted in phase Il as it failed to
demonstrate therapeutic benefit and caused adverse effects too. Modulators of y-secretase that alter
APP processing without affecting other substrates, as Tarenflurbil, have also been developed but did

not exhibit any benefits on cognition.

Nowadays, strong suppression of AB production via secretase inhibitors or modulators without

engendering severe side effects remains a huge challenge in clinical trials.

2.1.2.3 AR neurotoxicity shielding

The primary focus of efforts was to develop drugs that mediate a therapeutic disease-modifying effect
by targeting A itself or its production. However, it seems that AB-targeting is not effective if it is not
coupled with efficient inhibitors of AR neurotoxic properties. In the last decade, others therapeutic
strategies that counteract the toxic effects of AR have been proven more promising in slowing or

delaying the progression of AD than AB-directed therapies.

Mounting evidence has demonstrated that AB exerts negative impacts on local synapse density,
morphology and functioning, resulting in the decrease of synaptic plasticity and the loss of synapses
strongly correlated with cognitive impairments. Thus, factors that hinder the synaptotoxicity of AB
were investigated in several studies. Among them, the Vascular Endothelial cell Growth Factor (VEGF)
appears to be a promising candidate as it has been shown to play a potential neuroprotective role in
AD. Evidences show that VEGF and its receptor VEGFR 2 increase the postsynaptic responses mediated
by NMDA in hippocampal neurons, which allows the formation of new synaptic sites and improves
synaptic plasticity (De Rossi et al., 2016). In contrast, silencing of VEGFR2 in neurons abolished
hippocampal LTP, impaired synaptic transmission and memory consolidation (De Rossi et al., 2016).
VEGF levels, normally found in higher amounts in the brain, decreased in the CSF of AD patients
meaning that some factors impede its eliminations through CSF. Intriguingly, early accumulation of AB
biomarkers has been associated with increased VEGF brain level, resulting in reduction of hippocampal
atrophy and cognitive decline (Hohman et al., 2015). However, this neuroprotective effect seems to
disappear during AD progression. A potential explanation is that VEGF is located in the close vicinity of
amyloid plaques during AD progression. Sequestration of VEGF into amyloid plaques may interfere

with its protective role. Recently, VEGF treatment has been demonstrated to increase synaptic
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transmission on hippocampal slices from APP/PS1 transgenic mice after exogenous application of AB
oligomers (Martin et al., 2021). This finding suggests that VEGF is able to reverse the synaptic damage
initiated by toxic AB oligomers. Indeed, VEGF has been shown to selectively bind to AB oligomers and
counteract their neurotoxic effects. Thus, synthetize AB-binding domain of VEGF seems to be an

encouraging therapeutic tool for AD.

The discovery of a naturally-occurring variant of AB carrying the A2V substitution (ABayv), which
protects heterozygous carriers from AD, allowed to design a novel therapeutic strategy for AD based
on the ability of ABav to interact with wild-type AB, interfering with its nucleation or nucleation-
dependent polymerization, through conformational changes and assembly (Di Fede et al., 2012, 2009).
Di Fede and colleagues have designed a synthetic peptide derived from ABa,v sequence, retaining only
the protective properties of the peptide residing in 6 N-terminal amino acids of the AB mutated
sequence, and entirely composed of D-amino acids to increase its stability in vivo (Di Fede et al., 2012).
In vitro studies have shown strong anti-amyloidogenenic properties of the synthetic peptide by
hindering oligomer production and preventing amyloid fibril formation. In a first in vivo study, the six-
mer mutated D-isomer peptide [AB1-642v(D)] was linked to the HIV TAT peptide, widely used for brain
delivery, which enables the peptide to cross the BBB. The constructions were then infused via
intraperitoneal administration in AR plaque-bearing mice (APPswe/PSlses) to prevent in vivo
amyloidogenesis, AB-dependent neurotoxicity and synaptic dysfunctions. Short-term treatment with
this synthetic peptide showed encouraging results by presenting successful outcome. Unfortunately,
after 5 months, reverse effects on cognition and AR production were obtained in mice, mostly due to
side effects of the TAT carrier which promoted amyloidogenesis and hindered the anti-amyloidogenic
properties of AB1-6a,v(D) (Di Fede et al., 2016). Recently, intranasal brain delivery of AB1-6a2v(D)
peptide alone in a double transgenic mouse model of AD revealed an effective outcome as it prevented
the oligomerization of wild type AB and counteracted the synaptic damages associated with

amyloidogenesis (Catania et al., 2022).

Interestingly, in 2012, Jonsson et al. identified a natural protection against sporadic late-onset AD in
human carriers, the A2T mutation in AB sequence (Jonsson et al., 2012; Kero et al., 2013). This
missense mutation, mostly found in Icelandic population, confers protection against neurotoxicity,
avoiding cognitive decline and also presenting with anti-amyloidogenic effects (Benilova et al., 2014).
By changing the AB structure, ABazr can bind to wild-type A to hinder its toxicity. Recently, the CRISPR
prime editing approach was used to introduce the A2T mutation in human cell genome (Tremblay et
al., 2021). The effect of A2T editing still needs to be assessed in biological organism. This approach

raises the question whether the protective properties is exhibited by the DNA mutation or by the
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peptide it-self. These protective genetic variant of AB could be used to develop new therapeutic

strategies that take advantage of its biological mechanism of action against AR neurotoxicity.

2.1.3 Why did AB-directed therapies failed?

The amyloid cascade hypothesis has dominated the AD field during the last 25 years. However,
therapeutic approaches aiming at decreasing AB levels have failed to demonstrate clinical efficacy.
Most of them failed at phase 3 of clinical trials in patients with mild-to-moderate symptomatic AD
(Long and Holtzman, 2019). Several clinical trials have been stopped because of the detection of severe
side effects and anti-AB therapy responders were not different from placebo-treated controls
(Ricciarelli and Fedele, 2017a). These failures deeply question the reliability of the amyloid cascade
hypothesis. A number of reasons can explain the failure of anti-AB therapies and can answer to the

following questions: when, what and how?

First, when therapies must be applied? Several comments suggested that the treatment has been
administered too late in the disease course. AB pathology is reaching a plateau in the brain prior the
onset of clinical symptoms meaning that the onset of amyloid deposition may occur 15-20 years before
cognitive alterations are diagnosed. At late stage of AD, irreversible synaptic and neuronal loss have
occurred yet and the pathological events become difficult, if not impossible, to reverse. Indeed, most
of anti-AB therapies were effective in removing senile plaques from the brain of mild-to-moderate
symptomatic AD but failed to abolish cognitive alterations. At this stage, the biological phases of the
disease including amyloid and Tau accumulation were already too advanced. Thus, the early toxic
effects of AB on downstream events were not targeted. Disease-modifying treatments might be at
their most effective level when initiated very early in the course of AD, before amyloid plaques and
neurodegeneration become too widespread, which requires an accurate diagnosis of AD. So far, any
current diagnosis tool enabled highly sensitive and massive screening of potentially AD patients among
a wide population. Accurately identifying toxic AR species in AD prevention drug trials will help to

recruit cognitively normal AD-risk participants for clinical trials.

Second, what should therapies target? Whether pathological cascade is triggered by amyloid plaques,
AB monomers or oligomers is not clearly defined. Recently, amyloid plaques have been described as a
reservoir for AB oligomers that are thought to be the most pathological forms of A (Hong et al., 2018).
Thus, disaggregation of amyloid plaques, like in anti-AB therapies, might release oligomer species that
would be more damaging for synaptic environment. Researchers need to keep in mind that not all AR
species are toxic and some of them can even be protective at low concentration, and thus they should
not be targeted by the therapy. Another controversial effect of therapeutic approaches has been

shown. Therapies targeting the a- or y-secretases reduce AR accumulation but fail at reducing cognitive
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decline and, more importantly, induce side effects by removing indispensable enzymatic functions.

Thus, it appears crucial to deeply assess potential targets in order to find the “good” one.

Finally, how would therapies mediate benefit? The mechanism by which AP affects cognitions is still
unclear. Whether it is direct or through sequential events is poorly understood. Different pathways
have been submitted: induction of Tau pathology, activation of neuroinflammation or direct alteration
of synapses. A combination of all pathways is also possible. Recently, Karran and De Strooper proposed
an A threshold hypothesis to explain how the pattern of Tau pathology can be heterogeneous from
an individual to another and why it is highly dependent on amyloid response (Karran et al., 2011;
Karran and De Strooper, 2022; Pontecorvo, et al., 2019). According to this hypothesis, it exists an
amyloid threshold that determines if an individual will or not developed AD. Below the threshold,
individuals have a variable response to amyloid leading to poor damage in the brain. In contrast, when
AP aggregates reach the threshold, they initiate or accelerate the spreading of Tau and AD starts to
develop. Thus, therapeutic strategies using soluble and insoluble AP aggregate lowering drugs toward

non-pathological levels will certainly mediate a clinical benefit.

2.2 Tau hypothesis

The amyloid hypothesis posits a linear cascade initiated by AB and leading to dementia but
incompatible with clinical observations. Tau pathology itself can cause neuronal loss. Moreover, it has
also been reported that reduction in endogenous levels of Tau in APP transgenic mice can reverse AB-
mediated toxicity. Together, these observations gave Tau pathology a pivotal role in AD and allowed

the emergence of Tau hypothesis in AD etiology.

2.2.1 Tau propagation hypothesis

In AD, abnormal phosphorylation of Tau leads to disassembly and destabilization of microtubules.
Once released, mislocalized Tau induces impairment of microtubule regulation (Zempel and
Mandelkow, 2014). Tau becomes hyperphosphorylated which reinforces its stability in vivo and hinders
its degradation. Hyperphosphorylation of Tau facilitates its aggregation into filamentous PHFs that
form NFTs. Normal Tau can be sequestered into tangles of filaments, which favor the pathology.
Aberrant interaction of hyperphosphorylated Tau with filamentous actin induces improper
stabilization of actin leading to axon damage (Fulga et al., 2007) and synaptic impairment (Bardai et
al., 2018; Cabrales Fontela et al., 2017). Moreover, the presence of NFTs inside neurons is highly toxic
for the axons and is responsible for neuronal loss. The amount of PHFs and NFTs has been
demonstrated to correlate with the severity of neuronal damage and cognitive impairment in AD

patients. Mutation of human Tau in mouse models of Tauopathy induce severe synaptic and memory
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impairment as well as tau hyperphosphorylation and pre-tangle formation (Van der Jeugd et al., 2012).
Interestingly, when pro-aggregant Tau is switched-off, synapses are recovered and cognition is rescued
although insoluble murine Tau is still present. This reversible effect of Tau may reflect the early phase
of AD, when the brain can still compensate molecular changes, suggesting an early impact of Tau

pathology in the course of the disease.

Despite AB has been shown to be a causal factor in FADs, Tau pathology has been proposed to be an
initiating factor in SAD. Progression of AD is strongly associated with Tau pathology, rather than AB
accumulation, which strongly supports the “Tau hypothesis” in the origin of AD. Furthermore,
neuropathological evidences demonstrated that Tau lesions arise prior to the appearance of amyloid
plagues inthe human brain, especially targeting glutamate projection neurons in the association cortex
(Braak and Del Tredici, 2014; Johnson et al., 2016). Indeed, post-mortem analysis of AD brains helped
to describe Braak stages describing Tau pathology spreads during AD progression while causing
cognitive defects (See Chapter 1). Tau pathology begins very early in the entorhinal region before
arising in the interconnected hippocampal area and association cortices. Within the cerebral cortex,
Tau causes rapid neurodegeneration that correlates with the first symptoms of AD. In several studies,
aging rhesus macaques have been used to model late-onset of AD as they exhibit both human-like Tau
and amyloid pathology (Arnsten et al., 2019; Paspalas et al., 2018). The researchers took advantage of
the ability to assess early Tau phosphorylation states by immunoelectron microscopy in this model in
order to follow the progression of the disease from the entorhinal cortex to the dorsolateral prefrontal
cortex. They showed patterns of Tau pathology progression similar to human’s (Paspalas et al., 2018).
Interestingly, accumulation of abnormally phosphorylated Tau mostly affected glutamatergic synapses
localized in the prefrontal association cortex but not in the sensory cortex. In addition to abnormal Tau
accumulation, these synaptic damages were strongly related to calcium dysregulation. These data
corroborate human data analysis, indicating the occurrence of Tau pathology within vulnerable
neurons belonging to specific brain areas. Interestingly, Tau pathology degree of severity correlates
with the number of cortico-cortical glutamatergic connections, expanding over brain evolution and

lifespan (Arnsten et al., 2021).

Neuropathological studies from primate brains revealed that the pattern of Tau pathology spreading
is consistent with neuronal networks, meaning that phosphorylated Tau may spread from neuron to
neuron. In 2009, Clavaguera et al. presented the first evidence of neuron-to-neuron spreading of Tau,
in a mouse model of Tauopathy (Clavaguera et al., 2009). In this study, brain extracts containing
hyperphosphorylated Tau from Tau transgenic mice were inoculated into the brain of mice expressing
the wild type form of human Tau and developing late Tau pathology. They found an acceleration of

Tau pathology at the inoculum site but also into interconnected regions. Tau spreading was suggested
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to occur through “prion-like” mechanism (Figure 24). This mechanism would involve the transfer of
abnormal Tau seeds from a “donor cell” to a “recipient cell” and facilitate newly generated Tau seeds
by incorporating normal Tau, thus, driving to a vicious circle. This mechanism has been also proposed

to explain the spreading of amyloid pathology that will be further discussed in Chapter 3.
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Figure 24: Inter-neuronal spreading of Tau pathology

Misfolded tau seeds transform native monomers into toxic Tau monomers that are prone to aggregate
and form PHFs and NFTs. These aggregates can dissociated to form new seeds that are involved in

inter-neuronal spreading. From (Long and Holtzman, 2019).

Taken together, analyses of human and non-human primate brains revealed that Tau pathology early
affects vulnerable neurons and spreads via seeding using interconnected glutamatergic projection
neurons belonging to the same network. Interestingly, cross-talk between amyloid hypothesis and Tau
hypothesis has been demonstrated. Phosphorylated Tau can increase the production of AB. In

addition, the presence of Tau has been shown to be essential for AB-induced synaptic toxicity.

2.2.2 Therapeutic strategies

According to the Tau hypothesis, Tau is an essential target for developing disease-modifying therapies.

One of the first strategies to reduce Tau pathogenicity was to inhibit kinases that mediate abnormal
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Tau hyperphosphorylation. Thus, several Tau kinase inhibitors have been developed. Among them,
GSK-3 inhibitors showed reduction of Tau phosphorylation, amyloid deposition and neuronal loss in
transgenic mice. However, no beneficial effect on cognition was observed in AD patients (Gong and
Igbal, 2008; Wang et al., 2007). The upregulation of Tau phosphatases is another approach to drive
dephosphorylation of Tau (Tian and Wang, 2002). So far, Tau-based clinical trials have not yet produced
positive findings. Many adverse side effects were even observed in patients as kinases and
phosphatases are involved in many signaling pathways (Goedert et al., 1995; Gong and Igbal, 2008;
Sontag et al.,, 2014). Immunotherapy to facilitate Tau clearance also failed, however, anti-sense
oligonucleotide (ASO)-based treatments reducing Tau expression showed promising results in

preclinical studies (Long and Holtzman, 2019).

2.3 Other hypothesis of AD

With the improvement of knowledge about AD pathophysiology, numerous hypotheses have been
developed in the last decade to explain the etiology of AD. Four hypotheses that are related to AR
accumulation are described below. These hypotheses were used to develop drugs, essentially

symptomatic therapies, and were tested in clinical trials.

2.3.1 Inflammatory hypothesis

The inflammatory hypothesis of AD postulates that the sustained inflammation in the brain,
characterized by activation of astrocytes and microglia, leads to neurodegeneration and ultimately AD.
Dual function of brain inflammation has been described in the literature. While acute response of the
immune system is neuroprotective at early stages of AD, chronic activation of inflammatory cells,
especially microglia, accelerates the development of amyloid and Tau pathology (Kinney et al., 2018).
Elevated levels of interleukin-1 (IL-1), a pro-inflammatory cytokine, has been demonstrated to be
responsible directly for the increased APP production and AB load and indirectly for the activation of
the kinase that triggers phosphorylation of Tau (Goldgaber et al., 1989; Quintanilla et al., 2004).
Furthermore, long-term anti-inflammatory treatments have been shown to provide protective

benefits against AD by reducing by 50% the risk for developing AD (Kinney et al., 2018).

Numerous investigations report that immune-related proteins and cells were located in the vicinity of
amyloid plaques. In particular, microglia has been suspected to drive the initiation of AD, as most of
genetic risk factors of AD were found involved in microglial functions. Activated microglia proliferates
more around senile plaques and neurons with NFTs in AD than in normal individuals. Fibrillary AR can
bind to microglial receptors, which activates the release of inflammatory factors and, in turn, can either

favor AP production or enhance AP clearance depending on the stage of disease (Liu et al., 2019). A
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number of investigations showing controversial role of microglia during AD, from neuroprotective to
detrimental role, have supported the microglia hypothesis of AD. Microglia is thought to mediate
phagocytosis of AB and to form a barrier around amyloid plaques in order to protect the brain against
plaque-associated neurotoxicity (Condello et al., 2015). However, prolonged activation of microglia
exacerbates the neuroinflammation, contributing to neuronal loss and leading to the activation of
more microglia. Additionally, several studies have reported that microglia is involved in both
phagocytosis and release of Tau aggregates (Asai et al., 2015; Clayton et al., 2021; Dejanovic et al.,
2018; Hopp et al., 2018; Perea et al., 2020; Zhu et al., 2022). This mechanism was suggested to be
mediated by the accumulation of amyloid plaques that transform microglia into neurodegenerative
microglia which exhibits enhanced phagocytosis of plaques, apoptotic neurons and dystrophic neurites
containing aggregated and phosphorylated Tau. Recently, Clayton et al. established the relationship
between phagocytic microglia, amyloid plaques and Tau propagation in promoting disease progression
(Clayton et al., 2021). They showed that the depletion of plaque-associated microglia in transgenic APP
mouse model reduces the amount of extracellular vesicles containing Tau aggregates while increasing
amyloid plaques and neuritic plaques (Figure 25). Thus, for the first time, plaque-associated microglia
was shown to enhance Tau spreading, resulting in progression of AD (Clayton et al., 2021; Gratuze et
al., 2021; Pascoal et al., 2017). Importantly, some research groups suggested that AD heterogeneity is
strongly related to phagocytose state of microglia, which varies from an individual to another. In an
individual, the more microglia is defective, the more pathological events are getting worse, meaning
that microglia may be the origin of pivotal point from reversible physiological state to irreversible

pathological state leading to AD (Edwards, 2019).
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Figure 25: AB plaque-associated microglia accelerates Tau spreading in a mouse model of AD.

PN“6F mouse brains, AB plaque-

In the WT mouse brain, Tau propagation is sensitive to microglia. In AP
associated microglia are highly phagocytic and hyper-secrete Tau-seeding extracellular vesicles,
resulting in enhanced Tau propagation. Both AR plaques and Tau-associated neuritic plaques are
increased following microglia depletion while Tau propagation is inhibited. This suggests an active role
of microglia on compaction and clearance of protein aggregates and Tau propagation. From (Clayton

etal., 2021).

2.3.2 Infectious hypothesis

The infectious hypothesis proposes that stimulation of innate immune response by various bacterial
and viral pathogens may precipitate AD (Sjogren et al., 1952). Intracerebral infection by microbes has
been shown to induce AP aggregation and deposition, as an antimicrobial defense mechanism where
AB coats microbial particles to fight the infection. The enrollment of amyloid seeding in the
antimicrobial protection initiates the amyloid cascade (Moir et al., 2018). Recently, one type of the
herpes simplex virus, HSV-1, has been shown to trigger ABa4: fibrillization in vitro by nucleating
aggregation via contact with the viral surface (Ezzat et al., 2019). Moreover, HSV infections have been
associated with an increase of dementia risk. These findings and several studies strongly support the

hypothesis that infectious exposition to HSV can caused AD (Carbone et al., 2014; Itzhaki, 2014;
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McNamara and Murray, 2016). Thus, anti-HSV therapies, as Valaciclovir, have been developed to
counteract the effect of the virus. These drugs have been demonstrated to reduce AB and
phosphorylated Tau accumulation, which may change the course of the disease. Valaciclovir was
tested in positive HSV patients with mild cognitive impairment and completed phase Il trial for AD

treatment (Valacyclovir | ALZFORUM, n.d.).

2.3.3 The vascular hypothesis of AD

Investigators have suspected that initial vascular damage may be involved in the onset and progression
of AD. Many functional studies in humans and mouse models of AD support the vascular hypothesis.
Neuroimaging studies in AD patients have demonstrated the presence of vascular lesions in their brain
preceding the onset of neurodegeneration. Multiple genetic investigations have shown that
neurovascular pathology increased the risk for developing AD (Attems and Jellinger, 2014). Indeed,
deletion of APOE in mice, a major genetic risk factor for AD, has been demonstrated to mediate
detrimental effects on endothelial cells and pericytes localized around capillaries, resulting in failure
of the BBB (Bell et al.,, 2012) also seen in human APOE4 carriers. In mouse models of AD,
microvasculature dysfunction was found in the neocortex prior to AR accumulation. Hypoperfusion
and hypoxia are observed in AD patients and are associated with alteration of the BBB, which has been
proposed to play a pivotal role in the initiation of AD. Hypoxia is a common feature of vascular diseases
which leads to degeneration of pericytes. Hypoxia has been shown to trigger AB accumulation by
increasing BACE1 expression levels (Zhang et al., 2018) and by affecting AB clearance (Winkler et al.,
2014). In addition to aberrant angiogenesis, impairments of BBB compromise the elimination of AB
and Tau from the brain resulting in their accumulation and sometimes cause vascular damage as CAA
(Zlokovic, 2011). Traumatic brain injury models display a decreased cerebral blood flow also called

hypoperfusion that contributes to accumulation of secreted Tau (lliff et al., 2014).

While vascular damages participate to AR accumulation, mounting evidence suggests that AP
accumulation leads to severe vascular damages manifesting as CAA. Additionally, AB can induce the
constriction of the cerebral arteries, a major cause of hypoperfusion. This vicious circle may accelerate

the occurrence and course of AD.

2.3.4 Cholinergic hypothesis

The cholinergic hypothesis was suggested over 20 years ago and proposes that dysfunction of
acetylcholine containing neurons play a major role in cognitive impairments in AD (Davies and
Maloney, 1976). The concentration of acetylcholine and the activity of choline acetyltransferases, the

enzymes involved in acetylcholine synthesis, have been found reduced in the amygdala, hippocampus
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and cortex in AD patients. Furthermore, degeneration of cholinergic neurons in the nucleus basalis of
Meynert, and other septal nuclei projecting to the cortex, was observed during AD progression (Bartus
et al., 1982). The cholinergic deficit was associated with early attention and memory dysfunction in
AD. Thus, three cholinesterase inhibitors (Donepezil, Rivastigmine and Galantamine) were approved
by FDA to increase synaptic levels of acetylcholine and reverse memory defects. Although they
improve cognitive status of patients, they essentially treat symptoms without changing the occurrence
or progression of AD. Recently, the long-term use of these inhibitors was associated with disease-
modifying benefits which encourages further studies of the role of the cholinergic pathways in the

course of the disease (Hampel et al., 2019).

2.4 A unifying hypothesis of AD

Despite amyloid cascade hypothesis has been proposed, several questions have emerged about the
sequence of pathological events following AR accumulation that lead to AD. It is misunderstood
whether the delay between the onset of amyloid plaque build-up and disease diagnosis is due to a
complete dissociation of the two events or to a cascade of events governed by the degree of AR
accumulation. Furthermore, although AB-mediated synaptoxicity has been proven, the direct impact
of AB on neuronal network is unclear. Another important question is why neurodegeneration and
cognitive impairment do not occur in absence of Tau pathology. Frances A. Edwards proposed a
“unifying hypothesis” of AD where the initial rising of AB concentration triggers Tau tangles and
neurodegeneration in a microglia-dependent manner (Edwards, 2019). The author described a
progressive pathological mechanism in which brain tries initially to contain molecular disturbances in
restricted areas but, the increased amount of pathological proteins and their spreading make these
disturbances irreversible and lead to the pathological state. Four actors play a crucial role in this
mechanism: soluble AR, synaptic impairments, Tau tangles and microglia dysfunctions. It has been

suggested that AD occurs in the following stages:

1) Initial increase in AR concentration depends on elevated glutamatergic synaptic activity and

leads to plaque seeding. Toxic soluble A is found inside and around senile plaques;
2) Synaptic loss is localized in the immediate vicinity of amyloid plaques;

3) Microglia is attracted to plaques by activation of TREM2. Effective response of microglia

removes damaged synapses by phagocytosis;

4) As amyloid load increases, axons close to plaques are vulnerable to AB-mediated synaptic
toxicity which causes phosphorylation of Tau at multiple points along the axon. Modification

of Tau leads to its dissociation from microtubules and formation of NFTSs;
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5) The loss of normal Tau functions induces the dysfunction of the whole axon and, thus,

contributes to the loss of synapses and to neurodegeneration;
6) The loss of axons and the spreading of the pathology cause network impairments.

First, the initial rising of AR concentration appears as a reversible early brain change and is not
necessarily deleterious (stage 1). Several studies have reported physiological role of ABs, and AP, at
low concentration in hippocampal synaptic transmission and neuronal activity (Wu et al., 1995; Yuede
et al.,, 2016) which, in turn, favor synaptic release of AB. Despite its physiological role, high
concentration of AB was reported to strongly precipitate synaptic alteration. In the unifying
hypothesis, the synaptic loss is suspected to exacerbate AP release, which could cause spreading of
damages (stage 2). Fortunately, plaque-associated microglia has been reported to exert a protective
role at early stages of the disease (Condello et al., 2015). Microglia limits synaptic damages to the
immediate vicinity of the plaques in order to protect the axons, which could slow network disruption
(stage 3) (Figure 26). Microglia-mediated synaptic pruning has been largely demonstrated to enhance
neuron connectivity during neurodevelopment (Paolicelli et al., 2011). However, the microglia-
mediated synaptic phagocytose during AD has often been considered as detrimental and responsible
for neurodegeneration (Spangenberg and Green, 2017). Interestingly, according to Edwards point of
view, it is preferable to lose synapses than the entire axon and, thus, all mechanisms that save the
axons will slow the disease. Consequently, the apparition of symptoms is highly dependent on stage 3.
It was suggested that there is a tolerance of individual for amyloid load, which is highly related to
genetic-mediated microglia efficiency. This hypothesis is strongly supported by genome-wide
association studies identifying several microglial genes as risk factors of AD (Scheltens et al., 2016).
Indeed, without efficient phagocytic microglia, damages spread more quickly and symptoms appear

(Figure 26).

The pathological mechanisms could be stopped at stage 3, however, it is likely that gradual increase of
AB plaques together with cross-talk between AB-mediated synaptoxicity and Tau contribute to

exacerbate the pathology (stage 4).
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Figure 26: Efficient microglial response slows the progression of AD by limiting the spreading of

synaptic damage.

A. Synapses on axons in the immediate vicinity of plaques are damaged by a high concentration of
soluble AB. This damage is mediated by dissociation of phosphorylated Tau from microtubule and Ca?*
influx which causes mitochondrial damage. Spreading of damaged mitochondria causes ongoing
synaptic damage up- and downstream the axon at a distance away from the plaque. B. If microglia
removes damaged synapses promptly, damage may be restricted to the immediate vicinity of the

plaques.

The unifying hypothesis of AD argues that the different hallmarks of AD (AB, Tau, synapse, microglia,

neuronal network) should further be studied as a whole since each of them constitutes a small part of
the pathological puzzle. The global view of the disease progression is consistent with many findings in
AD patients and may help to design new therapies. Indeed, this hypothesis highlights two main targets
that should be considered in future studies: early AB accumulation and microglia genome, this latter

supposing to enlarge diagnosis of AD through personalized medicine.
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Chapter 3 — AD heterogeneity: Insight from the

proteinopathy concept

3.1 Sporadic AD heterogeneity

Although AD patients converge to a final common clinico-pathological endpoint, AD is heterogeneous
as regard to its origins, lesions and clinical course. Age variability at onset marks differences between
early-onset (FADs) and late-onset (SAD) AD. As described in Section 1.3, early-onset AD due to familial
mutations in key genes shows more pronounced pathologic compounds that arrive earlier in patient
life, while multiple sporadic events acquiring during lifespan are responsible for late-onset AD. Intra-
subtype heterogeneity has been found across FAD and SAD patients. Variability between FAD patients
is mostly due to the localization of the genetic mutations and their study can help understanding the
pathogenicity of SAD heterogeneity, which will be further discussed in Section 3.3. Instead, we will
focus on sporadic subtypes that represent the most complex and abundant cases of AD heterogeneity.
First, inter-individuals variability affect cognitive profiles. Indeed, clinical subtypes of AD were classified
into amnestic and non-amnestic variants. An association between age at onset and clinical
presentation exists since non-amnestic subtypes can have earlier onset of AD. Variability in the rate of
disease progression has also been observed among AD patients defining the classical forms of AD
evolving in approximately 10 years and the rapidly progressive forms of AD evolving in 2 to 5 years
following the diagnosis. AD heterogeneity impedes the development of effective drugs as it may arise
from different triggering targets that may require different therapies. This variability also reduces the
power of statistical analysis in clinical trials. Further understanding of SAD syndrome is needed to
facilitate personalized AD medicine, which could greatly enable clinical trials targeting specific AD

subtypes.

3.1.1 Clinical heterogeneity

In 1969, Mc Donald made the first observation of clinical variability among patients suffering from
senile dementia (McDonald, 1969). He distinguished patients who showed predominant memory
dysfunction, late age of onset and slow disease progression from non-amnestic patients having
predominant difficulties with language, visuospatial construction and cortical sensation and showing
severe progression of the disease. These two distinct atypical subtypes were respectively termed
'benign memory dysfunction of aging group' and 'parietal group'. Later on, longitudinal follow-up of
larger AD patient cohorts demonstrated that atypical subtype syndromes remained distinct over time

supporting the existence of distinct AD variants. Additional support for AD heterogeneity was provided
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by PET studies that showed variable topographic distributions of AR and Tau deposition as well as

specific brain atrophy and hypometabolism/hypoperfusion patterns for each clinical variant.

Numerous atypical subtypes were then identified, including both amnestic presentations such as pure
amnestic temporal of AD and non-amnestic presentations such as logopenic primary progressive
aphasia (LPPA), posterior cortical atrophy (PCA), and the frontal variant of AD (Lam et al., 2013). These
atypical subtypes of AD differed from typical AD in the age of onset, cognitive profile and rate of
disease progression. Pure amnestic temporal AD variant is a late-onset AD syndrome with slower rates
of cognitive decline than in typical AD (Butters et al., 1996). It is associated with focal temporal lobe
dysfunction and predominant hypoperfusion in the mesiotemporal lobes. Neuropathologically,
neocortical areas are not affected as atrophy, senile plaques and NFTs are limited to the limbic areas
(Armstrong et al., 2000). LPPA is a potential 'language variant' of AD due to left parietal atrophy and
left posterior temporal and inferior parietal hypoperfusion strongly associated with A deposition (Lam
et al., 2013). This syndrome is associated with a younger age of onset and faster rate of decline with
preservation of memory. Patients present slow speech rate with difficulties in repetition (Gorno-
Tempini et al., 2008). Neuropathologically, there is a prominent Tau regional distribution of NFTs
within the left neocortex. Conversely, PCA shares similar pathological pattern but is characterized by
visuospatial and visuoperceptual symptoms due to an affection of the right parietal lobe. An atypical
predominant occurrence of NFTs is found in occipital regions (Scialo et al., 2019). Interestingly,
Rasmussen et al. have identified distinct amyloid conformations between PCA and typical AD
(Rasmussen et al., 2017). Finally, frontal AD variant is an extremely rare early-onset syndrome
associated with executive dysfunction and prominent behavioral symptoms. Neuropathologically,
there is a predominance of NFTs in the frontal regions ten-fold higher than in typical AD (Scialo et al.,

2019).

3.1.2 Neuropathology-defined subtypes of AD

AD subtypes have also been defined based on cortical atrophy measures (Noh et al., 2014; Shiino et
al., 2006; Whitwell, 2018), postmortem NFTs counts (Murray et al., 2011) and Tau retention in PET
scans (Whitwell, 2018). Based on these neuropathological and neuroimaging data, different subtypes

have been described.

Previous studies have suggested anatomical and neuropathological heterogeneity in AD. A post-
mortem study identified three AD subtypes based on the distribution of NFT: typical AD, with NFTs in
the hippocampus and association cortex; limbic-predominant AD, with NFTs predominantly in
hippocampus; and hippocampal-sparing AD, with NFTs predominantly in the association cortex

(Murray et al., 2011). Several investigations of atrophic patterns using voxel-based morphometry study
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reported three subtypes likely corresponding to the post-mortem subtypes (Shiino et al., 2006;
Whitwell, 2018). These AD subtypes were shown to exhibit different clinical presentations, rate of
disease progression and demographic characteristics (Murray et al., 2011; Noh et al., 2014; Whitwell,
2018). They also have been found in neuroimaging studies using Tau-PET (Whitwell et al., 2018).
Recently, MRI studies have consistently identified a fourth subtype displaying minimal brain atrophy
(Ferreira et al., 2020, 2019). In 2020, Ferreira et al published a meta-analysis on the four AD subtypes
based on the distribution of Tau-related pathology and brain atrophy patterns (Ferreira et al., 2020).
They investigated inter-subtype differences by comparing age at onset, sex distribution, years of
education, global cognitive status, disease duration, APOE €4 genotype, and CSF biomarkers (Figure
27). First, they observed different proportion of AD subtypes. While typical AD is the most frequent
subtype (55%), limbic-predominant, hippocampal-sparing and minimal atrophy AD had a frequency of
21%, 17%, and 15%, respectively. The four subtypes do not differ substantially in disease duration.
Instead, similarity between hypometabolism and specific patterns of brain atrophy were found for
each subtype. Tau-related pathology was highly correlated with the pattern of brain network
dysfunction of each subtype. The three atypical subtypes showed similar CSF AP levels and amyloid
load. In contrast, regional distribution of AR deposition was different between subtypes. We briefly

described below the three atypical atrophy-defined subtypes of AD:

- Limbic-predominant variant is a late-onset disease more frequent in female and APOEe4
carriers (Ferreira et al., 2020). Patients display bilateral focal Tau-PET binding in the temporal
lobes sparing the posterior cingulate (Whitwell, 2018). Amyloid pathology assessed by PET-
imaging mostly affects the medial frontal and parietal cortices compared with typical AD

(Whitwell, 2018);

- Hippocampal-sparing AD includes highly educated individuals that present earliest disease
onset compared to other AD subtypes with a higher severity. APOE €4 non-carriers and male
are more frequently affected (Ferreira et al., 2020). While the regional distribution of Tau-PET
binding is similar to typical AD, amyloid pathology affects both frontal and parietal cortices
with higher severity compared to typical AD (Whitwell, 2018). Hypometabolism was found in
prototypic AD regions and was greater than in typical AD. More intense neurodegeneration
and more aggressive disease progression was observed while preservation of cognitive status
indicated a high capacity of brain reserve (i.e capacity of the brain to compensate severe
pathological events) in these patients (Ferreira et al., 2020). Finally, atypical non-amnestic

presentations previously described (Section 3.1.2) are more common in these patients.
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- Minimal brain atrophy exhibits several pathological patterns. Patients show high level of
abnormal CSF p-Tau and T-Tau, atrophy, hypometabolism in the parietal cortex and low
cognitive reserve (Ferreira et al., 2017). It was suggested that Tau-related pathology and
neurodegeneration may be sufficient to disrupt key brain networks at the root of dementia

symptoms in those patients (Ferreira et al., 2019).
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Figure 27 : Atrophy-defined subtypes of AD

Representation of 4 distinct subtypes: typical AD, limbic-predominant AD, hippocampal-sparing AD,
and minimal atrophy AD. Their localization on the graph depends on their typicality and severity
deviation from typical AD. The blue and red ellipsoids on the brains represent the regions defining
these 4 subtypes according to previous studies. The studied factors are listed below each brain
representation: the risk factors, including age, sex, and APOE (orange); the protective factors, including
cognitive reserve (blue); brain pathologies including AD pathologies and concomitant non-AD

pathologies (red); the age at onset and the cognitive presentation (green). From (Ferreira et al., 2020)

To conclude, polymorphism of regional distribution of AR and Tau gave rise to distinct AD variants.
However, AD-associated pathology rarely occurs in isolation. Patients with AD pathology have

concomitant pathologies such as Lewy body pathology. Risk factors, protective factors and
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concomitant non-AD brain pathologies were suggested to contribute to the heterogeneity within AD
by inducing brain regional vulnerability along the lifespan (Ferreira et al., 2020). Hence, spatial
deposition polymorphism of different pathological hallmarks is induced which partly contributes to

divergent clinico-pathologic presentations of AD.

3.1.3 Polymorphism of disease progression rate

Disease progression rate is defined by the rate of cognitive decline as well as the survival time of an
individual diagnosed for AD. The mean survival time of typical AD patients is 8 to 10 years with MSME
score declining of 3 points per year. Post-mortem studies identified a new AD subtype called rapidly
progressive AD (rpAD) that evolves in less than 3 years following the diagnosis with cognitive decline

of 6 points per year in MSME test (Figure 28).
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Figure 28: Disease progression rate of typical AD and rapidly progressive AD (rpAD)

The severity of the rpAD variant is due to an early impairment of the frontal lobe leading to early
executive dysfunction, motor impairments and language deficits. The faster decline of cognition was
also associated with dysfunctions in memory and non-memory domains such as attention and
visuospatial construction. Higher CSF levels of phopho-Tau and lower ABs, CSF burden were also
reported. Hypometabolism was found too in several brain areas including the left angular, temporal
and frontal cortices, unlike in typical AD. Although the regional distribution of AP deposits and NFTs is
similar in rpAD and typical AD, conformational heterogeneity of protein aggregates was reported. AR
fibrils isolated from rpAD brains showed atypical morphology distinct from typical AD A fibrils (Qiang
et al., 2017). Furthermore, rpAD brains contain higher levels of large Ap conformers with low stability

that were suggested to dissociate, therefore facilitating AB spreading, which strongly contributes to
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accelerate disease progression (Cohen et al.,, 2015). These findings strongly support that AR

conformers are one of the main culprit of AD heterogeneity.

3.2 Prion hypothesis of AD

3.2.1 Prion diseases

3.2.1.1 OQverview

Mammalian prions are pathogens responsible for a family of fatal neurodegenerative diseases in
humans and animals known as transmissible spongiform encephalopathies or prion diseases. During
the 1950s, “Kuru”, the first prion disease, was discovered by D. Carleton Gajdusek in the Fore linguistic
group of the Eastern Highlands of Papua New Guinea. This community practiced a form of
endocannibalism in which people ate the brains of dead relatives as part of a funeral ritual. It was also
the first human prion disease experimentally transmitted to non-human primates through the
intracerebral inoculation of pathological brain homogenates (Figure 29) (Gajdusek et al., 1966). The
persistence of clinical and neuropathological phenotype after several passages in the non-human
primate strongly argues for the existence of a transmissible agent in the human diseased brain. There
are many prion diseases in humans including Creutzfeldt-Jakob disease (CJD), familial fatal insomnia,
Gerstmann-Straussler-Scheinker disease, which result in different diseases characterized by different
age of onset. Scrapie in sheep and goats, bovine spongiform encephalopathies (BSE) in cattle, chronic
wasting disease (CWD) in cervids have also been identified. BSE can cross the species barrier to

humans, leading to variant CID (vCID).
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Figure 29: The transmission of Kuru-like syndrome to chimpanzee

Brain-extracts from Kuru patients were experimentally inoculated in the brain of chimpanzees. Further
passages from infected chimpanzee to another chimpanzee host were conducted. The incubation

period and the rate of evolution for each passage are indicated. After several passages, the Kuru
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pathological phenotype was maintained and the rate of disease evolution was reduced (Gajdusek et

al., 1966).

The term prion, derived from the words “protein” and “infectious,” was latter introduced by Stanley
Prusiner in 1982 to define “a small proteinaceous infectious particle” lacking nucleic acids (Prusiner,
1982). It is now thought that prion diseases are associated with the accumulation in the brain of an
abnormal, partly protease-resistant, isoform of a host-encoded glycoprotein known as prion protein
(PrP®) ubiquitously expressed. The soluble a-helical PrP¢ can conformationally rearrange to an
infectious isoform PrP%, in reference to scrapie, which has a B-sheet structure. PrP¢ and PrP> share the
same amino acid sequence but differ in their conformational and aggregation state (Collinge, 2005).
During the pathogenesis, PrP* can act as a “seed” as it can recruit and impose its particular
conformation to PrP¢ misfolding into further PrP* and allowing the auto-catalytic formation PrP¢ as
well as the spreading of the disease from cell to cell. This linear elementary mechanism which
constitutes the base of the prion paradigm has been proposed to be at origin of the accumulation of
PrP> aggregates in the CNS, causing neuronal dysfunction and fatal irreversible degeneration through
either gain of cytotoxic PrP%¢ functions or loss of PrP¢ cytoprotective functions (Halliday et al., 2014).
Since then, several experimental transmission studies in animal models have demonstrated the

potential infectivity of prion diseases.

3.2.1.2 Concept of prion strains

In prion diseases, transmission is characterized by the occurrence of a "strain effect" leading to distinct
phenotypes. Compelling evidences have suggested that phenotypic polymorphism of prion disease is
mainly due to the possibility of PrP>¢ assemblies to adopt different conformations, at the tertiary and
quaternary levels with different pathobiological properties, defined as prion strains (Aguzzi et al., 2007;
Colby and Prusiner, 2011; Collinge and Clarke, 2007). These differences in PrP* structure have been
assumed to induce prion specific templating activity and various levels of prion resistance to
conventional degradation techniques. Thus, prion strains exhibit different incubation times,

histopathological lesions and clinical manifestations.

3.2.2 AD s a proteinopathy

A proteinopathy is a disease involving a native protein that can adopt pathological conformations
responsible for the disease. Each conformation of the protein can be associated with specific features
of the pathology. Additionally, these abnormally folded proteins are able to seed and propagate
resulting in possible transmission of the pathology by inoculation of these pathological seeds. In the
last decade, mounting evidences described below, have supported the hypothesis that AD, like prion

disease, is a proteinopathy. Furthermore, the polymorphism of AB conformation states has been
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suspected to be one of the main culprit of AD clinical heterogeneity. So far, conformational

heterogeneity is difficult to target rendering anti-conformational drugs ineffective.

3.2.2.1 Nucleation-dependant polymerization mechanism

In physiological condition, AB is continuously produced throughout life without causing any
pathological changes. AB peptides are generated under several isoforms called AB proteoforms. In AD,
AB peptides aggregate in an aberrant manner. It has been proposed that AB aggregation follows a
nucleation-dependent polymerization process, which is concentration and time-dependent (Figure
30). This mechanism consists of two phases: the initial nucleation phase or “lag phase” and the
elongation phase (Eisele, 2013). The nucleation phase is slow and thermodynamically unfavorable,
occuring only under certain circumstances (peptide concentration, pH, temperature, genetic
mutations). During the nucleation phase, the random-coiled AB monomers adopt an alternative,
misfolded conformation rich in B-sheet structure. These conformations are prone to self-aggregate,
initiating the pathological process. AR monomers further aggregate into various types of assemblies,
including oligomers, protofibrils and amyloid fibrils. During oligomerization, small oligomeric
assemblies form multimeric nucleus that serve as templates to rapidly incorporate other AB monomers
and form larger aggregates (elongation phase). Initial oligomerization process from the pool of AR
monomers is called the primary nucleation. Alternatively, heterogeneous contacts between
monomers and fibrils contribute to the secondary nucleation where another pool of Ap oligomers are
generated (Glabe, 2008; Lee et al., 2017). The nucleation phase is the rate-limiting step of fibrillization
(Cohen et al., 2013). However, fibril fragmentation generates another pool of AP oligomers

contributing to accelerate this vicious circle.

83



Seeds
A. appear

Aggregation

Fibril formation

Primary nucleation Elongation ' Saturation

i
i
N
i
i &)
— —_— ——
"e °9°
'‘Monomers Misfolded Dimers  Oligomers
[ IONOMELS Mature Plaque amyloide
ﬁbnls
Seconda :
. vy Fragmentation
nucleation
— wh
£
QU
°
5
©
[
il
£
é Exogenous addition of — Spontaneous seed
s preformed seeds - formation
=
3 Detection threshold
g
» Time

Figure 30: AB nucleation-dependent seeding and template misfolding

A. AB formation starts with a slow nucleation phase (aggregation of the protein into a seed) that may
go through a series of intermediate states until the initial segment of the amyloid spine is formed.
Monomers or oligomeric structures are then bonded to the ends of the initial amyloid seed by
conformational conversion. With increasing length, and depending on the conformational stability of
the amyloid spine, the growing fibril can eventually break, either spontaneously or actively through
cellular processes. In this way, amyloid formation becomes self-propagating through the generation
and spread of new APB seeds. The kinetics of amyloid fibril formation is a function of the rate of
nucleation, growth, and fragmentation. B. The lag time that precedes protein aggregation in vitro can
be greatly shortened by the addition of pre-formed exogenous seeds. Adapted from (Kulikova et al.,

2015).

Although each aggregation state participates to AR build-up, the key issue is "which of these assembly

states accumulate in disease and are more closely associated with AD pathogenesis?". While A fibrils
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are insoluble and can further assemble into amyloid plaques, soluble AR oligomers spread throughout

the brain and has been shown to be causative of AD pathogenesis.

3.2.2.2 AD pathology is transmissible by inoculation of amyloid seeds: Prion-like hypothesis

Prion-like spreading of disease within the brain is not unique to PrP. The mechanism of nucleation and
propagation of abnormally folded proteins in AD has been proposed to have some similarity with prion
diseases. An expanding body of evidence argues that the formation of AR “prions” is involved in the
pathogenesis of AD. Neuropathology study of AD brains revealed that AR deposition follows a
stereotypical progression instead of emerging randomly (Thal et al., 2002). During the last decade,
several cases of potential iatrogenic contamination with compounds containing AP pointed the first
evidence that AP is a “prion-like” protein. Patients who received cadaver-sourced human growth
hormone during childhood developed cerebral amyloidosis and severe CAA without carrying any
genetic susceptibility associated with the development of early AR pathology (Jaunmuktane et al.,
2015). The recent analysis of administered materials revealed that batches of hormones were
contaminated with misfolded AR seeds (Duyckaerts et al., 2018) suggesting AB self-propagation in the

host.

Greatest evidence for prion-like template misfolding of AR comes from various experimental
transmission of AB pathologies in transgenic mice overexpressing human APP through the
intracerebral inoculation of AD brain-derived AP aggregates (Eisele et al., 2010, 2009; Meyer-
Luehmann et al., 2006; Watts et al., 2014; Ye et al., 2015). The inoculation of brain homogenates
containing AB was sufficient to accelerate B-amyloidosis in the host, in the form of parenchymal
plaques and vascular AP similar to AD-associated lesions. Since AB deposition appears after a lag period
of incubation and does not occur in host lacking endogenously expressed AP, it was assumed that is
was coming from a seeding process rather than from the inoculum itself (Jucker and Walker, 2011;
Walker et al., 2016). Similarly, AB-rich brain extracts from aged transgenic mice were demonstrated to
induce build-up of AB in the host (Meyer-Luehmann et al., 2006). The reduction of the lag phase was
shown to be highly dependent on AB seed concentration (Morales et al., 2015) supporting the idea
that more seeds will more efficiently recruit AR peptides for template misfolding (Eisele, 2013).
Additionally, lower APP overexpression was demonstrated to extend the lag phase (Meyer-Luehmann
et al., 2006). Importantly, the removal of AR aggregates in AD brain extracts, by immunodepletion or
chemical denaturation, prevents the transmission of AB pathology meaning that AR is the self-
propagating component allowing the development and acceleration of the pathology in the host

(Eisele et al., 2009; Meyer-Luehmann et al., 2006).
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In addition to AP lesions, the inoculation of AD-brain extracts can induce long-term cognitive
alterations as well as synaptic impairments in rodents (Lam et al., 2022) or in primates (Gary et al.,
2019; Lam et al.,, 2021). Notably, our group showed that brain function defects were strongly
associated with AR and Tau depositions in the host brain. Additionally, in rodents, both AR and Tau
pathologies were induced in the hippocampus, close to the inoculation site but also in distant
connected areas such as the entorhinal cortex (Lam et al., 2022). These data strongly support the
existence of a self-propagating mechanism of proteinopathic seeds from neuron to neuron. However,
although models based on brain extract inoculation offer a unique opportunity to assess the
relationships between AD lesions during the course of the disease, they also impede the investigation
of AP seed pathological impacts, as it is difficult to dissociate the respective roles of AR and Tau in AD
downstream events. Furthermore, the high seeding potency of AD brain extracts may be facilitated by

co-factors present in the donor brain that can also modulate the pathology.

Therefore, inoculation of highly purified brain-derived AB or synthetic AB fibrils formed in vitro was
proposed to evaluate the self-propagating properties of AR (Stéhr et al., 2012). Synthetic AR was
sufficient to induce cerebral B-amyloidosis in young APP transgenic mice, definitely proving that
misfolded AB by itself promotes prion-like propagation of the disease (Stohr et al., 2012). Although
synthetic AB peptides are less bioactive than brain-derived misfolded AB, acute functional alterations
were shown in wild-type mice following synthetic AB oligomer inoculation, suggesting that synthetic
AB oligomers share some similarities with brain-derived AB (Balducci et al., 2010; Epelbaum et al.,
2015). However, the persistence of self-propagation and the functional impact of seeding of synthetic
AB at long-term have not yet been reported. Interestingly, it was reported that in vitro synthetic or
recombinant AB can form different AP aggregates that can be induced either by mutations within the
AB sequence or by chemical changes of AB (Stéhr et al., 2014). Notably, the inoculation of different AR
polymorphs, with distinct structural motifs, in transgenic mice was shown to induce structural

differences in AD-like lesions in the host (Stohr et al., 2014), bringing forward the notion of AB strains.

3.2.2.3 Strain concept: each conformation is associated to a pathology

AB can form a number of B-sheet-rich structures with distinct conformations (strain). Each
conformation is supposed to give rise to a specific disease and associated pathology. This hypothesis
relies on the possibility that AB seeds can transform an endogenous strain into a pathogenic strain that
allows propagation of the pathology and yields different phenotypes. AB prion strain-specific biological
information is encompassed within different conformations of AB protein aggregates. Studies of AB
oligomers and fibrils generated in vitro showed that synthetic AR can aggregate into structurally
diverse amyloid fibrils, which retain their conformational properties and cellular toxicities after

repeated passage (Petkova et al., 2005). Further convincing evidences were demonstrated by
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histological studies of AD brains and transgenic mice models. AB deposits were shown to be highly
heterogeneous in their appearance, which reflects polymorphism of molecular composition and/or
conformation of the aggregated AB. Furthermore, when different extracts derived from either APP/PS1
(Swedish FAD mutation) or APP23 (Artic FAD mutation) transgenic mice were used as inoculum, the
features of plague morphology of the donor brain was replicated into the host (Watts et al., 2014).
Thus, distinct conformations of AB aggregates have been described as forming either spontaneously
from synthetic AB or by AB aggregates from AD brains. These findings strongly indicate that each AB
conformer adopts a specific aggregation pathway that leads to phenotypic variability observed among
AD patients (Ladiwala et al., 2012). The heterogeneity of AD could, thus, potentially be explained by

the existence of multiple AP strains.
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Figure 31: Conformational strains of AB could explain the heterogeneity in AD

Distinct structural variants of misfolded AB (strains) lead to different aggregation properties and

different pathological phenotypes. Adapted from (Condello et al., 2018).

3.2.3 Pathological transconformation of a native protein in AD

Recent advances in structural biology techniques allowed to assess the tridimensional structure of
protein involved in several diseases. It has been demonstrated that a same sequence of amino acids
can fold differently giving rise to several conformations of the protein called alloforms. Initially
described in prion diseases, protein conformation has a pivotal role in the characterization of “the
strain” responsible for the proteinopathy. Misfolding of the native protein could lead to cellular
interaction changes resulting in the modification of the protein physiological functions, inducing

pathological events.

One way to investigate misfolded protein structures is to use cryo-electron microscopy and atomic

force microscopy. AB has been shown to exhibit different conformations that exert proteopathic stress
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on different brain cells. While the factors that influence AR conformations remain unclear in SAD,
genetic mutations within AB sequence in FAD have been clearly identified as responsible for
pathological transconformation of AB (See Section 3.3). These mutated forms of AB adopt different
conformations that lead to different aggregation properties and different toxicity, making study of

familial AD more informative to explain the complexity of AD heterogeneity.

3.2.3.1 Monomer: AB proteoforms and AB alloforms

AB monomers gathers a group of ~4 kDa-peptides ranging in size from 37 to 49 residues called AB
proteoforms. ABaso and A4, are the most predominant forms. Despite the small structural difference
between them, they exhibit different properties in vitro and in vivo. ABaz, the major constituent of
senile plaque, is more aggregation-prone and more toxic than ABa4o, which is less hydrophobic. The
inaccurate secretase-dependent cleavages of APP also generate a variety of AB proteoforms. These AB
fragments can emerged from either the amyloidogenic or the non-amyloidogenic pathway leading to
distinct degree of neurotoxic properties. Each of these peptides is likely to possess a different
thermodynamic landscape to convert into a misfolded protein. Recent advances in mass spectrometry
enable to detect numerous AB proteoforms in the brain or in biological fluids (blood, CSF) of AD
patients such as ABas, ABs-a0, AB17-a0/a2 also called p3 fragments (Di Fede et al., 2018; Portelius et al.,
2010). Interestingly, it was reported that the concentration of each AR proteoform was different
between AD patients independently of AD etiology, suggesting that Ap proteoform profiles can be used
as new classification compounds for AD (Di Fede et al., 2018). The different A proteoform profiles led
to distinct disease phenotypes, suggesting that heterogeneity of AR proteoforms might partly explain
AD heterogeneity. In addition to expressed level polymorphism, the degree of AR toxicity has been
shown to vary between AP proteoforms depending on either their ability to self-aggregate into
oligomeric forms or their physiological role (Fu et al., 2017). The cleavage of ABso or ABs; by BACE-1
provides the formation of the intermediate fragment ABs4 that is further degraded by metalloprotease
enzymes to achieve amyloid clearance. Alteration of BACE-1 expression levels has been shown to
increase the level of cerebral ABs4 by preventing its degradations. Interestingly, measurement of ABia
in the CSF of cognitively normal individuals at risk for AD allowed to distinguish patients that later
converted to AD from those who did not (Liebsch et al., 2019). While the toxicity of many AR
proteoforms was associated with pre-clinical markers of neurodegeneration, the presence of some AB
proteoforms were shown to protect against AB-induced synaptotoxicity and ultimately AD. AB C-
terminal hydrophobic domain has been demonstrated to largely contribute to its aggregation and
neurotoxicity compared to the N-terminal hydrophilic domain (Glabe, 2008; Haass and Selkoe, 2007).
An N-terminal AB fragment produced via a-secretase-related pathway and found in the CSF (Portelius

et al., 2010) was shown to act as a neuromodulator on synapses, reversing AB toxicity (Lawrence et al.,
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2014). Similar effects were obtained with the shorter hexapeptide AP core fragment. Interestingly, the
intrahippocampal inoculation of these fragments in adult 5XFAD mice showed to reverse AB-triggered

synaptic plasticity deficits and to rescue memory (Forest et al., 2021, 2018).

Mounting evidence suggested that the toxicity and the abnormal aggregation of AB species in AD highly
depend on monomeric AB conformation (Das et al., 2015; Ladiwala et al., 2012). The native A protein
has an initial a-helical conformation that is thermodynamically stable and non-amyloidogenic. The
hydrophobic C-terminal of A triggers the transformation from a-helical to B-sheet structure, which is
more prone to aggregate (Mirza et al., 2014). These conformational changes of the native protein are
kinetically unfavorable but play a key role in determining the state of protein aggregation in AD and
may occur during the early stages of the disease. Several studies have identified a huge number of AB
alloforms that comprise either a-helix or B-sheet conformers due to dynamic and rapid structural state
transitions (Sgourakis et al., 2011; Yang and Teplow, 2008). The lack of existence of a stable fold and
the propensity of AB to aggregate into higher molecular assemblies complicates the study of AB
monomer structure and dynamics. Therefore, the identification of the AB alloforms in AD patients
remains challenging. As AB conformation is the culprit of the disease initiation, structure-based

therapeutic developments are in progress and may call on personalized medicine.

3.2.3.2 AP oligomer: structure, classification and toxicity

3.2.3.2.1 Toxicity

Pro-aggregated AB monomer recruits other AR molecules to form different soluble AB oligomeric
assemblies ranging from low molecular weight - such as dimers, trimers and tetramers - to higher
molecular weight including hexamers and dodecamers. Emerging evidence has demonstrated that
cerebral and plasmatic levels of soluble AB oligomers correlate better with dementia than insoluble
amyloid deposit load (Lue et al., 1999; McLean et al., 1999). AB oligomer-triggered toxicity has also
been shown in mouse models of AD. Unlike amyloid plaques, AD brain-derived AB oligomers can induce
Tau hyperphosphorylation, alter synaptic plasticity (Hughes et al., 2020; S. Li et al., 2011) and initiate
cognitive decline in exposed rodent (Jin et al., 2011; Shankar et al., 2008). Interestingly,
intracerebroventricular injection of high molecular weight AB oligomers induces transient memory
impairment whereas injection of low molecular weight ones causes severe cognitive impairment and
synaptic damage (Shankar et al., 2008). These results were also shown in wild-type mice in which high
molecular weight AB oligomers dissociate into low molecular weight AP oligomers, activate microglial
response and inhibit hippocampal LTP (Yang et al., 2017). The quantification of lactate dehydrogenase
(LDH) released from cells after exposition to AR oligomers enabled to know the cytotoxic ability of

these small AR assemblies. Those experiments revealed that neurotoxicity activity of small AR
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assemblies increased proportionally with oligomer order (Ono et al., 2009). Indeed, dimers and trimers
were three times more toxic than monomers, while tetramers were 13 times more toxic (tetramers >

trimers > dimers> monomers).

The mechanisms by which AB oligomers can prompt toxic effects is complex. AB oligomers could bind
to different cell membrane receptors, be internalized into cells or accumulate in extracellular
compartments. It was suggested that toxic oligomers expose hydrophobic surfaces that disturb
membranes, exposing the cytoplasm to the extracellular space, causing undesirable calcium flux and

ultimately cell death (ladanza et al., 2018).

Taken together, these data reinforce the “Oligomer Hypothesis”, according to which AB oligomers but
not monomers or fibrils were responsible for synaptic dysfunction and memory loss in AD. Elucidating
and counteracting AB-associated toxicity could advance development of new diagnostic tools and
influence AD drug discovery toward AP oligomer targeting. Furthermore, identifying the most

deleterious AB assemblies in AD patients may provide insight into the molecular subtypes of AD.

3.2.3.2.2 Structure

Structural analysis of AP oligomers has been conducted to understand their toxicity. Electron
microscopy and atomic force microscopy have identified spherical aspect of AR oligomers that
measure between ~3 and 10 nm. Although AB monomers were largely unstructured, the quaternary
structure of an AP oligomer depends on the order-dependent arrangement of its constitutive
monomers. Mainly composed of B-sheet structures with a stable core. AB oligomers are highly
heterogeneous and differ in size, morphology, aggregation mode, toxicity and appearance time in the

brain. A spectrum of AB oligomers has been described ranging in molecular size from 4 to 100 kDa.

3.2.3.2.3 Classification

In vitro, AB oligomers appear at early stage during nucleation-dependent process and disappear as
mature fibrils are formed, indicating that Ap oligomers are an intermediate transient structure enrolled
in fibrils formation and elongation. However, the formation of AR oligomers is much more complex
and leads to a highly heterogeneous population of AB oligomers in the living brain. Some progress on
elucidating the mechanism responsible for the diversity of AR forms and understanding their
associated functional characterization have been made. Several studies were conducted to find the
better classification. In addition to their heterogeneity, AB oligomers are unstable in solution and the
method of their isolation differs between research groups, which can lead to different structural
variants of AR oligomers that did not reflect AD-associated polymorphism. For several decades, the
size of AB oligomers was used to categorize them. Small oligomers such as dimers and trimers were

reported to be more toxic as they can spread easily and bind to different cell targets involving several

90



signaling pathways (Jin et al., 2011; Shankar et al., 2008). However, the size of AB oligomers do not
properly reflect their conformation or aggregation state known to be strongly associated with
pathogenesis. Although conformationally distinct AP oligomers can show overlapping size
distributions, they display mutually exclusive generic epitopes associated with specific aggregation
states that can be recognized by conformation-dependent antibodies (Kayed et al., 2007). At least two
classes of AB oligomers were highlighted based on their underlying structural organization: the
prefibrillar oligomers and fibrillar oligomers (Ashe, 2020; Glabe, 2008; Kayed et al., 2007; Liu et al.,
2015).

Prefibrillar oligomers arise from monomers assemblies (Figure 32) and are recognized by All

antibodies (Kayed et al., 2007). They vary in size from tetramers to 20-mers. They appear early in the
course of AD, before plaque deposition. They are kinetic intermediates in fibril assembly. Indeed,
prefibrillar oligomers further aggregate with each other to form protofibrils that ultimately become
mature fribrils. In order to convert into a fibrillar state, they undergo conformational change, mainly
consisting in an increased content of antiparallel B-sheets (Diociaiuti et al., 2021; Glabe, 2008; Lee et
al., 2017). Interestingly, inhibition of prefibrillar oligomers did not hinder fibril formation suggesting

that an alternative pathway may generate fibrils (Kayed et al., 2007).

Fibrillar oligomers share similar epitopes with AB fibrils and, thus, are recognized by OC-antibodies as

they contain in-register B-sheet structures (Kayed et al., 2007). They emerge after plaque deposition
and accumulate in the immediate vicinity of dense-core plaques (Ashe, 2020; Liu et al., 2015). Fibrillar
oligomers are coming from secondary nucleation where addition of monomers to the end of fibrils
induces monomer conformational changes to fibrillar oligomers (Figure 32). Furthermore, with
increased length, fibril fragmentation occurs and generates soluble fibrillar oligomers, the fibril seeds

or small piece of fibrils (Glabe, 2008; Lee et al., 2017).
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Figure 32: Formation of prefibrillar and fibrillar oligomers. From (Ashe, 2020).

Itis not clear whether prefibrillar or fibrillar oligomers are the primary pathological species responsible
for AD pathogenesis. As prefibrillar oligomers were reported in human AD brain earlier than fibrillar
oligomers, they have been considered the most toxic species responsible for synapse damage and
subsequent amyloid toxicity. Furthermore, multiple studies have shown that prefibrillar oligomers, in
particular AB*56, are responsible for memory dysfunction in AD mouse models (Billings et al., 2007;
Cheng et al., 2007). Tomic et al. observed higher amounts of fibrillar oligomers in the brain of AD
patients compared to control elderly individuals. In contrast, prefibrillar oligomers levels were similar
in both cohorts (Tomic et al., 2009). Fibrillar oligomers are also predominant in mice bearing increasing
amyloid dense-core plaques (Liu et al., 2015). This finding is mainly due to their temporal, spatial and
structural relationship to amyloid fibrils and their association to amyloid plaques. In addition, fibrillar
oligomers were shown to better correlate with cognitive decline in AD than prefibrillar oligomers,
indicating that transient prefibrillar oligomers may represent a non-toxic pool of oligomers (Tomic et
al., 2009). Controversially, transgenic mice that exclusively produce fibrillar oligomers had intact
cognition suggesting that fibrillar oligomers confined into amyloid plaques does not impair cognition
(Liu et al., 2015). Based on the collection of current findings, there is growing consensus that both
types of oligomers are harmful for brain function but at varying degrees, through distinct neuronal
signaling pathways and depending on their distribution in the brain (Ashe, 2020). Both have shown to
interact with dendritic spines causing synaptic deficits. Prefibrillar oligomers, independent to temporal
and spatial distribution of AB fibrils, have more potential to diffuse and, thus, cause global neural
dysfunction in AD. It has been demonstrated that they induce the formation of oligomer-triggered Tau

toxicity, which may explain why they have been associated with dementia. In contrast, fibrillar
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oligomers, sequestered within the “toxic halo” of dense-core plaques, do not diffuse and induce focal
neurological dysfunction as much as these toxic spheres extend. Thus, they might interfere with neural

networks in AD patients bearing high plaque density.

Others type of oligomer have been described: AB-derived diffusible aggregates (ADDLs) and
globulomers. These biggest structures that were classified as fibrillary oligomers, alter synaptic
plasticity, induce mislocalization of Tau to dendrites and mediate memory dysfunctions.
Conformation-dependent antibodies can specifically recognize these distinct assembly states (Glabe,

2008).

3.2.3.3 AP fibrils: structure and toxicity

The amyloid structure of A fibrils was known well before its amino acid sequence was deciphered
from AD brain isolated proteins. The initial stages of amyloid fibrils formation involve a heterogeneous
ensemble of monomers or/and oligomeric intermediates. These amyloid fibrils can further associate
with each other to form amyloid plaques, or dissociate and release fibrillar oligomers as previously
described (See Section 3.2.1.1). X-ray diffraction studies have shown that amyloid fibrils are highly
ordered structures. They adopt the canonical cross-B structure, which consist of sets of B-sheets with
B-strands arranged perpendicularly to the fibril axis and stabilized by hydrogen bonds (Eisenberg and
Jucker, 2012; Sunde et al., 1997). Fibril cross-B structures can display a parallel or antiparallel
organization. Dyes that positively stain B-sheets secondary structures, such Congo red, are used to
reveal amyloids fibrils. When viewed under polarized light, a characteristic red/green birefringence of
amyloid fibrils is observed. Electron microscopy studies have shown that the diameter of amyloid fibrils

is about ~7-10 nm.

NMR spectroscopy studies have reported structural polymorphism of AP fibrils in AD patients (Lu et
al., 2013; Qiang et al., 2017) that was associated with various amyloid morphologies (Condello et al.,
2018; Watts et al., 2014). Isolated AB fibrils showed distinct sizes, concentrations and conformational
characteristics, which correlate with duration and severity of disease. Such diversity may explain
different clinical presentations leading to strong heterogeneity between AD patients (Lu et al., 2013;
Paravastu et al., 2009; Qiang et al., 2017). The wide variety of amyloid structures were mainly due to
the different intrinsic organization of a-helices and B-strands. Recent studies have demonstrated that
a same protein sequence can conduct to different fibril morphologies meaning that oligomer and fibril
formations are pivotal steps responsible for the structural diversity of A fibrils (ladanza et al., 2018).
This was illustrated by the possibility to produce different ABao fibrils in vitro under different conditions.
Additionally, differences in fibril characteristics can partly explain the distinct topologic distribution of

amyloid plagues observed across patients. Amyloid morphologies may affect the ability of fibrils to
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spread to different sites, depositing in different locations. They can also cause different cellular effects

presumably due to different molecular bindings (ladanza et al., 2018).

3.3 Phenotypic polymorphism in Familial AD can explain AD heterogeneity

Several questions are pending about how structural polymorphisms of AP aggregates can affect
disease onset, disease progression and clinical presentation. It is widely accepted that variation in APP
sequence can directly influence variability in both age of onset and disease duration in numerous FADs.
In this part, we will describe several evidences showing that the study of FADs can contribute to answer

to this question.

3.3.1 Different forms of mutated AB

For several decades, clinical classification of AD has relied on the age at onset of the pathology. Early-
onset FAD is an uncommon form of AD that shows an autosomal dominant pattern of inheritance
associated with numerous mutations in genes governing AP regulation. Although, most of FAD-
associated mutations caused severe AD pathogenesis, some of them are inherited in a recessive
Mendelian manner. In 2019, Bi et al. listed 69 missense mutations within the APP gene (Bi et al., 2019).
Most of them were pathogenic or are “unclear” and two mutations were reported to be protective
(Jonsson et al.,, 2012). The wide range of FAD-associated mutations conducted phenotypic
polymorphism among FAD patients (Table 2). There is an increasing understanding of the influence of
FAD mutation in AB conformational diversity. FAD-associated mutations can occur either near a- or B-
cleavage site, affecting AR production, or within A sequence, affecting AB conformation. Almost all
of pathogenic mutations result in a single phenotype, an increase in either the total amount of AB or
the relative proportion of AB1.4; (Esler and Wolfe, 2001; Glabe, 2008; Hardy, 2017; Jonsson et al., 2012;
Selkoe, 2001). The resultant accumulation of AB is identical to what is observed in the SAD but occurs
earlier in life. Thus, the study of FAD-associated mutations is relevant in understanding of common

sporadic AD heterogeneity.

3.3.1.1 Mutation affecting AB production

Mutations near the B-cleavage site such as Swedish (KM670/671NL), Taiwanese (D678H), Leuven
(E682k) and Flemish (A692G) mutations exacerbate BACE1 cleavage toward the B-site leading to an
increase of total secreted AB and ultimately, changes in AB42/ABao ratio (Table 2) (Bi et al., 2019).
Overall, these mutations induce a heavy load of amyloid plaques and sparse Tau pathology in the form
of pre-tangles rather than NFTs. Various levels of cognitive alteration were shown in patients and can
be associated with synaptic and neuronal loss. The most commonly explored mutation in AD research

field is the Swedish mutation (KM670/671NL). MRI studies have shown that patients exhibit cortical
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atrophy and cerebral blood flow reduction. Pathologically, this mutation induces NFTs and amyloid
plaque burden as well as concomitant pathologies such as Lewy body pathology and CAA (Bi et al.,
2019). Regarding APP processing end-products, it was reported an increase of intracellular AB and CTF-
B while a-CTF-a levels remained constant in cellular models. The Swedish mutation induces a general
increase of both AB4; and AP production and secretion without changing AB42/AB4o ratio (Axelman et
al., 1994; Bi et al., 2019). Several transgenic mouse models expressing a humanized APP gene with the
Swedish mutation (APPsy.) were designed such as APP23 (M670/671NL) and Tg2576 mouse models.
The APPsye/PS14:s mouse model has been largely used to investigate the role of AB in AD-associated
pathology. This mouse model, created on a C57BL/6J background, overexpresses the human APP gene
and a human PS1 gene, lacking exon 9, under the mouse prion promoter (Jankowsky et al., 2004).
These mutations lead, as expected, to an overproduction of AR and an increase in the AB42/ABao ratio.
This model begins to develop amyloid plaques by 4 months of age with a progressive increase in plaque
deposition until 12 months of age in the cortex and hippocampus (Garcia-Alloza et al., 2006). Synaptic
alterations (Viana da Silva et al., 2016) and neuroinflammation process were also described as well as
memory impairment associated with aging (Huang et al., 2016). Onset of each AD-like feature can

differ from a lab to another one.

FAD mutations falling near the y-cleavage was demonstrated to alter C-terminal residues to selectively
produce amyloidogenic ABs; and increase the ABs/ARso ratio (Suarez-Calvet et al., 2014). These
mutations modify the structure and dynamics of the transmembrane domain of APP in order to make
it more vulnerable to y-secretase therefore shifting toward AP overproduction. Numerous mutations
have been identified at y-cleavage site including Austrian, German, French, Iberian, Florida, Indiana,
London and Australian (Table 2). Interestingly, AD patients with the London mutation showed intra-
subtype diversity depending on their ethnic origin as Chinese AD patients develop a more aggressive
form than Western Europ AD patients (Zhang et al., 2017). Additionally, the Austrian and Iberian
mutations were associated with neuronal loss and activation of microglia and astrocytes (Table 2) (Bi

et al., 2019).

3.3.1.2 Mutations affecting AB conformation

FAD-associated mutations within the AB sequence in amyloid conformation lead to a wide range of
disease phenotypes by creating mutated forms of AR (Chong et al., 2013). Each mutated AP has its own
degree of toxicity, aggregation properties and localization inside/outside the cell. The properties of
mutated AP are strongly related to the localization of the mutation. FAD-associated mutation within
AP sequence can occur either in the C-terminal domain or N-terminal domain or in central core region

of AP (Figure 33). Several studies demonstrated that the position of the FAD-associated mutation
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within the AB sequence influences differently the 3D structural conformation of the peptides that may

underlies their pathological phenotypic diversity.
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Figure 33: The localization of some FAD-associated mutations on the AB sequence

3.3.1.2.1 Hotspot of FAD-associated mutation in A8 core region

A hotspot of FAD mutations was described in the core region of AB (residues 21-30) that enhances AB
misfolding and toxicity, and changes aggregation propensity (Dai et al., 2018; Lazo et al., 2005).
Numerous mutations have been identified including Osaka (E693A), Dutch (E693Q), /talian (E639K),
Artic (E693G) and lowa (D694N) mutations. The majority of these mutations leads to severe dementia
associated with concomitant pathologies that distinguish these mutations from others causing only AD
dementia (Bi et al., 2019; Grabowski et al., 2001). One of the earliest discovered forms of FAD is the
Dutch variant characterized by an early-onset, severe CAA with recurrent and fatal intracerebral
hemorrhages by 50 years of age. The deposition of amyloid in the cerebral vasculature is associated
with an unique clinical feature causing recurring seizures (van Duinen et al., 1987; Haan et al., 1990;
Luyendijk et al., 1988; Van Broeckhoven et al., 1990). In contrast, at the same locus, the Arctic variant
mutation leads to late-onset AD with an early generation of small AR assemblies with increased
stability (Lam et al., 2011; Nilsberth et al., 2001; P&ivio6 et al., 2004; Whalen et al., 2005). Most of these
mutations lead to amyloid burden except for Osaka mutation that enhances intraneuronal
accumulation of AB but no extracellular amyloid deposits (Tomiyama et al., 2008). Further details
about these interesting AD features are provided in Section 3.3.1.2.2. Additionally, while Dutch, Italian,

Artic mutations were reported to decrease the AB42/AB4o ratio and change total secreted AR whereas
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the lowa (D694N) mutation instead of changing APB.2/AB4o ratio, accelerate their polymerization
(Grabowski et al., 2001; lwanowski et al., 2015; Mok et al., 2014). Thus, mutations occurring in the

same domain of AP conduct to different clinical expression and distinct neuropathology.

3.3.1.2.2 FAD mutation increasing A8 oligomerisation

The Osaka mutation was initially found in a Japanese pedigree where only homozygous carriers suffer
from severe dementia, indicating that this mutation is recessive (Tomiyama et al., 2008). This mutation
consists in the deletion of codon 693 of the APP gene, resulting in mutant AR that lacks the 22nd
glutamate (ABosa). Human Osaka carriers have AD-like cognitive deficits in the absence of cerebral
amyloid plaques (Kulic et al., 2012; Tomiyama et al., 2008; Tomiyama and Shimada, 2020). Thus,
accumulated AP that is usually found within senile plaques is not a prerequisite for the disease
progression. Instead, small oligomeric aggregates of AR may play a key role in the onset and
progression of the disease. These mechanisms were experimentally confirmed by previous in vitro
studies revealing that Osaka mutation has a very unique characteristic that promotes AR
oligomerization but does not form amyloid fibrils (Jang et al., 2013; Poduslo and Howell, 2015).
Furthermore, the Osaka mutation led to an accumulation of intracellular AB rather than extracellular
AB deposition resulting in an early neuronal dysfunction (Jang et al., 2013; Kulic et al., 2012;
Ovchinnikova et al., 2011; Umeda et al., 2017). Transgenic mice expressing APo.s. displayed
intraneuronal accumulation of AB oligomers followed by synaptic and cognitive impairment, Tau
hyperphosphorylation, glial activation and neurodegeneration but not amyloid plaques (Kulic et al.,
2012; Tomiyama et al., 2010; Tomiyama and Shimada, 2020). Recently, for the first time, a prominent
Tau burden was found in Osaka patients compared to early and late SAD patients (Figure 34) indicating
that ABosa triggers Tau accumulation at early stage of the disease without forming senile plaques
(Shimada et al., 2020). ABosa can exert its toxicity in different biological compartments either by
extracellularly damaging synapses or by causing intraneuronal AB accumulation that is highly toxic for

the neuron.
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Figure 34: Characteristic features of Osaka-FAD patients compared to sporadic AD patients.

Anatomical scans, amyloid PET using 'C-PiB tracer and Tau PET using ''C-PBB3 tracer were obtained
from a patient with familial Alzheimer’s disease with Osaka mutation (FAD Osaka); a patient with early
sporadic Alzheimer’s disease (early SAD) and a patient with advanced stage SAD (late SAD). The Osaka-
FAD patient had severely advanced brain atrophy including most of the cerebral cortex and brain stem
resulting in prominent ventricular enlargement. Only negligible amounts of amyloid deposition were
detected in cerebral cortex whereas both the early and advanced SAD patients had highly elevated
amyloid burden. In Osaka-FAD patient, Tau burden was observed in the cerebral cortex and the
cerebellar cortex, whereas the SAD patients had much less tau accumulation. Adapted from (Shimada

et al., 2020).

3.3.1.2.3 FAD mutation leading to protective properties

Previous studies have indicated that the AR N-terminal domain is non-toxic (Forest et al., 2018;
Whitson et al., 1989). Indeed, the hydrophilic N-terminal domain was found to exhibit
neuromodulatory agonist-like properties through binding to nicotinic acetylcholine receptors that can
rescue LTP inhibition and enhance contextual fear conditioning performance in exposed WT mice
(Lawrence et al., 2014). FAD-associated mutation in N-terminal domain of AB can either inhibit its

naturally benefic effects, such as English (H6R), Taiwan (D7H) or Tottori (D7N) mutations, or enhance

98



the protective properties of this domain. Missense mutation at the second amino acid residue of the
AB sequence was reported to have a crucial dual impact on AD risk. The substitution of the alanine to
valine (A2V) mutation is AD causative with amyloid brain deposition at homozygous state and
protective at heterozygous state (Di Fede et al., 2016, 2012, 2009; Murray et al., 2016; Zheng et al.,
2015). In contrast, the substitution of the alanine to threonine (A2T), called Icelandic mutation, has
been reported to protect against AD-like cognitive defects by reducing AB aggregation properties and
reversing AB neurotoxicity (Benilova et al., 2014; Guyon et al., 2020; Jonsson et al., 2012; Maloney et
al., 2014). This mutation reduces the cleavage of APP by BACE1 lowering AR accumulation in vitro (Kero
et al., 2013; Maloney et al., 2014). These findings were consistent with lower monomer concentration
found in the plasma of A2T carriers providing protection against AD (Bussy et al., 2019; Martiskainen
etal., 2017). Regarding the formation of mutated AR (ABic) oligomers, an in vitro study showed that it
forms oligomers with lower molecular weight than wild type AB (Limegrover et al., 2021). Decreased
binding affinity of these oligomers for synaptic receptors was found and inhibition of cellular vesicle
trafficking was reported, indicating that ABic is able to modulate cellular trafficking rate (Limegrover
etal., 2021). Recently, knock-in rats carrying the Icelandic mutation were generated to study the effect
of Icelandic variant on APP metabolism (Tambini et al., 2020). Western blot analysis of young rat brain
homogenates showed an increase of a-processing with higher levels of sAPPa and a reduction of B-
cleavage with lower levels of sAPPB and CTFs- B suggesting that this variant favors the non-
amyloidogenic pathway by affecting APP cleavage enzyme and reducing the amyloidogenic pathway
(Tambini et al., 2020). Although the protective effect of this variant was confirmed, one dementia case
was reported. Neuropathological analysis of the 104-years-old patient showed little amyloid pathology
and dementia (Kero et al., 2013). Dementia was attributed to likely hippocampal sclerosis rather than
AD-causal features and slight parenchymal plaque pathology suggested that this variant protects

against amyloid pathology and AD.

At the same locus, A2V and A2T (I/celandic) mutations differs in biophysical behaviors including the
kinetics of aggregation, the initial monomer conversion to an aggregation prone state, the abundances
and size of oligomers, and adopted conformations (Murray et al., 2016; Zheng et al., 2015). Difference
in the evolution of the secondary structures also results in fibrils of different morphologies (Colombo
etal., 2017). These distinct features have been shown to differently influence synaptic activity (Murray
et al., 2016). These point mutations affected differently the N-terminal domain of AB. A comparative
study suggested that the conformational landscape of AR monomer contributing to the early-stage
aggregation mechanism differs between the two mutated forms of AB (Das et al., 2015). They showed
that the A2V-AB4; monomers engaged the N-terminus in interaction with the central and C-terminal

region of AB causing a hydrophobic cluster (Das et al., 2017, 2015; Murray et al., 2016). In contrast,
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the A2T-ABi. N-terminus is preferentially engaged in an unusual ionic interaction that hinders the
stabilization of the B-hairpin conformation and inhibits formation of small synaptotoxic species serving
as aggregation seeds. This comparative study reported strong evidences that AP sequence changes
impacting the nucleus site for AB monomer misfolding contribute to variable aggregation pathway
even if the mutation occurs at the same locus (Hatami et al., 2017). Interestingly, although AR
conformations are different between both mutations, cross-interactions with wild-type AB through
formation of heterodimers were shown to exhibit similar properties. Mixtures of both wild-type AB x
A2V-AB and wild-type AB x A2T-ABic. peptides were reported to postpone fibril formation and protect
against their toxicity (Nguyen et al., 2016). The mechanism by which this AB variant shift wild type AB
toxicity is unclear. Das et al. suggested that the inhibition of toxicity may rely on the intrinsic structure
of the heterodimers (Das et al., 2017). Determining how subtle changes in the primary structure of AB

translate into either dramatic or benefic changes will provide essential insight into AD etiology.
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|_Mutation | Neuropathological features
! = old 0 0 = ace 3
ADD = O 3
plagque DA oloq A0
: KMG70/ Cortical atrophy Lewy bodies
Swedish 671NL CBE reduction X X CAA Increase unchanged Increase
i Cortical atrophy
Tottori DE78M CHE radiiction Mon unchanged unchanged
. . Cortical atrophy
n::t::;:ln: Taiwanese D678H CBE reduction Not avalaible MNon unchanged Increase
Hippocampal
a-cleavage Leuven E682K atrophy MNon unchanged Increase
& KB687M cortical atraphy Mon Decrease  Decrease
Cortical atroph G
Flemish AB92G phy X X hemorrhagic unchanged Increase
infarction
N-terminal | lcelandic ABT3T Protective Mon Decrease
domain of AR ABT3V Cortical atrophy X X Non Increase
Cortical atrophy
CBF reduction
Osaka EB93A Cortical glucose X INon Increase
metabolism
reduction
2 Caortical atrophy
Artic E693G CBE reduction X X CAA Increase
Hotspot of Cerebral
mutations hemorrhages
Italian E693K Multi-infarct X CAA
encephalopathy
Leukoaraisosis
Dutch E6930 Barabral X CAA Increase Increase Increase
hemorrhages
Cerebral
lowa D694 hemonthages X X CAA unchanged unchanged
Austrian T7141 CAA Increase Increase Increase
German V715A Parieto-occtp_ltal MNon unchanged unchanged
hypometabolism .
Ghitieal et oF Mot avalaible
French V715M Ical atrophy MNon Decrease Increase  unchanged
Hypometabolism
E Cortical atrophy Lewy bodies
Iberian I716F CBF reduction X X CAA Increase
- I716T - MNon unchanged
. : Not avalaible
Mutations Florida 1716V Cortical atrophy MNon Decrease unchanged
affecting Indiana VTITT X X CAA Increase
¥cleavage = V717G Cortical atrophy X X CAA Decrease
London V7171 X X Lewg‘izdles Increase Increase Increase
i Cortical atrophy
Indiana-2 V717L CBF reduction X X CAA Increase Increase
Australian L723P Cortical atrophy i MNon
Mot avalaible
- K724M Cortical atrophy MNon
Belgian K724N Gonteal X hemorrhage unchanged unchanged
hypometabolism 9 g g

Table 2: Summary of FAD mutations features (adapted from (Bi et al., 2019))
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AD-like feature

Level of Level of Total secreted ratio Microglia Astrocyte Neuronal Synaptic Ttsasqonie

42 S A mice avalaible
AR40 AB42 AB AB42/40 o activation activation loss loss
Increase Increase Increase unchanged X X X X Yes
unchanged unchanged unchanged unchanged Increase No
Increase Increase Increase Decrease | Increase Decrease No
Increase Increase Increase Decrease No
Increase Increase Increase Increase Increase No
Increase Increase Increase Increase | Decrease Decrease X X X
MNo
Decrease Decrease Decrease unchanged | Decrease Decrease Yes
Increase Increase Increase unchanged | Increase X X X No
Decrease Decrease Decrease unchanged | Increase Increase X X X Yes
unchanged Decrease Increase Decrease | Increase Increase X X Yes
unchanged Decrease Increase Decrease Increase
No
Decrease Decrease unchanged Decrease | Increase X X Vi

unchanged unchanged unchanged unchanged | Increase Increase

Increase X X X Yes
Increase
Decrease Increase
Decrease Increase Decrease Increase X X X No
Decrease Increase unchanged Increase
unchanged Increase unchanged Increase Mo
Decrease Increase Increase Yes
Decrease Increase Increase Yes
Decrease Increase Decrease Increase X Mo Yes
Decrease Increase Increase
Yes
Increase Yes
Unchanged Increase Increase No
Decrease Increase Increase
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3.3.2 Heterogeneity of neuropathological lesions in FAD

The phenotypic polymorphism associated with FAD mutations within AB relies on the preferred
conformational states adopted by A variants. Each conformation favors cellular targets and induces
particular pathology outcomes. There are multiple evidence showing polymorphic AP aggregation. A
comparative analysis of the aggregation behavior of 11 synthetic AB4o variants showed distinct kinetic
aggregation patterns and conformational polymorphisms resulting in distinct structural variants of
synthetic AB fibrils (Figure 35) (Hatami et al., 2017). Isolation and characterization of fibrils from

patients also suggest that fibril morphology varies from patient to patient (ladanza et al., 2018).

WT ' K16N 2K A21G

Figure 35: Various synthetic AB4o variants lead to different morphologies of AB aggregates

One of the most interesting features of the FAD mutations within the AB sequence is that they lead to
distinct aspect of neuropathological lesions that can be detectable by histopathological analysis in
humans and animal models. It is widely accepted that the morphology of AB plaques differ across APP
transgenic mouse models. While APP23 mice exhibit fairly large AP deposits consisting of congophilic
amyloid cores with diffuse penumbras and diffuse AB deposition, APPswe/PS14e5 mice develop small,
compact and highly congophilic AR deposits (Heilbronner et al., 2013). The induction of different AR

morphotypes in a given transgenic mouse was also obtained after intracerebral inoculation of
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aggregated AB-containing brain extracts from two different sources (Condello et al., 2018; Stohr et al.,
2014; Watts et al., 2014). These experimental transmissions of amyloidosis were widely used to
demonstrate the concept of prion-like templated misfolding of AB. In human studies, Di Fede et al.
compared neuropathological and biochemical phenotypes in patients with FAD and SAD (Di Fede et
al., 2018). They found different aspects of AR deposits between FAD patients and between FAD and
SAD patients (Figure 36). Interestingly, they also assessed the pattern of expressed A isoforms and
showed different expressed levels in AD subtypes, suggesting that AR depositions may differ in
biochemical composition (Di Fede et al., 2018). The different AR morphotypes and soluble AB profiles

allowed defining distinct AD molecular subgroups.

FAD-1

Familial AD SporadicAD

c388888
72—

Figure 36: Molecular subtypes in familial and sporadic AD

(Left panel) Relative percentage of AB isoforms measured in human brains defined a representative
profile for each AD subgroup (n=3, mean relative percentages+SEM). (Right panel)
Immunohistochemical study (4G8 antibody) performed in: the frontal cortex (a,b,c,d,e); temporal
cortex (f,g,h,i,j); occipital cortex (k,I,m,n,0). Differences in amyloid-related pathology of AD cases:
(a,f,k) APPag73v (FAD-1); (b,g,1) APPa713v (FAD-2); (c,h,m) PS1p117a (FAD-3); (d,i,n) sAD carrying the ApoE
€4/e4 genotype ; (e,j,0) SAD carrying the ApoE €3/e3 genotype. Scale bar = 400 um. Adapted from (Di
Fede et al., 2018)

AB depositions can also differ in binding of amyloid conformation-sensitive dyes. The use of
conformation-sensitive dyes previously allowed to discriminate various prion strains. A new class of
amyloid dyes called the luminescent conjugated oligothiophenes (LCOs) was developed. These flexible

amyloid-binding dyes exhibit spectral fluorescence emission properties depending on its binding to the
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B-sheet structures of amyloid fibrils, which offers the possibility to assess amyloid conformation.
Rasmussen et al. used this approach to decipher the dominant AR conformation in postmortem brain
tissues from 40 cases of FAD and SAD (Rasmussen et al., 2017). They found different LCO amyloid
spectra among FAD and SAD subtypes and defined clusters of patients with similar amyloid
conformational variants, suggesting that the clinical heterogeneity among AD patients is due to
variation in the molecular architecture of aggregated AB. In FAD cases, mutations within the AR
sequence seemed to define distinct AB prion conformations responsible for a unique pathology in the
carriers. Investigation of amyloid structural heterogeneity in patients bearing the Swedish, Dutch or
Arctic mutations (occurring at the same locus) showed high inter-subject variability and low intra-
subject variability that allowed distinguishing patients with high sensitivity (Condello et al., 2018).
These findings strongly support the hypothesis of the existence of AR prion strains in FAD. The
existence of intra-subject variability suggests that AB prion conformations are more complex and may
not give rise to a unique pathology. Conformational differences of variant AB morphotypes using
conformation-sensitive amyloid-binding dyes were also assessed in APP transgenic mouse models.
While fluorescence images revealed bright yellow—greenish colors for the AB deposits in APP23 mice,

the amyloid plaques in APPgye/PS14e0 mice showed a reddish appearance (Heilbronner et al., 2013).

The heterogeneous molecular architecture of AB variants observed in FAD patients allows
identification of different molecular strains of AB aggregates responsible for the distinct subtypes of
AD. Importantly, although this phenotypic diversity is most striking in FAD, this methodology can be
extended to the SAD that display a larger heterogeneity in clinical presentations. The link between AR
conformation and clinical phenotypes remains unclear but still evident. There is an immediate need to
develop non-invasive tools that can detect pathological AB conformations in AD patients. Tools that
are more sensitive will result in earlier AD detection, providing a longer period for therapeutic

interventions.

3.3.3 Complexity of conformations

As AD is a proteinopathy, conformational changes of pathogenic proteins were suggested to be the
key event of AD pathological process that may explain the heterogeneity among AD patients. Despite
the emerging interest in AB conformations, the remaining question is, whether individual express a
unique AB conformation or multiple AB conformations. Spectral discrimination of distinct AB
conformations in AD patients using conformation-sensitive fluorescent probes showed that complete
intra-subject homogeneity of emission spectra is not found among all patients suggesting that some
patients may exhibits more than one AR conformation (Condello et al., 2018). Diversity in A fibrils

along the disease evolution supports the idea of the co-existence of a mixture of several conformations

105



in asingle brain. Itis crucial to develop therapy that can target the specific deleterious Ap conformation
responsible for pathological effect in each individual. The conformational diversity in one strain is
complex. Amyloid proteins are able to form hetero-oligomeric assemblies (Das et al., 2015). Cross-
interaction between amyloid conformations may give a higher impact on AD pathophysiology than a
unique conformation as suggested by the seeded properties of AB (Heilbronner et al., 2013; Jucker and
Walker, 2011; Walker et al., 2016; Watts et al., 2014). Understanding the underlying mechanism by
which the dominance/recessiveness of amyloid strains is governed may highlight new therapeutic
targets. The underlying genetic mechanism associated with FAD mutation can allow the studying this
concept. Most AR mutations caused familial AD with dominant inheritance. In this case, wild-type form
of AP subsisted with the mutated form of AR resulting in a large AB population diversity composed of
homo-interaction and hetero-interaction. The impact of the mutated forms on wild-type form can be
either deleterious or beneficial. Giving the importance of conformation-interaction in a prion-like
mechanism of AD pathogenesis, there is an important need to look for dominant non-deleterious

amyloid strains that can be used to interfere with pathological amyloid conformation.
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Chapter 4 — Experimental evaluation of brain function and

diffusion parameters by MRI

4.1 Principle of MRI

Magnetic resonance imaging (MRI) is a non-invasive and non-ionizing technique based on the principle
of nuclear magnetic resonance (NMR). This mechanism arises from a fundamental quantum property
of atomic nuclei (electron, proton, and neutron) to possess a “spin” angular momentum, which has
been discovered in 1946 by Bloch and Purcell. The spin represents the magnetic moment of the particle
in rotation on itself. For clinical MRI acquisitions, the hydrogen nucleus (a single proton) is widely used
because of its abundance in water and fat. The hydrogen atom is composed of a positive and a negative
pole capable of acting like a bar magnet with a north and a south pole that allow to detect the NMR
signal. At rest, the orientation of protons is random but they can be influenced by an external magnetic
field. MRl scanner is a giant magnet that generate a strong magnetic field called BO. When protons are
placed in this magnetic field, their spin can either align with the field (parallel) or flip to orient against
the direction of the field (anti-parallel) (Figure 37A). In addition to aligning with the magnetic field
produced by the MRI scanner, the spins also rotate along their own axes like a stable spinning top in
rotation. This movement is called spin precession. The speed of precession is proportional to the
strength of the applied magnetic field BO and depends on the gyromagnetic ratio (y), which is a
constant of the proton. It is characterized by the frequency of precession (w) defined by the Larmor

equation as:
w=vy" B0

When a radiofrequency (RF) radiation is applied to the frequency of precession of the spin, a
phenomenon of nuclear resonance occurs (Figure 37B). The transfer of energy between the RF pulses
and the group of spins within the magnetic fields induces the rotation of the spin in phase toward the
transverse plane following a flip angle a. The angle depends on the strength and duration of the RF
pulse. This brief synchronization also called excitation stage is the transverse magnetization of the
protons causing the RMN signal. When the RF radiation is interrupted, the protons will recover or
return to their original state of orientation with the magnetic field and asynchronous precession: it is
the relaxing stage (Figure 37C). This return of each nucleus to its thermal equilibrium is going with the
emission of RF radiation called Free Induction Decay (FID) signal, which constitute the signal recorded

by RMN (Figure 37D).
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Coil

Figure 37 : Principle of MRI

(A) When placed in a strong magnetic field BO, protons align themselves parallel or antiparallel with
the direction of BO. (B) The application of a RF pulse B1 at the same frequency of BO allows the
longitudinal magnetization to tilt away from BO (resonance). (C) Once the RF signal stops, spinning
protons returns to equilibrium (relaxation) such that it aligns again with BO. (D) During relaxation,
proton loses energy by emitting a RF signal Free Induction Decay (FID) which can be measured by a coil
placed around the object being imaged and subsequently reconstructed to obtain 3D gray-scale MR

images. From (Ella et al., 2019).

Depending on the chemical properties of a tissue, spins exhibit different relaxation properties. The
longitudinal relaxing is the regrowth of the longitudinal element following a characteristic time
constant T1. T1 contrast is better to represent tissue as it depends on the mobility of particles
containing hydrogen nucleus. T1 is shorter for biggest particles. Along time, the magnitude of the
magnetization decreases following the transversal axis. The transversal relaxing is due to the
dephasing of spin. Indeed, spin-spin interactions contribute to the heterogeneity of magnetic field and
frequency of precession. The difference in spin frequency causes an acceleration of the dephasing. The
fall of the transversal magnetization follows an exponential curve characterized by the time constant
T2, which is shorter than T1. T2* represents the local inhomogeneity of the magnetic field and the
tissue susceptibility. During relaxation, protons loose energy by emitting the FID signal detected by the
receiver coil of MRI scanner, which can be reconstructed to obtain three-dimensional (3D) gray-scale
MR images. Localization of the signal in the 3D space is ensured by magnetic field gradients. First, a
gradient to select slice on the z axis of the tissues is applied, then the second gradient encodes the
frequency of the spins towards x axis. Finally, the third gradient encodes the phase of spins belonging
to the same column through the y axis of the tissue. The MRI acquisition allowed filling the K-space

matrix arising from the Fourrier Transform of the spatial coding of the frequential image.
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Finally, the acquisition parameters in MRI sequence have to be chosen to correspond to the constraints
of the spatial resolution (voxel size) and the desired signal quality (signal-to-noise ratio, SNR). To create
an average image, the emission of FID signal is repeated several times and the time between two
excitatory RF pulses is called the repetition time (TR). The TR represents the limit of extension of the
longitudinal magnetization regrow. Another parameter called echo time (TE) can be set during the
acquisition of MRI sequence. The TE is the time between the beginning of the first RF pulse (excitation
pulse) and half TR (signal peak). In addition to the choice of RF pulses, these two parameters allow to
weight contrast of the future image. Indeed, when TE and TR are short, the relaxation properties will
follow the T1 relaxing constant. In contrast, long TE and TR are sensitive to the T2 relaxing constant.
The various relaxation properties of the protons in the tissues toward T1 and T2 relaxing constant
provide different contrasts of the image (Figure 38). When looking at anatomical images, T1 weighted
imaging produces high intensity within the white matter (bright), medium intensity within the gray
matter and low signal intensity within the brain ventricles (dark). In contrast, white matter is dark on

T2 weighted imaging and the grey matter is bright.

T1 Weighted T2 Weighted

Figure 38: T1 and T2-weighted images
CSF is dark on T1-weighted imaging and bright on T2-weighted imaging.

Modification of acquisition parameters will also provide different types of images that can be used to
detect several pathological signs. Indeed, MRI is a highly multimodal imaging approach. MRI can be
used to measure indirectly brain activity through the detection of functional change associated with
blood flow oxygenation. The functional MRI (fMRI) is based on the ability of deoxyhemoglobin to act
as an endogenous contrast agent that reduces the signal in T2-weighted images when its concentration
increases. Encoded images are used to reveal functional connectivity between brain regions. The
random movements of water protons can also be detected by diffusion weighted imaging (DWI)
sequences revealing anatomical details about tissue architecture and mapping the main white matter

tracts of the brain. The detection of brain metabolites is also possible towards chemical exchange
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saturation transfer (CEST) imaging. These three sequences have been largely used to elucidate the

mechanisms of neurodegenerative disorders.

4.2 Resting-state fMRI

4.2.1 BOLD signal

The fMRI is an indirect measure of brain activity in high temporal resolution. It relies on the facts that
neuronal activations are tightly coupled with cerebral hemodynamic responses. Indeed, neuronal
metabolism depends on the blood oxygen level because the production of energy to form adenosine
triphosphate (ATP) from glucose is strongly aerobic. The hemoglobin (Hb), a protein that have
magnetic properties, carries molecules of oxygen (O3) in the blood. Two states of Hb can be found in
the blood: oxyhemoglobin, when O, is attached to Hb, or else deoxyhemoglobin (dHb). Neuronal
activations induce an increase in O, consumption and blood flow. As increase in blood flow is more
important than elevated O, consumption, neuronal activations induce an increase in oxyhemoglobin
compared to deoxyhemoglobin level in activated regions (Figure 39). The ability to detect this change
in fMRI relies on the fundamental difference in the magnetic properties of oxyhemoglobin and
deoxyhemoglobin. While diamagnetic oxyhemoglobin negligibly affects the magnetic resonance, the
reduced level of paramagnetic deoxyhemoglobin, which acts as an endogenous contrast agent
detected by MRI, temporally increases T2* signal. This is called the blood-oxygen-level dependent
(BOLD) signal discovered in 1990 by Ogawa et al. A slight T2* weighted change around 1-5% occurs
(Gore, 2003). Thus, BOLD contrast is weak and MRI acquisition is needed to be repeated several times
in order to map functional changes. Gradient echo-echo planar imaging (GE-EPI) sequence that has a

high acquisition speed was used as the gold standard to maximize BOLD sensitivity.

Resting Activated
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Figure 39: BOLD signal mechanism, magnetic susceptibility to vascular oxygenation.

Following brain activity, the cerebral blood flow is increased, leading to an increase of oxyhemoglobin
and a decrease of deoxyhemoglobin that reveal the BOLD signal. Oxygen is represented in blue and

hemoglobin in red.

The BOLD signal has been widely used in humans and in rodents for functional exploration of the brain
during a task or at rest. The BOLD signal can be expressed in response to various stimulations such as
a sensory stimulation or performance of a motor/cognitive task. The hemodynamic response function
(HRF) characterizes the BOLD signal generated following a stimulus. The HRF has been described to
follow a sigmoid curve starting with a small initial dip, followed by a tall peak, and then a variable post-
stimulus undershoot (Barth and Poser, 2011) (Figure 40). The initial dip, commonly observed at very
high field (from 7.0T) might represent the gap between the time of neuronal activations and the
measured hemodynamic response. The mechanism causing this interval is unclear and two possible
theories have been speculated: the early extraction of blood oxygen and/or an increase of local
cerebral blood volume. During the main peak of the BOLD signal, neurovascular coupling contributes
to a local increase of cerebral blood flow and volume to meet immediate metabolic needs resulting in
an increased ratio of oxygenated to deoxygenated hemoglobin with increased MR signal constituting
the BOLD response. The post-stimulus undershoot is the decrease of the BOLD signal after the
stimulus. It may reflect the slow arterial blood volume recovery and an increase of the cerebral blood
flow overcompensating for the oxygen increase. Interestingly, when stimuli are repeated, the positive
dominant peak becomes a plateau and a small overshoot is observed. To conclude, the BOLD signal is

assumed to indirectly measure the neuronal activity in a process called neurovascular coupling.
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Figure 40: Hemodynamic Response Function (HRF)

Following a stimulus, the typical hemodynamic response demonstrates a small negative initial dip then

a positive dominant peak and, finally, a post-stimulus undershoot.

In the absence of an overt task, the measure of BOLD fluctuation allows to investigate how spatially
distinct regions of the brain are functionally connected. This technique called resting-state fMRI is
widely used to identify functional brain networks and to detect subtle functional changes in diseased

brain.

4.2.2 From BOLD signal to resting-state functional connectivity

Functional connectivity (FC) between brain regions is defined as the level of co-activation in
spontaneous neuronal activation patterns of these regions, measured through a hemodynamic
response function (Buckner and Vincent, 2007; Greicius et al., 2003; Gusnard et al., 2001). The
discovery that the functional communications between brain regions can be measured during rest,
provided new important insights in the core organization of the human brain (van den Heuvel and
Hulshoff Pol, 2010). Biswal and colleagues demonstrated for the first time, a high correlation between
the neuronal activation of the left and right hemispheric regions of the primary motor network during
rest, revealed by the measure of fMRI BOLD time-series correlation in these regions (Biswal et al., 1995,
1997). These correlations originate from the low frequency oscillations (~ 0.01-0.1 Hz) of fMRI signal
during rest emerging from anatomically separated brain regions (Biswal et al., 1995, 1997; Cordes et
al., 2001; Lowe et al., 2008). Following these pioneering observations, several studies have replicated

this technique to reveal multiple connected brain areas. In 2001, Raichle et al. described a large-scale
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brain network of interacting structures that ensure the baseline state of brain areas called default
mode network (DMN) (Raichle et al., 2001). Other functional networks such as the primary visual
network or cognitive networks were further reported and will be described in Section 4.2.4. Together,
these findings suggest that during rest, the brain is not passive but rather brain regions keep
communicating in a spontaneously coordinated manner to elaborate large-scale organization of brain

connected areas. This gave rise to the emerging concepts of resting-state functional networks.

4.2.3 Analysis of functional MRI

4.2.3.1 Preprocessing

The extraction of the BOLD fMRI signal is crucial to measure the underlying neural activity. To ensure
the validity and the interpretability of results, fMRI raw data undergo several critical preprocessing
steps described below. The preprocessing steps aim at reducing nuisance signals and noise, to remove
particularimaging artifacts and to ensure the accurate anatomical localization of signals. Preprocessing
reduces false positive signal without inducing excessive false negative signal. Preprocessing steps can
be divided into two groups addressing either the signal localization by co-registration and spatial
normalization or artifacts removal such as slice-timing correction, head-motion correction, and
susceptibility distortion correction. Denoising of fMRI signal has been shown to enhance functional

connectivity specificity in human and animal model studies (Grandjean et al., 2020).
- Intra-subject registration

MR sequences of a same subject are sometimes acquired during different sessions like in longitudinal
studies, which results in head motion between the different protocol runs. An image registration
process between sessions is necessary to merge aligned functional information. Anatomical

misregistration across individuals can lead to false negatives correlation reducing statistical power.
- Spatial normalization

In order to enable group comparisons, all subject-space functional scans need to be aligned into a
common space defined using a reference atlas or an average of anatomical images from the study.

Inaccurate spatial normalization can, for instance, cause signal activation observed outside the brain.
- Head motion correction

Head motion occurs as slow degree changes from the original position of the head, for example, by
involuntary movements of subjects. Motions cause a spatial misalignment in the source of the BOLD

signal measured in all voxels. This artefact can generate the misinterpretation of the results of
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activation and functional connectivity analyses. Head motion parameters can be estimated and

removed from times series (Figure 41).
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Figure 41: Estimation of head motion parameters

During EPI frame registration to the reference image, head motion parameters, combining 3
translation and 3 rotation realignment parameters, can be estimated and further saved into a matrix

file. Motion spikes (red box) are then identified and excluded from time series.
- Slice-timing correction

Functional MRI images are the combination of multiple 2D slices into a single 3D volume. During MR
acquisition, all brain slices cannot be acquired instantaneously resulting in an accumulation of offset
delays between the first slice and all remaining slices equivalent to the repetition time. These temporal

offsets between slices must be corrected in order to accurately analyze time series signal.
- Spatiotemporal filtering

Time series fMRI contain very slow frequency fluctuations that may be unrelated to the signal of
interest. The goal of temporal filtering is to increase the SNR by choosing a lower and upper bound for
a band-pass filter. Then, signal from frequencies outside the specified frequency will be removed.
Resting functional connectivity has been shown to be most prominent between 0.01 to 0.1 Hz bands

(Cordes et al., 2001).
- Susceptibility distortion correction

Fast MR acquisitions like EPI suffer from susceptibility distortion due to the inhomogeneity of high
magnetic fields. An estimation of field variance map (also called voxel-shift map) during the acquisition

allows correcting this artefact.
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- Calculation of confounds

Confounds commonly include motion parameters, framewise displacement, spatial standard deviation
of the data after temporal differencing, and global signals. Estimation of confounds can originate either
from the addition of experimental time series such as physiological recordings and equipment-related
noise or from statistical algorithm such as the component-based noise correction (CompCor) (Behzadi
et al., 2007). This latter approach supposes that voxel time series with a relatively high temporal

standard deviation is associated with physiological noise.
- White matter/CSF signal removal

Average signal from all voxels within a white or cerebro spinal fluid (CSF) mask is calculated. Mean
white matter and CSF time series are removed from the raw data through linear regression. Vascular

signal regression can also be performed.

Several tools has been implemented to perform the individual steps of preprocessing described above
in human studies. These tools are readily available in software packages such as AFNI (Cox, 1996), ANTs
(Tustison et al., 2014), FSL (Smith et al., 2004), Nilearn (Abraham et al., 2014), and SPM (Friston, 2007).
Despite the wealth of accessible software, it can be difficult to switch from one to another one. Thus,
pipelines that encompass the most of preprocessing steps has been developed in python library such
as SAMMBA-MRI from our group (Celestine et al., 2020) and RABIES (Desrosiers-Gregoire et al., 2022).

These tools are appropriate for preclinical studies.

4.2.3.2 Analysis of resting-state functional MRI data

Several methods to process resting-state fMRI data have been proposed: atlas-based correlation
analysis, seed-based analysis (Andrews-Hanna et al., 2007; Biswal et al., 1995; Cordes et al., 2001;
Fransson, 2005; Larson-Prior et al., 2009; Song et al., 2008) and spatial decomposition analysis
including independent component analysis (Beckmann et al., 2005; Calhoun et al., 2001; van de Ven
et al.,, 2004) and dictionary learning. All these approaches examine the existence and extent of

functional connections between brain regions.
Seed-based analysis

Seed-based analysis is commonly used to find functional networks in the brain. This method is based
on the extraction of average resting-state time-series of a region of interest (ROI) called the “seed”
(Biswal et al., 1997; Cordes et al., 2001). The seed is a small area chosen by the experimenter that can
be either a sphere corresponding to the coordinates of brain regions or a region from brain atlas. Then,
functional connectivity is calculated as the correlation between resting-state time-series of the

selected seed region and the resting-state time-series of all other voxels of the brain (Figure 42). This
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voxel-wise analysis allows to explore all functional connectivity to a specific brain region revealing
functional networks that share similar patterns of activity. The result of seed-based analysis is a
connectivity map showing Z-scores for each voxel indicating the correlation strength of its time series
with the time series of the seed. Spatial connectivity map is further statistically compared between
individuals and between groups through dual regression analysis to identify subject-specific networks
based on networks identified at the group level. The main limitation of this approach relies on the
simplicity of the obtained result. Although functional connectivity maps provide a clear view of which
regions the seed is functionally connected with, the functional connectivity is restricted to the seed

region and do not allow to explore functional connections patterns on a whole-brain scale.
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Figure 42: Principle of seed-based analysis (van den Heuvel and Hulshoff Pol, 2010)

Atlas-based correlation analysis

The principle of atlas-based correlation analysis is similar to seed-based analysis. Instead of extracting
the signal from a unique seed, time series is extracted from a group of voxels based on an atlas
parcelation. Correlation between the neuronal activity of several atlas-based brain areas allows to

perform connectivity matrices and to evaluate the functional connectivity of each area.

Several “model-free” methods have been suggested to find general patterns of connectivity across
brain regions. Here, we will described the two main algorithms that were developed to explore
connectivity patterns without defining a priori seed region: independent component analysis and
dictionary learning. Both approaches are based on the spatial decomposition of the whole-brain signal

to reconstruct functional network.
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- Independent component analysis (ICA) was the first computational algorithms developed to
extract distributed sets of regions demonstrating correlated fluctuating activity in order to
identify networks of functionally related regions in a blind-source manner. This approach
suppose that the brain is organized into different spatial or temporal sources of resting-state
signal called components that are maximally independent from each other. This powerful
method is applied to whole-brain voxel-wise data and enable direct comparison between
subject groups. The purpose of ICA is to find a linear representation of non-Gaussian data so
that the components are statistically independent (Hyvérinen and Oja, 2000). Thus, a same
region cannot be included in several networks. Yet various axonal projections and neurons
within the same region are involved in different networks. As a result, ICA can only reveal

networks with partial neuro-anatomical overlaps (Zhang et al., 2019).

- Dictionary learning aims at finding a sparse representation of the input data that can form a
linear combination of elements called atoms instead of component. The decomposed fMRI
signal is extracted in a dense matrix where the rows represent the time points and the columns
contain the brain voxels. The dictionary relies on a sparsity principle meaning that instead of
having independent atoms as in ICA method, a same voxel can belong to different atoms which

maximizes the sparse representations of the dataset.

The main limitation of spatial decomposition approaches is that the number of components or atoms
is determined prior starting the analysis leading to a potential artefact as it forces the algorithm to
separate the brain into an estimated number of functional networks. Fortunately, strong overlap of
multiple networks such as DMN or the primary motor network has been found using either seed-based
analysis or ICA-based methods. This findings also suggest that the functional connectivity between

brain regions during resting-state forms robust networks.

4.2.4 Functional network organization of the human brain

Since the discovery that communication between brain regions during rest can give rise to functional
sub-networks, a wide range of functional resting-state networks has been described in the human
brain (Figure 43) (Beckmann et al., 2005; Damoiseaux et al., 2006; Fox and Raichle, 2007; Raichle, 2011;
Thomas Yeo et al., 2011). These resting-state networks consist of anatomically separated, but
functionally linked brain regions that express a highly correlated neuronal activity during rest. The
continuous integration of information across different regions of the brain play a key role in complex
cognitive processes that are altered in several brain disorders. We listed below some resting-state

functional networks that was found to be disturbed during the course of AD.
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Salience

Attention

Auditory

Figure 43: Seven functional networks in the human brain (Raichle, 2011)

The DMN is the most studied network. It was first described by Raichle et al. in 2001 as the functional
communication of the posterior cingulate cortex (PCC), medial prefrontal cortex (mPFC), and the
parietal regions (PTL) (Raichle et al., 2001). The entorhinal cortex, the thalamus and the hippocampal
formation are sometimes attached to this network. The DMN is particularly engaged during rest and is
deactivated during a task (Raichle et al., 2001). An interesting feature of the DMN is that it exhibits a
pattern of anticorrelation with the parietal/frontocortical areas activated during tasks which referred
to the DMN as the “task-negative network”. Although the precise function of DMN is still incompletely
understood, it is generally believed that DMN is involved in the wandering mind and supports cognitive

functions such as mindfulness, self-referential and introspective state (Gusnard et al., 2001). It has also
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been found to be active during remembering, imaging the future, and making social inferences
(Buckner and DiNicola, 2019; Buckner and Krienen, 2013). More than 90% of the energy consumed by
the brain is used to support the DMN. This network continues to be active during sleep and persists
during light anesthesia (Raichle, 2009) making easier its study in animal models. Compelling evidence
have shown that dysfunction of the DMN may contribute to widespread brain disconnection leading
to several diseases. Failure to reduce DMN activity may result in interference causing symptoms in
major depression. In AD patients, findings of decreased DMN connectivity are associated with a

preferential deposition site for AB within this network.

The salience network (SN) is a large-scale network embedding the anterior insula and dorsal anterior
cingulate cortex. It can also be detected at rest. The SN plays an important role in emotional
information processing, communication, social behavior, and self-awareness (Menon and Uddin,
2010). It has been associated with cognitive regulation, particularly in helping the brain to decrease
DMN activity. Interestingly, when salient stimuli are detected, the SN organizes the switch between
the central executive network and the DMN. Furthermore, this network mediates dynamic interactions
between other large-scale brain networks implicated in mindfulness. It facilitates the access to working
memory, attention or motor systems. It is divided in two submodules: the ventral and the dorsal
salience networks. While the ventral salience network is involved in the affective function like
empathic functions, the dorsal salience network ensures the executive function such as moral
reasoning. Dysfunctions of the SN are associated with neuropsychiatric disorders. Importantly,
functional disconnection between the two submodules of this network drives neuronal deficits

causing cognitive impairment in early AD (He et al., 2014).

The executive control network (ECN) has traditionally been considered to be located in the superior
and middle prefrontal cortex, anterior cingulate cortex, paracingulate gyri and ventrolateral prefrontal
cortex. More recently, studies have reported the involvement of subcortical regions such as the
thalamus in network functioning. The ECN is especially active during tasks but can still be active during
rest. This network contributes to extrinsic awareness that regulates executive functions involving
intellectual activities and participation in cognitive control such as working memory, reasoning, and
decision-making for goal-directed behavior and planning (Connolly et al., 2016; Qin et al., 2009).
Altered ECN connectivity has been shown in patients with attention-deficit and hyperactivity, in

addition to AD patients.

The attention network is strongly related to communication between the dorsal frontoparietal system
involved in voluntary attention and the ventral frontoparietal system associated with the detection of

unexpected stimuli. The dorsal attention network is composed of the intraparietal sulcus and the
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frontal eye field. This network contributes to the control of attention in response to cognitive stimuli,
which is responsible for the endogenous attention orienting (“top-down”) process. The ventral
attention network includes the ventral frontal cortex and the temporo-parietal junction. This network
allows the reorientation (“bottom-up”) of the attention following new stimuli (Vossel et al., 2014). A
resting-state functional MRI study in AD patients revealed that the dorsal attention network is
impaired in patients while the ventral attention network remains intact (R. Li et al., 2011). It suggests
that AD patients would perform poorly on attentional-related tasks such as selecting proper objects or
giving appropriate responses to learning rules. However, they might still have the ability to reorient to

novel information.

The sensory-motor network (SMN) displays high interhemispheric correlations (homotopic
connectivity) due to synchronous functional activation of the precentral and postcentral gyri
(Brodmann areas 1, 2 and 3), detected at rest and during a motor task such as finger tapping. It was
the first functional network described by Biswal et al. using seed-based analysis. The SMN is mainly
composed of the primary sensory cortex and the primary motor cortex that are responsible for
processing of sensory information and motor coordination. Alteration of the SMN is associated with
amyotrophic lateral sclerosis, a type of motor neuron disease leading to abnormal voluntary control of
muscle movement. An increase of the SMN activity causing sensory and motor dysfunction has been
found to precede the onset of cognitive impairments and dementia in AD patients. The possibility to

include the SMN activity into the diagnostic criteria for AD is still under debate (Albers et al., 2015).

The visual network is divided in three networks: (1) the primary visual network which is involved in
processing information of static and moving objects, (2) the dorsal visual network associated with
spatial awareness and guidance of actions and (3) the ventral visual network associated with object
recognition (James et al., 2003; Nassi and Callaway, 2009). It is composed of the primary visual cortex
and the precuneus region as well as non-visual areas such as the occipito-temporal cortex and superior
parietal cortex. The primary visual cortex receives inputs from the thalamus. The main function of the
visual network is to provide visuo-spatial attention or visual attention. Thus, dysfunction of the visual
network might disturb spatial attention. Progressive reduction of visual network connectivity is

observed in AD patients (Huang et al., 2021).

The basal ganglia network (BGN) is composed of the dorsal striatum, caudate-putamen nucleus,
pallidum, subthalamic nucleus and substantia nigra. The BGN are a group of subcortical nuclei, which
integrate information from cortical areas and in turn project their outputs back to the cerebral cortex
(Afifi, 2003). Particularly detected at rest, the BGN have a pivotal role in motor and non-motor

functions such as emotional and cognitive processes. In general, changes in BGN functional
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connectivity are commonly found in Parkinson’s disease, as the dorsal striatum, main structure
impacted in the disease, has been suggested to be a main node of this network. Several studies have
demonstrated a strong relationship between cognitive decline and BGN alteration. In AD patients,
aberrant functional connectivity of the BGN, especially in the caudate and amygdala was found during

cognitive decline making the BGN a potential target in the disease (Xiong et al., 2022).

Even if we cannot list all the existing resting-state functional networks, it is important to keep in mind
that the precise boundaries of networks are arbitrary and do not absolutely overlap with anatomical
boundaries. Furthermore, functional networks comprise overlapping positively correlated regions that
are known to share a common function, supporting the relevance of communications between
networks. For example, the retrosplenial cortex of the DMN communicates with the frontal eye field
component of the dorsal attention network. The alteration of this communication is associated with
several brain disorders. The underlying mechanism between network communication and
spatiotemporal trajectories and how cross-network signaling is implemented remains to be

understood.

4.2.5 Common functional networks in the mouse brain

Despite a growing interest in the resting-state fMRI field, few studies have been conducted to elucidate
large-scale functional networks present in animal models. Prominently, the detection of subtle
functional alterations in animal models may contribute to understand the complex cognitive processes
that become progressively impaired over the course of AD. In rodent studies, several functional
networks have been commonly identified from resting-state fMRI data in anesthetized mice
(Grandjean et al., 2020, 2017b, 2017a; Stafford et al., 2014; Zerbi et al., 2015) and awake mice
(Gutierrez-Barragan et al., 2022). Relevant large-scale resting-state networks were highlighted using
ICA with different numbers of components (15 to 40) or seed-based analysis. Sforazzini et al. explored
the functional architecture of the mouse brain by varying the number of ICA components. While high
level (20 components) was associated with dissociated brain region, low level (5 components)
encompassed widespread networks (Sforazzini et al., 2014). They highlighted homologous networks
such as DMN-like, the somatosensory and the salience network. Zerbi et al. used a hierarchical
clustering method to find 23 relevant functional networks including bilateral cortical and subcortical
regions. They further separated the somatosensory/motor network into sensorimotor, visual,
olfactory and auditory network. They also described non-cortical networks such as the limbic system
network, the basal ganglia and cerebellar network (Figure 44) (Zerbi et al., 2015). Similarities and

differences with human networks will be discussed below.
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Figure 44: Spatial maps of ten individual components (IC) identified by ICA-BOLD

ICA components are represented overlaid on anatomical template in the coronal and horizontal view.
Functionally-correlated and anti-correlated oscillation signals are shown in red/yellow and blue,
respectively : IC1, pre-frontal cortex; IC2, cingulate/retrosplenial cortex; IC3 and IC4, anterior and
posterior parietal (somatosensory) cortex; IC5, anterior motor cortex; IC6, posterior motor cortex; IC7,
thalamus; IC8, caudate putamen; IC9, dorsal hippocampus; IC10, cerebellum and brain stem.
Abbreviations: aMc, anterior motor cortex; aPc, anterior parietal cortex; Cb, cerebellum; Cg, cingulate
cortex; CPu, caudate-putamen; Hc, dorsal hippocampus; PFc, prefrontal cortex; pMc, posterior motor

cortex; pPc, posterior parietal cortex; Rs, retrosplenial cortex; Th, thalamus. From (Zerbi et al., 2015)

A DMN homologous to human has been reported in rodent (Grandjean et al., 2020; Sforazzini et al.,
2014; Whitesell et al., 2021; Zerbi et al., 2015) which was found anti-correlated with the

parietal/frontal areas (Gozzi and Schwarz, 2016; Schwarz et al., 2013) and exhibited a passive role
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during tasks (Li et al., 2015) consistent with human DMN features. Cross-species comparison have
suggested that the human cortical DMN anatomy is comparable with the rodent DMN regarding
molecular, anatomical and functional level (Table 3) (Coletta, 2020; Whitesell et al., 2021). However,
depending on the methodological approaches used, the regions included in the DMN are different.
While Stafford et al. included the cingulate areas, the parietal cortex, the orbitofrontal cortex and
somatosensory components in the DMN (Stafford et al., 2014), Sforazzini et al. added the nucleus
accumbens and the prelimbic cortex in this network (Sforazzini et al., 2014) (Figure 45). Other studies
detected a DMN-like network gathering also the caudate putamen, the medial entorhinal cortex, the
retrosplenial cortex, the parasubiculum and the thalamus (Zerbi et al., 2015) as well as the temporal
association areas and the ventral hippocampus (Grandjean et al., 2020)). The existence of such
networks was for a long time under debated. Other structural connectome methods, such as the use
of anterograde tracer mapping axonal projections allowed to confirm the relevance of DMN
anatomical structure in mice. They showed that DMN regions in mice appear to be preferentially
interconnected (Whitesell et al., 2021). Although similarities in DMN neuroanatomical organizations
has been found, cross-species differences in the DMN still exist. For example, the precuneus, found in
the human DMN, do not have anatomical equivalence in mice but its functional role in human is closed
to the role of retrosplenial cortex in mice. As in AD patient, aberrant activity of the DMN has been
found in a mouse model of AD (Adhikari et al., 2020; Damoiseaux, 2012; Grandjean et al., 2014a; Shah
et al., 2016, 2013; Zerbi et al., 2014).

SEED - BOLD SEED - BOLD

Figure 45: Characterization of DMN-like network in mice identified using (a) the retrosplenial cortex

(Rs) and (b) the prelimbic area (PrL) as a seeds. (Sforazzini et al., 2014)

Several evidences have revealed the existence of the salience network, evolutionarily conserved from

human to mice (Gozzi and Schwarz, 2016; Grandjean et al., 2020; Mandino et al., 2022). This network
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in mice showed anatomical similarities with humans as it included the insula, the dorsal anterior
cingulate cortex, and the amygdala (Table 3) (Grandjean et al., 2020; Mandino et al., 2022). In addition,
a potential homologous of ECN was also identified in mice, called the lateral cortical network. This
network shares similar areas as the somatosensory/motor network and was postulated to perform the
central executive function in rodents (Gozzi and Schwarz, 2016; Grandjean et al., 2020; Mandino et al.,
2022). As previously discussed, the SMN is separated in different domains responsible for movement
and sensory abilities in mice while in human, they were all grouped into a single somatomotor network
(Thomas Yeo et al., 2011). Thus, dual functions of this network were found in rodent. Mice survival
depends on a fundamental network called the olfactory network, responsible for the sense of smell
and pheromone-based communication (Huilgol and Tole, 2016). One can expect that this network is
more selected by evolution processes in rodent than in human. Indeed, in humans, it serves multiple
functions either olfactory sensory perception or non-sensory functions such as emotion. The olfactory
network is composed of the piriform cortex, the orbital cortex and the glomerular layer of the olfactory
bulb in mice while it is further decomposed into limbic and frontal systems in human (Table 3). Despite
the enlarged olfactory bulbs and the presence of the accessory olfactory bulbs in rodents, the rodent
limbic networks exhibits similar functions than in human meaning that the processing of emotions and
other social cues are similar. This discovery allowed to study limbic responses to social cues in mouse
models of human pathology affecting social domains (Sokolowski and Corbin, 2012). Although several
homologous networks were defined, some human networks such as the attention network have not
yet been discovered in rodents. One hypothesis can be that these networks are encompassed in other

large networks such as the DMN that make itimpossible to distinguish them (Gozzi and Schwarz, 2016).
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Human networks

Default mode network

(DMN)

Somatomotor

Limbic

Anatomical regions

Cingulate cortex /

retrosplenial cortex
Precuneus posterior

Prefrontal cortex

Parietal and temporal lobes

Parahippocampal cortex

Motor cortex
Auditory cortex

Somatosensory cortex

posterior insular cortices

Orbital frontal cortex

Temporal pole

Mouse networks

DMN

Sensory, motor
Sensory, auditory

Somatosensory

Sensory, olfactory

Limbic system (non-

cortical)

Anatomical regions References

Cingulate cortex, retrosplenial cortex Sforazzini et al.,
2014; Mandino et

al., 2021

Prefrontal and orbito-frontal cortex, prelimbic

cortex
Temporal cortex

Ventral-hippocampus, dorsal striatum, dorsolateral

nucleus of the thalamus

Motor cortex Zerbi et al., 2015

Dorsal and ventral auditory cortex

Upper lip region, barrel field, hindlimb region, and

forelimb region in primary somatosensory cortex

Piriform cortex, medial orbital cortex, and Zerbietal., 2015

glomerular layer of the olfactory bulb

Cingulate cortex area 1, 2, and retrosplenial cortex Zerbietal., 2015

Ventral and dorsal hippocampus, amygdala
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Visual Visual cortex Sensory, visual Visual cortex and retrosplenial dysgranular Zerbietal.,, 2015

Frontoparietal Parietal and temporal lobes Lateral cortical Primary motor, primary somatosensory, lateral Mandino et al,

network striatum, ventroposterior nucleus of the thalamus 2021

Dorsal, lateral, and ventral

prefrontal cortex
Orbital frontal cortex

Precuneus, cingulate,

medial posterior prefrontal

cortex
Salience/ventral Parietal operculum, Salience* Anterior insular, dorsal anterior cingulate, ventral Sforazzini et al.,
attention temporal occipital, frontal striatum/nucleus accumbens 2014; Mandino et
operculum insula, lateral al., 2021

prefrontal cortex, medial

nodes

Table 3: Cross-species comparison of functional networks. Adapted from (Xu et al., 2022)
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To conclude, homologous functional networks to those of human has been found in mice although the
regions belonging to this network and their role were not systematically similar in mice (Table 3).
Hence, cross-species comparison might be difficult to interpret. Additionally, there is evidence
demonstrating that there are anatomical differences between the types of cells and the regional
boundaries across species. For example, the border between subregions of the cingulate cortex are
different from human to mice. Rats and mice exhibit also differences in cortical resting-state networks
as mice can have unilateral cortical networks and rats do not. Different processing methods also
contribute to network inconsistency across species. Anesthesia has a strong impact on resting-state
network identification (Liang et al., 2012, 2011). Current methods used for awake mice are not
efficient, as the result is lacking reproducibility and can lead to several artefacts such as motion ones.
Grandjean et al. described a combination of factors allowing to identify the most “specific” and
reproducible functional connectivity in the mouse brain using ICA and seed-based analysis (Grandjean
et al., 2020). They found that datasets acquired “at higher field strength, with cryoprobes, in ventilated
animals and under medetomidine-isofluorane combination sedation” provides the best combination
to enhance spatial specificity of identified functional networks. They also provide criteria to remove
components that do not reflect resting-state networks such as vascular/motion-associated component
and single-slice artifact components. The progression of functional connectivity studies in rodents will

allow exploring the functional pathological hallmarks of neurodegenerative disorders.

4.2.6 Role of AB in neural network dysfunctions

AD is a disconnection syndrome as it affects both local connections within networks and global links
between networks (Sanz-Arigita et al., 2010; Stam et al., 2007; Supekar et al., 2008). This disconnection
occurs in selectively vulnerable regions probably because of their high degree of connectivity (hubs)
and neural activity, which favors AB secretion. Compelling evidences have demonstrated a strong link
between AB and functional connectivity (Buckner et al., 2009; EIman et al., 2014; Jagust and Mormino,
2011; Myers et al., 2014). Animal studies have shown the role of AR in the reduction of intrinsic activity
and connectivity (Bero et al., 2011; Busche et al., 2008; Grandjean et al., 2014b; Shah et al., 2016).
Additionally, it has been described a high degree of spatial overlap between the spatial distribution of
AB deposition and the spatial distribution of functional MRI networks. The detrimental effects of AB
within-network connectivity have been demonstrated particularly in areas in connectivity hubs.
Several human studies revealed that Ap accumulation preferentially starts in the precuneus, medial
orbitofrontal, and posterior cingulate cortices, regions that belong to the DMN which display high
metabolic activity and high intrinsic functional connectivity (Figure 46) (Binnewijzend et al., 2012;
Damoiseaux, 2012; Greicius et al., 2004; Seeley et al., 2009). In prodromal stages of AD, loss of DMN

functional connectivity is associated with neocortical and hippocampal gray matter volume loss,
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meaning that functional connectivity is directly linked to neurodegeneration. Dysfunction in DMN
activity allows differentiating AD from other neurodegenerative diseases (Seeley et al., 2009; Zhou et
al., 2010). The earliest Ap accumulation is further associated with hypoconnectivity within the DMN
and between the DMN and the frontoparietal network. The reduction in DMN activity can take place

before AB biomarkers (either PET or CSF) become positive.

DMN PET a

Healthy control AD

Figure 46. Colocalisation between the region of DMN (/eft) and accumulation of AB deposits (right)

While the DMN may be the primary target of AD-related change, it is not the only network affected.
Over the course of AD progression, changes in functional connectivity have been reported in the dorsal
attention network, frontoparietal control network, salience network (He et al., 2014), and
sensorimotor network (Agosta et al., 2012; Brier et al., 2012; Zhou et al., 2010). AB pathology reduces
connectivity of brain regions that are highly interconnected and exhibit high levels of neural activity
which may predispose these brain regions to amyloid deposition. Thus, cortical regions showing
altered functional connectivity in parietal and temporal cortex are particularly susceptible to AB-
induced alterations. Similar alterations were found in animal models of AD. Grandjean et al. have
reported that abnormal functional connectivity in the somatosensory cortex and the motor cortex of
APP transgenic mice appeared in the early months before the accumulation of AB (Grandjean et al.,
2014b). These alterations were associated with impaired microstructure of the white matter as

revealed by a significant decrease of fractional anisotropy (FA, described in next section). In another
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study, an unexpected pattern of functional connectivity were described in the hippocampus depending
on the stage of the disease. Hypersynchronized functional connectivity was found before AB deposition
and hyposynchronized functional connectivity at later stages (Shah et al., 2016). Interestingly, this early
functional modification was reversed by treating transgenic mice with anti-AB antibody suggesting that

soluble AB is responsible for these alterations prior to AB deposition.

Memory relies on the integration between neural networks. The reduced activity of the DMN, the
central executive and the salience network in AD patients displaying elevated AB burden, both have
been associated with worse cognitive performance. Thus, it has been postulated that A pathology
might cause neural network dysfunction, and this disruption causes worse memory performance.
Recently, a study that used simultaneously memory tasks, functional MRI and amyloid PET have
proven this direct relationship in AD patients (Li et al., 2021). They showed that cortical AR deposition
impaired functional connectivity in the default mode, limbic, and frontoparietal networks during the
retrieval of stored memory information in early AD. These findings can help to find sensitive markers
that can unveil early alterations in brain function and explain AB-related memory deficiencies in AD

patients.

4.3 Diffusion imaging

4.3.1 Principle of diffusion-based MRI

Diffusion-based MRI is designed to detect the random movements of water protons in biological
tissues. Diffusion is a three-dimensional process where water proton mobility differs depending on the
directions. While water molecules diffuse relatively freely in the extracellular space, their movement
is restricted in the intracellular space. During their displacement, water molecules interact with tissue
components, such as macromolecules, fibers, and cell membranes. Diffusion weighted imaging (DWI)
is an important type of MRI that allows the mapping of in vivo diffusion of water molecules in biological
tissues revealing anatomical details about tissue architecture. Indeed, these methods statistically
evaluate the motion of water molecules providing an indirect identification of microscopic aspects that
reflect the patterns in size, orientation and organization of tissues, which are predicted to be
precursors to the final neurodegeneration process. A special type of DWI called diffusion tensor
imaging (DTI) is widely used to map the main white matter tracts of the brain via tractography

algorithms.

Diffusion is a three-dimensional process where water molecules can diffuse through several directions.
When acquiring, each image voxel has an image intensity reflecting a measurement of the rate of water

diffusion at that location. The properties of each voxel is calculated by a vector, which is a 3 x 3
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symmetric matrix that features different orientation of the diffusion sensitizing gradients. This
information is comprised in a 3D diffusion tensor image obtained from at least six different diffusion
weighted acquisitions. Several parameters can be measured from the tensor depending on the three
principal axes (Figure 47): the Axial Diffusivity (AxD), which represents the longitudinal diffusivity
(main diffusion axes); the Radial Diffusivity (RD), which reflects the diffusion through the axis
perpendicular to the longitudinal diffusivity the Mean Diffusivity (MD) which is the measure of
diffusion without a selected direction. AxD, RD and MD provide information about the microstructure
of tissues and have been used as potential biomarkers for neurodegenerative diseases. MD is an
inverse measure of membrane density and fluid viscosity in both gray and white matter; hence, it is a
good indicator of edema and necrosis (Alexander et al., 2007). RD is sensitive to white matter
demyelination or dysmyelination as well as changes in axonal diameter or density. AxD is a good
indicator of axonal degeneration. The interpretation of these parameters is highly depending on the
nature of biological tissues. For example, a reduction of AXxD can represent either demyelination
process or loss of axon. The most commonly used parameter is fractional anisotropy (FA). In the brain,
white matter bundles are arranged in a packed and highly directional manner. The mobility of water is
hindered by axonal membranes and by myelin sheaths. Thus, the diffusion of water molecules is
anisotropic as their displacement will be highly restricted to the direction of the bundle compared to
other directions. FA describes fiber tract directionality and provides a value that reflects the tendency
of water molecule to diffuse in a single direction within a voxel. FA value can vary from 0 (random
diffusion) to 1 (highly linear diffusion) meaning that if a voxel is placed in a highly oriented white matter
bundle, the FA will be close to 1; while if the tissue is most isotropic, the value will be lower. It has
been shown that the difference between diffusivity along and across bundles increases with axonal
density. Thus, low FA value indicates lower axonal density. FA provides an index of white matter
characteristics including myelination, axonal degeneration, axonal packaging, and cytoskeletal
features. The directional information can be exploited at a higher level of structure to select and follow

neural tracts through the brain, a process called tractography.

Figure 47: Maps of averaged diffusion metrics of 42 subjects in the MNI standard space.
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Diffusion tensor imaging (DTI) metrics include fractional anisotropy (FA), axial diffusivity (AxD), radial

diffusivity (RD), and mean diffusivity (MD). (Wu et al., 2018)

4.3.2 Diffusivity changes in AD

Diffusion MRI is a potentially important tool for probing the effects of disease and aging on brain
microstructure as it is extremely sensitive to subtle pathological changes at the cellular and
microstructural level. Early microstructural alterations of white matter have been detected in patients
with AD. These changes occurred prior to brain atrophy and were undetectable by conventional MRI.
Higher diffusivity with loss of directionality has been found in AD patients while intermediate levels of
diffusivity were observed in patients with MCI. Thus, decreased FA in white matter and increased MD
in gray matter regions were observed (Hanyu et al., 1998; Kantarci et al., 2011). While white mater
disturbance was associated with myelin loss, decrease in axonal bundles, axonal disconnection and
inflammation process (Song et al., 2004; Zerbi et al., 2013) in mouse models of AD, neuronal loss in
gray matter strongly contributes to increased diffusivity (Sykova et al., 2005). In human, diffusion
deteriorations were predominately observed in the corpus callosum, cingulate gyrus/cingulate fiber
tracts, uncinate fasciculus and inferior/superior longitudinal fasciculus (Figure 48) as well as in regions
commonly affected in early AD including the hippocampal area, temporal area and posterior cingulate
(Alves et al., 2015; Racine et al., 2014). Several studies suggested that hippocampal microstructural
changes are better indicators than hippocampal atrophy to predict risk of progression from MCI to AD.
The early white matter change observed in cognitively normal carriers of familial AD mutations and
pre-clinical AD is the decreased of FA in the fornix. The fornix ensures the efferent projections from
the CA1 and CA3 pyramidal neurons of the hippocampus and subiculum. An alteration of the fornix
strongly disturbs the integrity of the hippocampus, causing subsequent memory dysfunctions.
Furthermore, disturbance of diffusional measurements was strongly correlated with
neuropsychological scores in cognitively impaired individuals. While positive correlation between
cognitive performance and FA was described in AD patients, MD was found to negatively correlate
with cognitive performance. Further analysis of FA in patients with MCI and AD revealed that the
pattern of FA changes is strongly dependent on fiber tract architecture. A decrease of FA in
intracortically projecting fiber tracts was opposed to an increase of FA in the corticospinal tract in MCI
and AD patients suggesting these fibers do not exhibit the same properties of diffusivity (Teipel et al.,
2014). Moreover, while the decrease of FA was associated with an early axonal degeneration, the
increase of FA is more complex to explain. Some studies have suggested a potential explanation based
on the loss of crossing fibers. Fiber crossing is a common feature of white matter organization that has
been described to correspond with low FA (Alexander et al., 2011, 2007). The loss of this phenomenon

may reflect a decrease in the complexity of white matter architecture resulting in an increase of
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anisotropy probably because of the homogeneity of fiber orientation (Alexander et al., 2011; Alves et
al., 2015; Douaud et al., 2011; Tournier et al., 2008; Tuch et al., 2002). Thus, the increase of FA can also

be a feature of white matter disturbance in AD patients.

Figure 48: DTI changes in AD patients compared to healthy controls.

Voxels showing FA decreased (yellow-red) are revealed by DTI-Tract-based spatial statistics analysis
overlapping on brain fiber. These areas can be observed in the corpus callosum (anterior and middle

segments), anterior cingulum, and uncinate fasciculus (anterior portion). From (Alves et al., 2015)

4.3.3 AB burden-mediated white mater changes during AD

Some studies has demonstrated positive correlation between altered FA and increased AB burden.
Intracerebroventricular inoculation of ABs; in WT mice induced white matter changes in the optic
nerves and tracts 2 months after the inoculation (Sun et al., 2014). Histological examination of mouse
brains confirmed a significant loss of axons and myelin integrity, suggesting a potential role of AB in
axon damage. However, the contribution of AB deposition to diffusional changes remains controversial
(Thiessen, 2010). Several diffusion MRI studies in APP transgenic mice have demonstrated both
increased and decreased FA and MD (Mdller et al., 2013; Qin et al., 2013; Shu et al., 2013; Zerbi et al.,
2013) (Figure 49). In humans, a multimodal study combining DTl and PiB-PET has reported that
increased amyloid load was associated with higher FA in presymptomatic AD patients (Racine et al.,
2014). In contrast, lower fronto-lateral gray matter MD was associated with higher amyloid burden.
These findings are in contradiction with what was described in patients with MCl and AD suggesting
that diffusivity changes may contribute to compensatory mechanisms prior to cognitive decline in

order to response to early AB accumulation (Ryan et al., 2013).
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Figure 49: Voxel-based analysis indicates significant differences in diffusion parameters in transgenic

APPw/PS14:s mouse brains compared with wild type.

Diffusion weighted maps are overlaid with voxels that showed a significant difference (p < 0.01, voxel
cluster size 0.05 mm?) in radial diffusivity (RD), mean diffusivity (MD), and fractional anisotropy (FA).
The voxel color indicates a negative (blue) or positive (red) change in the transgenic mice compared
with the wild type mice. Increase in RD is found in the hippocampus and in the fimbria (fi), and decrease
in RD is present in the corpus callosum (cc), cerebral peduncle (cp), and in the lateral posterior
thalamus nuclei (LP). The MD decrease is found among others in the internal capsule (ic) and in the cc.
An increased MD in the hippocampus and fi is also present. FA reduction is observed in areas such as

the fi and cortex. Increases in FA are found in the cp, ic, and LP (Zerbi et al., 2013).

4.4 Chemical exchange saturation transfer (CEST) imaging

4.4.1 Principle of CEST

Chemical exchange saturation transfer (CEST) appears as a novel MRI contrast mechanism, which
enables the indirect detection of macromolecules (proteins or metabolites) with exchangeable protons
and exchange-related properties. Unlike traditional MRI, CEST enables the detection of signal from
specified endogenous macromolecules. In biological tissues, there is a natural equilibrium between
water protons and those belonging to the surrounding molecules. The CEST approach is based on the
possibility to chemically exchange the hydrogen protons in the macromolecules of the biological

tissues with the hydrogen protons in the free water. Image contrast can then be modulated by
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applying a selective pre-saturation pulse that pre-saturate the hydrogen protons of macromolecules
in the biological tissues. During acquisition, this exchange of saturated protons reduces the number of
protons contributing to the water signal, resulting in a decrease in the signal of water. The reduced
signal amount difference can indirectly reflect the concentration of proteins or metabolites present in
the biological tissues. By saturating the sample at different frequencies around the bulk water
resonance, the attenuation of water free signal can be measured using a spectrum of attenuation
called Z-spectrum. In addition, CEST image is corrected by the water saturation offset reference
(WASSR) to obtain a more accurate brain image and to weaken the influence of environmental factors

such as magnetic field inhomogeneity.

4.4.2 Glutamate CEST imaging applications in AD

Macromolecule detected by CEST imaging are separated in three families depending on their chemical
group: amide groups (-NH), amine groups (-NH2) or hydroxyl groups (-OH). The most abundant
metabolite found in intracellular medium is the glutamate that contains amine group. CEST imaging of
glutamate called gluCEST allows detecting glutamate with high sensitivity and specificity of 70%.
gluCEST imaging enables the acquisition of glutamate weighted images. This approach has been widely
explored in the study of neurodegenerative diseases due to the pivotal role of glutamate in neuronal
metabolism and synaptic transmission. Disturbance of glutamate levels is strongly associated with
cognitive abilities, learning, and memory. To our knowledge, investigating glutamate alterations with
CEST has not yet been reported in AD patients. However, recent developments of gluCEST imaging
allowed the quantification of glutamate at the level of the whole brain in animal models (Cai et al.,
2012). Changes in glutamate levels were detected in mouse models of Huntington disease (Pépin et
al., 2016; Pérot et al., 2022) and AD (Crescenzi et al., 2017; Haris et al., 2013; Igarashi et al., 2020; Liu
et al., 2022). Compared to age matched WT mice, transgenic mice overexpressing a mutated form of
APP (APPswePS14es), analyzed with gluCEST MRI, showed a clear reduction of gluCEST contrast in all
areas of the brain, in particular in the hippocampus where a glutamate decrease of ~¥31% was observed
(Haris et al., 2013) (Figure 50). Recently, Igarashi et al. explored changes in gluCEST in a 5XFAD mouse
model of AD at different development stages of the disease (lgarashi et al., 2020). They revealed an
age-dependent decrease in gluCEST contrast in specific brain areas. The decrease in gluCEST signal
begins as early as one month of age in parietal and temporal cortex, and in hippocampus. This
alteration of glutamate level was detected until 15-months and spread to frontal cortex, striatum, and
thalamus. Interestingly, at 7-months of age, the AD mouse model exhibited reduced gluCEST signal
pattern that correlated with neurite density and synaptic loss in the parietal cortex and hippocampus
while any atrophy was reported at this stage. These results indicate that gluCEST can be an early

indicator of glutamatergic synapse loss and axonal impairment (lgarashi et al., 2020). Furthermore, in
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a mouse model of tauopathy, it was suggested a positive correlation between gluCEST and several
pathological processes occurring in the hippocampus (Crescenzi et al., 2017). At early stage of the
pathology, elevated gluCEST was found in hippocampus in particular in cornu ammonis 1 (CA1) and
dentate gyrus (DG), and was associated with synaptic excitotoxicity. Astrocytic activity increased to
counteract the excess of glutamate as revealed by an increased GFAP-immunoreactivity. Thus, the
early increase of gluCEST signal reflects an increased extracellular glutamate concentration in CNS,
which is associated with activation of glial cells leading to early neuroinflammation process. The
following decrease in glutamate concentration was related to a decrease in synaptic density due to
reduced glutamate metabolism in synaptic mitochondria. This study demonstrated that GIUCEST
imaging is a marker of glutamate concentration in glial cells and at the synaptic level (Crescenzi et al.,
2017). It was also reported that a decrease in gluCEST correlates with reduced cerebral blood flow
(CBF) in the 5xFAD mice model meaning that gluCEST pattern can also explain the hypoperfusion found
in AD (lgarashi et al., 2020). Hypoperfusion in AD is a consequence of earlier aberrant neuronal
excitability and increased glucose consumption. A strong coupling between glutamatergic activity and
cerebral glucose metabolism has been described in AD patients. Indeed, synthesis of glutamate
requires glucose, hence, impaired glucose metabolism found in AD slow down glutamate synthesis.
Measuring the glucose concentration in the brain using glucose CEST (glucoCEST) can also be an
accurate indicator of altered metabolism in AD. To conclude, gluCEST can be used for staging AD,
exploring glial metabolism and revealing synaptic loss prior to neurodegeneration. This approach can

be used to explore the impact of AB on these three components.

WT APP,,ePS1 49

Figure 50: Decreased gluCEST signal in the hippocampus of WT and APPsye/PS14e0 mice

The hippocampus sub-regions are shown in a rectangular box in both WT and AD mouse (arrows).
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In the last decade, extensive research effort has been dedicated to understanding whether AB
represents a trigger or a driver of AD, or both. The discovery of mutations on APP at the origin of the
FADs has brought a lot to our understanding of the disease and placed AP peptides at the center of the
pathophysiological process. Different AR forms issued from different APP mutations were described
leading to very distinct clinical outcomes in humans due to the influence of these mutations on AB
secondary/tertiary structures. The ABosa Variant was reported to strongly increase oligomerization
process responsible for severe dementia in the absence of amyloid plaques. On the contrary, some
mutated forms, like ABie, can associate to ABw: and promote the formation of AB heterodimers
(ABice/ABwt) that exhibit protective characteristics. Transmission of AD-related pathology was
developed in mouse models through the intracerebral inoculation of minimal amounts of misfolded
AB (described as AB "seeds") isolated from AD brains. Hence, several experimental transmission
studies have been conducted to decipher the prion-like mechanism of amyloidosis explaining the
disease propagation. However, the low level of sample purity prevents the direct association of these
changes with the unique effect of AB. To understand the role of AB in AD downstream events,
inoculation of synthetic or recombinant AB have been conducted in rodents. However, these studies
mainly indicated the acute effect of AR without addressing the long-term and widespread effects of
AB. Determining how subtle changes in the primary structure of AB translate into dramatic or
beneficial changes in the clinical expression and distinct neuropathology will provide greater insight

into the mechanisms of this disease.

Our hypothesis is that AP species are key-regulators of brain function that can be either protective or
toxic. The objectives of this research project are to decipher how different forms of AR affect key
events of AD pathophysiology including amyloid synthesis and spreading, synaptic dysfunctions,
neuroinflammation, Tau pathology and neuronal network dysfunctions. The project proposes a holistic
approach and relies on hypotheses that specific AR seeds as well as AD-brain extracts can exhibit long-
term and wide impacts on cerebral lesions and brain functions leading to different phenotypes (benefic

or toxic) and promoting different pathophysiological mechanisms. The research project aims:

(1) To produce, by using a recombinant strategy, specific A species that promote aggressive or
protective clinical outcomes mimicking human pathological features;
(2) To decipher the pathological cascades triggered by three different AB seeds, protective ABice,
aggressive ABosa and APi.42;
Answering to these questions is critical since it may explain heterogeneity of AD phenotypes and may
highlight new targets for personalized treatments in AD. This work will lay the foundation for future
projects designed to propose new therapeutic approaches able to modulate AB impacts in AD

pathology.
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1. Developing tools to process MR images

1.1 Context, objectives & abstract

Resting-state fMRI is a non-invasive in vivo exploration methodology of large-scale brain networks. Yet,
whole-brain fMRI imaging in rodents suffers from non-linear geometric and intensity distortions
caused by static magnetic field inhomogeneity that worsens at the higher field strengths. In the last
decade, novel tools have emerged to analyze small animal fMRI data, including correct preprocessing,
but current software remain less powerful than the available tools that process human brain data.
Thus, we developed an adaptive protocol that perform data preprocessing using flexible and efficient
pipelines encompassed in the python library SmAIll-MaMmal BrAin MRI (Sammba-MRI). This protocol
allowed registering resting-state fMRI data from numerous subjects while applying artifact correction

such as slice-timing correction, head-motion correction and susceptibility distortion correction.

1.2 Article

CELESTINE M., Nadkarni, Garin C., Bougacha S. and Dhenain M. Sammba-MRI: a library for processing
small mammals’ brain MRI data in Python. Frontiers in Neuroinformatics. 2020.

https://doi.org/10.3389/fninf.2020.00024
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and Marc Dhenain"#*
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Neurologiques (PRIND), INSERM, Université de Caen-Nommandie, GIP Cyceron, Caen, France, * Normandie Universite,
UNIGAEN, PSL Research University, EPHE, Inserm, L1077, CHU de Caen. Neuropsychologie el Imagerie de fa Mémoire
Hurnaine, Caen, France

Small-mammal neurcimaging offers incredible opportunities to investigate structural and
functional aspects of the brain. Many tools have been developed in the last decade to
analyse small animal data, but current softwares are less mature than the available tools
that process human brain data. The Python package Sammba-MRI (SmAll-MaMmal
BrAin MRl in Python; http://sammba-mri.github.io) allows flexible and efficient use
of existing methods and enables fluent scriptable analysis workflows, from raw data
conversion 1o multimodal processing.

Keywords: processing pipeline, MRI, registration, small animal neurcimaging, Python

1. INTRODUCTION

The use of magnetic resonance imaging (MRI) methods in animals provides considerable benefits
for improving our understanding of brain structure and function in health and diseases. The
greatest advantages of preclinical MRI include group homogeneity and the opportunity to acquire
a high amount of information repeated as needed. This added value, together with practical
and ethical considerations, resulted in an increase of the use of small-mammal MRI in research.
In human brain imaging, a large variety of high level software solutions is available for MRI
preprocessing and analysis (e.g., SPM', ESL?, or AFNI?). Less Free and Open Source Software
(FOSS) are already available to analyse animal MRI. Atlas-based Imaging Data Analysis of
structural and functional mouse brain MRI (AIDAmri) (Pallast et al, 2019) package allows
registration of functional and diffusion mouse brain MRI with the Allen Mouse Brain Atlas (Allen
Institute for Brain Science, 2004; Lein et al., 2007). The SAMRI (Small Animal Magnetic Resonance
Imaging) package provides fMRI preprocessing, metadata parsing, and data analysis functions
optimized for mouse brains (loanas et al, 2020). Today, there is still a need for other efficient
and collaborative tools that would facilitate the adoption and dissemination of standardized
pre-processing strategies for small animal MRI. Sammba-MRI was designed to process MR images,
including anatomical, functional, and perfusion images. It allows to preprocess image dataset
(conversion to NIfTL, bias correction), register images to templates or atlases, and perform
perfusion measures.

Uhttps://www.filion.ucl.ac.uk/spm/software/

Front. Neuroinform. 14:24. 2hitp://freesurfernet/
doi: 10.3389/ninf. 2020.00024 jhl‘tps:,l‘ﬂ'afl]i.ﬂi]]‘lh.nih.gb\fﬂ‘
Frontiers in Neuroinformatics | www frontiersin.org 1 May 2020 | Volume 14 | Article 24
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2. WORKFLOW

2.1. Tools: Python Ecosystem and

Neuroimaging Software Packages

With its FOSS dependency stack and its growing neuroimaging
community Python has been naturally the language of choice for
our package. The scientific Python libraries used inSammba-MRI
are NumPy (Oliphant, 2006), SciPy (Millman and Aivazis, 2011),
the neuroimaging data analysis tools nibabel®, Nilearn (Abraham
etal,, 2014) and Nipype (Gorgolewski et al, 2011). Visualization
functionality depends on Matplotlib (Hunter, 2007) or Graphviz
(Gansner and North, 2000), but neither is required to perform
MRI data processing.

Via Nipype, we utilize basic MRI preprocessing functions
from AFNI (Cox, 1996), FSL (Jenkinson et al., 2012) and ANTs
(Avants et al,, 2009) packages. The dependency on the efficient
but non open-source brain segmentation RATs tool (Oguz et al.,
2014) is optional.

More specifically, Sammba-MRI and the examples provided
in its manual depends on the following libraries: Nipype > 1.0.4;
Nilearn > 0.4.0; Numpy > 1.14; SciPy > 0.19; Nibabel > 2.0.2;
Sklearn > 0.19; matplotlib > 1.5.1; nose > 1.2.1; doctest-ignore-
unicode; DICOM ToolKit package as well as FSL (version 5.0),
AFNIL ANTs, and RATS.

2.2. Code Design

Sammba-MRI is developed within GitHub development
platform®. Coding guidelines follow the model of Nilearn and
other successfully adopted packages (e.g., Scikit-learn Pedregosa
et al, 2011) to make the codebase understandable and easily
maintainable®. Objects are used with parsimony: the different
registration classes share all the same interface, and the brain
extraction classes comply to the Nipype BaseInterface.

Effort is made to keep the code uniformly formatted and
to use consistent naming for the functions and parameters
following the coding conventions of Nilearn. Preprocessing
building blocks and pipelines are automatically tested on light
MRI data samples to ensure code quality. Finally, the user is
guided through Sammba-MRI with extensive documentation
including installation instructions, application programming
interface (API) reference, pipeline graphs, and practical examples
based on publicly available small animal neuroimaging datasets.

An overview of the modules used to manipulate images is
presented in Figure 1. These modules are implemented either
as “stand-alone” (i.e., bias_correction) or as ready-to-use
pipelines (ie., TemplateRegistrator).

2.3. DICOM to NIfTI Conversion

Sammba-MRI allows to convert Bruker DICOM (digital
imaging and communications in medicine) files to the standard
Neuroimaging Informatics Technology Initiative format
(NIfI1-1) and extracts extensive information using DCMTK
package (Eichelberg et al, 2004). Bruker files conversion is an
active development field, with various available tools handling

*https://nipy.org/nibabel/

Shitps/github.com/sammba-mrifsammba- mri

Shttp://gael- varoquaux.info/programming/software-design- for- maintainability.
html
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DICOM (e.g., dicomifier’) or not (e.g., bru2nii®, Bruker2nifti®,
bruker2nifti'®). Finally, ParaVision 360 with the latest patch
1.1 can export the NIFTI format since February 2019. Our
implementation is meant to be a light helper function, allowing
to handle the conversion on the fly. It has been tested only for
Paravision 6 and a limited number of imaging sequences.

2.4. Bias Field Correction

Intensity non-uniformity modeling is essential in preclinical
studies because the intensity gradient corrupting MR images
becomes particularly pronounced at high field strengths (Boyes
et al, 2008). Sammba-MRI relies on AFNI's 3dUnifize
to correct for intensity bias in anatomical images, and on
N4BiasFieldCorrection function of the ANTs package
(Tustison et al, 2010) for the other modalities. 3dUnifize
is also used to aid brain extraction, as detailed in the
following paragraph.

2.5. Skull-Stripping

Skull-stripping is a critical early step in processing MR images
from small animals. Various automatic rodent-specific softwares
(Chou et al, 2011; Oguz et al, 2014) or adaptations of
human algorithms (Wood et al, 2013; AFNI's 3dskullstrip -
rat) are freely available for research purposes. We choose
to rely on the LOGISMOS-based graph segmentation (Yin
et al, 2010) based on grayscale mathematical morphology
RATS software (Oguz et al, 2014) because of its good
performance across a wide range of datasets (Sargolzaei et al.,
2018). An alternative to the free but non-open source RATS
tool is also available, based on an adaptation of the human
histogram-based brain extraction method of Nilearn. This
method can be used in any pipeline by setting the parameter
use_rats_tool to False. Because intensity inhomogeneity
can hamper the performance of automatic skull-stripping,
prior bias field correction is usually recommended (Sled
et al, 1998) and is performed by default with 3dUnifize.
The helper function brain_segmentation_report from
Sammba-MRI segmentation module allows to efficiently
tune the initial intensity threshold used in bias correction by
producing for a given set of thresholds 5 informative measures
characterizing the extracted mask to bypass time consuming
repetitive visual checks. The returned features consist of the total
volume of the extracted mask, its anteroposterior length, its right-
left width, and its inferior-superior height as well as the sample
Pearson’s product-moment correlation coefficient between the
brain mask image and its reflection with respect to the estimated
mid-sagittal plane (Powell et al., 2016).

2.6. Registrations

Several registration algorithms are implemented within
Sammba-MRI. First, rigid-body registration can be performed
to roughly align individual images from the same modality
or from different modalities. It minimizes normalized mutual
information between brain extracted images. This registration

"hitps//github.com/lamyj/dicomifier
Shitps:/github.com/neurolabusc/Bru2Nii
*hitps://github.com/CristinaChavarrias/ Bruker2nift
Phttps://github.com/SebastianoF/bruker2nifti
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FIGURE 1 | Sammba-MRI workflow. Anatomical, functional, or perfusion images are imported from MRI local scanners or databases. They are analyzed using
different preprocessing, segmentation and registration modules. Each function (green) and python-scripts (red) of Sammba-MRI are presented. Library dependencies
are specified with coler codes.
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is finally estimated and applied to the whole head images.
Second, linear registration estimates linear transforms between
a source image and a reference image. It relies on AFNIs
3dAllineate function. Linear registration is more efficient when
performed on brain-extracted rather than on whole head
images. Third, non-linear registration (piecewise polynomial C!
diffeomorphism) between a source image and a reference image
can also performed. It relies on AFNI’s 3dQwarp and iterations
toward patch size reduction until a maximum refinement “level”
is reached. Unlike linear registration, it is more efficient when
computed using whole head images.

2.6.1. Group-Wise Registration and Study-Template
Group-wise registration aims to align all images from different
animals within a common space, resulting in an average brain
(study template) that represents the commonalities among
individual brain anatomies of a particular population. Using a
study template eliminates possible bias toward external features
and improves subsequent analyses (De Feo and Giove, 2019).
Sammba-MRI implements the multi-level, iterative scheme
proposed by Kovacevic et al. (2005) to create a fine anatomical
template from individual anatomical MRI scans. A first rough
template is obtained by averaging bias corrected head images
centered on their respective brain mask centroids. Then the
individual images are registered to this template. This process
of successive averaging/registration is iterated while increasing
the number of degrees of freedom of the estimated transform
and updating the target template (see Nadkarni et al., 2019 for
a detailed description of the pipeline).

2.6.2. Inter-Modality Registration

Several multimodal images can be recorded from a single animal,
including structural imaging with different contrasts, blood-
oxygenation-level-dependent (BOLD) and arterial spin labeling
(ASL) MRI. BOLD imaging is largely used to investigate brain
function in response to specific tasks or in the absence of explicit
tasks (i.e., in resting state conditions) (Glover, 2011). ASL is
an attractive methed to image the vascular system by directly
measuring blood flow (Kober et al., 2008).

In addition to the inherent difficulties in intermodality
registration (Ashburner and Friston, 1997), severe image artifacts
can corrupt BOLD or ASL scans resulting in a low signal-
to-noise ratio (SNR). For instance, the echo planar imaging
(EPI1) technique widely used in functional and perfusion imaging
suffers from non-linear geometric and intensity distortions
caused by static magnetic field inhomogeneity that worsen at
higher field strengths (Hong et al., 2015).

Thus a specific module called _coregister epi was
developed to register anatomical and EPI scans from individual
animals. Anatomical images are first reoriented to match EPI
images. Next, the reoriented anatomical images and the EPI scans
are split into 2D slices along the z-direction (according to the slice
geometry of EPI). Each EPI slice then undergoes a non-linear
registration to match the corresponding anatomical slice. This
per-slice registration corrects for EPI distortion while being more
conservative than a global 3D non-linear registration.
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3. PIPELINES

Sammba-MRI proposes two ready-to-use pipelines to perform
spatial registrations to a population or standard reference
template as well as inter-modalities registration between
anatomical, functional, or perfusion images. These pipelines have
been tested throughout the different stages of their development
process on various datasets from mice, rats and mouse lemurs
and used in several publications from our lab (Garin et al.,
2018, 2019; Nadkarni et al., 2019). The two pipelines are called
Coregistrator and TemplateRegistrator.

All pipelines start with bias field correction for the individual
images, involve skull-stripping and specific registration
algorithms depending on image modality.

3.1. Registration Between Anatomical
Images and Another

Modality:Coregistrator
Intra-subject registration between an anatomical scan
and another modality (BOLD or ASL) is handled in the
individual space through the Coregistrator class from the
registration module (Figure 2).

from sammba.registration import
Coregistrator

coregistrator = Coregistrator(

brain volume=400}

Multimodal processing slightly differs between modality.
Thus, user can choose modality of interest and the critical
parameters that lead to the best registration.

BOLD scans are preprocessed using the same usual steps
for human data with optional slice timing correction, bias field
correction, realignment to the first volume and computation
of the temporal mean of all the volumes. The corresponding
structural scan is then registered to the average BOLD scan. Since
this is a critical step, the user can choose either to pursue with
human-like pipeline by estimating a rigid body functional-to-
structural transform and applying its inverse to the structural
image, or to assume that the head motion between the two
scans is negligible. In all cases, it is better to only reorient the
anatomical image to match the modality of interest. Finally, per-
slice-based registration is performed as described in section 2.6.2.

coregistrator.fit_anat(
"mousell_tl.nii.gz')

coregistrator.fit_modality(
"mousell_t2.nii.gz',
"funa’,
slice_timing=True,
reorient_only=True)

Sammba-MRI was also designed to analyse ASL scans
to perform perfusion measures. This analysis relies
on Bruker-FAIR (Flow-sensitive Alternating Inversion
Recovery) EPI sequences. Quantitative CBF maps are first
estimated using perf_fair nii_proc function from
the modality processor module. Then Sammba-MRI
allows to preprocess functional ASL scans with the equilibrium
magnetization maps (M0) used as the representative volume for

May 2020 | Volume 14 | Article 24

146




Celestine et al.

Sammba-MRI

Individual space

Individual modality scans

Coregistrator

(olue arow).

-

TemplateRegistrator

FIGURE 2 | Sammba-MRI pipelines. Color box represents spaces in which individual images are registered. Registration between individual modalities is performed
by Coregistrator class (green arrow). Registration of individual modality images to a reference standard template space is performed by TemplateRegistrator class

Template space

Reference standard template

Atlas
Dorr et al. 2008

registration. The MO volume is aligned to the anatomical, first
with a rigid body registration and then on a per-slice basis.

coregistrator.fit_anat (
'mouse0l_tl1.nii.gz')

coregistrator.fit_modality(
'mouse0l_t2.nii.gz"',
'pert’,
reorient_only=True)

3.2. Template-Based Multi-Modal

Processing: TemplateRegistrator
Multimodal images (anatomical, functional, or perfusion
MRI) can be handled in the template space through the
TemplateRegistrator class. This pipeline matches
individual images to a reference template, a necessary step for
group studies (Figure 2).

3.2.1. Template Matching

Sammba-MRI proposes to download reference templates both
for mouse and rat brains. The user needs to specify the path to the
template of his choice to the TemplateRegistrator class
from the registration module.

from sammba.registration import
TemplateRegistrator
registrator=TemplateRegistrator (
‘dorr t2.nii.gz',

brain_volume=400)

registrator.fit ('mouse0l_tl.nii.gz")

3.2.2. BOLD and ASL Preprocessing
BOLD and ASL preprocessing can also be performed
in template space with TemplateRegistrator. The

structural-to-template warp, the functional-to-structural rigid
body transform and the perslice functional-to-structural warps
are combined and applied in a one-big-step transformation
to the functional data to minimize interpolation errors.
The TemplateRegistrator class encompasses  an
inverse_transform _towards_modality method to
bring an image from the reference space to the individual’s space.

4. RESULTS

Sammba-MRI is available through the GitHub platform'!' and
was tested using different image datasets.

4.1. Group-Wise Registration, Registration
of Anatomical Images to a Common

Space, and Template Creation

First, we evaluated group-wise registration and template creation
using a dataset of in vivo T2-weighted images of 10 Sprague-
Dawley rat brains (Lancelot etal., 2014). The scans were acquired
using a 7.0 T Bruker scanner at 100 x 100 x 500 pm resolution
using 30 different slices. We used anats_to_common to
register images from the different animals and create a group
average template (Figure 3).

For comparison purposes, the registration between images
from each animal was also performed using algorithms from
SPM8'? with the SPMMouse toolbox'® (Sawiak et al, 2009),
a reference method for image-registrations. The brain images
were segmented into gray (GM) and white matter (WM) tissue

"hitps://sammba- mri.github.io/introduction.html#installation
2ywww.filion.udl ac.uk/spm
Bhttpy//spmmouse.org
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FIGURE 3 | Rat templates issued from Sammba-MRI (A) or SPM-based (B)
registrations. These templates were calculated from anatomical images of 10
animals. Visual observation suggests similar quality of the two templates.

FIGURE 4 | Mouse lemur template from 34 animals. Goronal section of the
mouse lemur MRI template (level of hippocampus).

probability maps using locally developed priors, then spatially
transformed to a standard space. Priors were based on 100
% 100 x 100 pm resolution images and 134 slices. Affine
regularization was set for an average-sized template, with a bias
non-uniformity FWHM cut off of 10mm, a 5mm basis-function
cut off and sampling distance of 0.3 mm. The resulting GM and
WM portions were output in rigid template space, and DARTEL
(Ashburner, 2007) was used to create non-linearly registered
maps for each animal and common templates for the cohort
of animals. The deformation fields were applied to the MR
images of each animal and the resulting images were averaged
to create a template. Figure 3 shows the template obtained with
SPM/Dartel. No obvious difference could be identified between
the two templates.

Sammba-MRI adapts to different small animal species.
Figure 4 shows a template of mouse lemurs as another example
(Nadkarni et al., 2018).

4.2, Validation of Template Matching

The Sprague-Dawley dataset is associated to brain segmentations
into 28 regions for each animal (Lancelot et al., 2014). It also
includes a study-template and an atlas based on segmentation of
this template into 28 regions. Each image of the 12 individual
animal was registered to the template using Sammba-MRI
and the deformation fields were applied to the segmented
images of each animal. We then measured the regional
overlap between each region of the transformed atlases of each
animal and the template-segmentation using Dice similarity

: ANB
coefficient (2 r,|4\+|lii[ ).

0.8

Sammba-MRI
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~
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) R?=0.9721
0.4 T T T T
0.5 0.6 0.7 0.8 0.9 1
SPM
1
® Hippocampus
0.9 1 » Temporal cortex
* Caudate putamen
# Ventricles
- 0.8 1
o
3
a 0.7 4
£
5
@ 0.6 4
0.5 4
0.4 T T T T
0.5 0.6 0.7 0.8 0.9 1

SPM

FIGURE 5 | Dice coefficients obiained after registering individual images to a
rat brain templates with Sammba-MRI and SPM/Dartel. (Top) Comparisons
showing 27 brains regions. Bars represents standard error of the mean.
(Bottom) Individual measures for four different brain regions.

The deformation fields calculated with SPM were also
applied to the MR and segmented images of each animal.
We also measured the regional overlap between each
region of the SPM-transformed segmentations of each
animal and the template-segmentation also using Dice
similarity coefficient.

Figure 5 shows that Dice coefficients obtained with Sammba-
MRI were highly correlated with those obtained using SPM
mouse and outperformed those of SPM in several cases (points
above the line). Regions with lower Dice values correspond
to ventricles.

4.3. fMRI and Perfusion Modalities

Resting state fMRI allows to study temporally synchronized
BOLD oscillations reflecting functionally connected brain
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FIGURE 6 | ICA bilateral components. IC 1: Barrel field (i) cortex, IC 5: Lateral striatum, IC 9: Dorsal striatum ), IC 10: Visual cortex, IC1 3: Hippocampus, IC 16:
Dorsal striatum (i), IC 17: Barrel field (i) cortex, IC 21: Ventral striatum, IC 26: Supplementary cortex.

networks. As in human resting state fMRI, spatial networks
can be extracted using Independent Components Analysis
(ICA) (Zerbi et al, 2015; Grandjean et al., 2020). We
preprocessed the publicly shared functional data from 15
mice (2-3 months old) from (Zerbi et al., 2015) paper with
Sammba-MRI and performed a group ICA (Varoquaux et al.,
2010) with 30 components. Relevant bilateral regions related
to somatosensory, hippocampal, visual, basal ganglia, and

Frontiers in Neuroinformatics | www . frontiersin.org

sensorimotor networks were obtained without additional data
post-processing (Figure 6).

To illustrate the perfusion processing pipeline, we used
perfusion FAIR images from 30 C57BL/6] mice (6-8 months)
to quantify CBF. Figure 7 shows regional absolute CBF values.
Perfusion values of 152422 and 143426 ml/100g/min in the
hippocampus and temporal cortex, respectively. These values
are lower than those reported by Kober et al. (208420 and
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FIGURE 7 | CBF from 30 C57BL/6J mice. Boxplot shows median,
interquartile range, upper and lower adjacent values for six brain region. Each
dot represents regional CBF in ml/100g/min from one animal.

243435 ml/100g/min in the hippocampus and cortex) with FAIR
method (Kober et al., 2008). They are higher than those (11816
ml/100g/min in the cortex) reported with the same method by
(Zheng et al., 2010).

5. BIG DATA, REPRODUCIBILITY,
COLLABORATION

The package design facilitates big data exploration: the user
is able to run an entire analysis in a single Python script.
Rerunning pipelines are optimized through Nipype caching
mechanism and long lasting steps (non-linear warping, perfusion
fitting) are executed in parallel. We believe that reproducibility
in the neuroimaging field is not possible without making
the acquired images and the preprocessing code available to
the community. For this reason, Sammba-MRI promotes the
sharing of MRI data by providing utility functions to download
public small animal brain MRI datasets and relies on it for
demonstrating the package capabilities. In order to encourage
external contributions, our library source code is hosted on
the open collaborative GitHub platform and distributed under
the CeCILL v2.1 license, a FOSS license adapted to both
international and French legal matters allowing anyone to make
changes and redistribute it. Sammba-MRI supports GNU/Linux
and Mac OS X operating systems (OS), used by over 70% of
neuroimagers (Hanke and Halchenko, 2011). So far, Sammba-
MRI is designed for advanced users but documentation is
provided to help novices.
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2. Toxic effects of AP seeds

2.1 Context, objectives & abstract

AD is characterized by intracerebral accumulation of abnormal proteinaceous assemblies made of AR
peptides or Tau proteins. These pathological events are associated with synaptic damage and neural
network dysfunctions that are strongly correlated with the cognitive decline. Even if the relationship
between AD-associated lesions is still unknown, soluble AB accumulation has been proposed to govern
this pathological cascade (Edwards, 2019; Hardy and Higgins, 1992; Karran et al., 2011; Karran and De
Strooper, 2022). However, it still unclear whether focal events that modulate AR accumulation can
change the pathology outcome and the clinical fate of AD. Previous attempts to elucidate the effect of
AB on downstream events have mainly implicated transgenic mice overexpressing human AB. Several
studies have suggested that intracerebral infusion of well-defined AB seeds from synthetic or
recombinant non-mutated AB1-40 or AB1.4; peptides can increase AR plaque deposition several months
after the infusion (Ruiz-Riquelme et al., 2018; Stéhr et al., 2014, 2012; Ulm et al., 2021). However, to
our knowledge, long-term effects of synthetic or recombinant non-mutated AP seeds on synaptic or

cognitive impairments have not been reported yet.

In this first article, we aimed at evaluating the impact of highly synaptotoxic AP seeds, bearing the
Osaka mutation (E693A) (Tomiyama et al., 2008), on downstream events in the time-course of AD. We
showed thatintracerebral infusion of ABqs. increases AB plaque depositions and modifies AB oligomeric
patterns, 4 months post-inoculation in a mouse model of amyloidosis. More interestingly, we showed
for the first time that Ao induces memory disturbances, worsens synaptic pathology and
subsequently reduces the connectivity between different brain regions. This study clearly shows long-
term functional toxicity of ABo.sa seeds. It shows that a single, sporadic event as AB.sa inoculation can
aggravate the fate of the pathology and clinical outcome several months after the event. Extrapolation
of this discovery suggests that any event that focally modulates AB aggregation process in the time-

course of AD can be responsible for the heterogeneity of AD clinical outcome.

2.2 Article

CELESTINE M., Jacquier-Sarlin M., Borel E., Petit F., Perot JB., Hérard AS., Bousset L., Buisson A.,
Dhenain M. Long term worsening of Alzheimer pathology and clinical outcome by a single inoculation

of mutated beta-amyloid seeds. (Submitted)
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ABSTRACT

Background

Alzheimer’s disease (AD) is characterized by intracerebral accumulation of abnormal proteinaceous
assemblies made of amyloid-B (AR) peptides or tau proteins. These lesions induce synaptic
dysfunctions that are strongly correlated with cognitive decline. Intracerebral infusion of well-defined
AB seeds from synthetic or recombinant non-mutated AB1.40 or AB1.4; peptides can increase AB plaque
depositions several months after the infusion. Familial forms of AD are associated with mutations in
the amyloid precursor protein (APP) that induce the production of AP peptides with different
structures. The ABosa mutation (E693A) is located within the AB sequence and thus the AB.s. peptides
have different structures and properties as compared to non-mutated AB1.4; peptides (ABwt). Here, we
wondered if a single exposure to this mutated AR can worsen AD pathology as well as downstream
events including cognition, cerebral connectivity and synaptic health several months after the
inoculation compared to non-mutated AB.

Method

To answer this question we inoculated ABi.s2-bearing Osaka mutation (ABosa) in the dentate gyrus of
APPye/PS14es mice at the age of two months. The inoculated mice were analyzed at 4 months post-
inoculation by cognitive evaluation and functional MRI to assess cerebral connectivity. AR and tau
lesions as well as synaptic density were evaluated by histology. The impact of AB.sa peptides on
synaptic health was also measured on primary cortical neurons.

Results

Remarkably, compared to APw: the intracerebral administration of AB.s. induced cognitive
impairments, synaptic impairments and a reduction of the connectivity between different brain
regions, 4 months post-inoculation. AB plague depositions but not tau lesions were increased and AB
oligomeric patterns were modified.

Conclusion

This is the first study showing long-term functional toxicity of AB seeds. It shows that a single, sporadic
event as ABosa inoculation can worsen the fate of the pathology and clinical outcome several months
after the event. Extrapolation of this discovery suggests that any event that modulates focally AB
aggregation process in the time-course of AD can be responsible for the heterogeneity of AD clinical

outcome.

KEYWORDS

Alzheimer’s disease, Cerebral connectivity, Amyloid-B, AR Osaka, Memory, Synapses, Transmission
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BACKGROUND

Alzheimer’s disease (AD) is a clinical entity leading to cognitive deficits. It is characterized by
intracerebral accumulation of abnormal proteinaceous assemblies made of amyloid-B (AR) peptides or
tau proteins. These lesions induce synaptic dysfunctions that are strongly correlated with the cognitive
decline [1]. AB peptides arise from the proteolytic cleavage of the AB precursor protein (APP), leading
to monomeric AB peptides that progressively aggregate to form fibrillary deposits (AB plaques). Tau
lesions occur as neuropil threads, neurofibrillary tangles (NFTs), and neuritic plaques i.e. tau
aggregates and hyperphosphorylation within neurites surrounding AB deposits.

Several publications in humans [2-4] as well as studies in experimental animal models of AD [5-8]
indicate that intracerebral inoculation of minimal amounts of misfolded AB present within AD brain
extracts induces build-up of AB deposits in their host. The intracerebral infusion of well-defined
synthetic or recombinant non-mutated APi.40 or APia; peptides can also increase AB plaque
depositions several months after the infusion [9, 10]. Mechanistic models explaining prion diseases are
used to interpret this AR deposition. As prion proteins, A proteins can adopt a B-sheet or "amyloid"
conformation during which they can form bundles of twisted, unbranched filaments. Each filament is
composed of parallel B-strands that are hydrogen-bonded by their backbones. It is suggested that
amyloid formation starts with a slow nucleation phase consisting of protein oligomerization leading to
seeds of aggregation. This nucleation process is associated with conformation changes of AR peptide.
Newly produced monomers or oligomers can assemble onto preformed seeds following
conformational conversion. With increasing length, fibril can eventually break and generate new seeds
that will enhance the conversion either locally or at a distant point following spreading of seeds. This
process is thus self-propagating. The kinetics of amyloid fibril formation are a function of the rates of
nucleation, growth, and fragmentation. The lag time that precedes protein aggregation in vitro can be
greatly shortened by the addition of pre-formed exogenous seeds [11].

In addition to AP lesions, the inoculation of AD-brain extracts can induce long-term cognitive
alterations as well as synaptic impairments in rodents [12] or primates [8, 13]. As inoculation of AD-
brain extracts can induce both AB and tau pathologies [12], it is difficult to dissociate the role of AB or
tau on cognitive or synaptic impairments induced by this inoculation [12]. Thus, inoculation of AB
oligomers was proposed to evaluate the impact of A seeds on brain function. However, although
intracerebral infusion of synthetic AB oligomers was shown to induce acute memory impairments in
wild-type mice [14, 15], to our knowledge, long term effects of synthetic or recombinant AB seeds not
issued from brain extracts have not been reported on cognition or synaptic impairments.

Some familial forms of AD are associated with mutations in the AP fragment of the APP. Given the

different structures of AP peptides issued from these mutations, we wondered if exposure to mutated
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AB can worsen AD lesions as well as downstream events including cognition, cerebral connectivity and
synaptic health as well as tau pathologies several months after the inoculation. To answer these
questions we focused on the Osaka mutation (E6934, "Osa"). This mutation, found in a Japanese
pedigree of familial AD, corresponds to amino acid 693 deletion from APP gene, resulting in mutant
AB peptide lacking a glutamic amino acid residue at the 22" position. Thus, as the mutation is located
within the AB fragment, the ABosa peptides have a different structure and properties as compared to
ABwt [16]. In particular, they exhibit preferred conformational states that allow higher hydrophobicity
resulting in faster oligomerization [17]. The long-term effect of a single intra-hippocampal inoculation
of each AB.s. seed was evaluated four months post inoculation in transgenic mice (APPswe/PS14es)
overexpressing APi.4 peptide and presenting AB plaques and neuritic plaques [12]. We provide
evidence that exposure to ABosa induces cognitive and functional impairments, including reduced
hippocampal connectivity compared to mice inoculated with non-mutated AB1-42 peptide (ABwt). ABosa-
inoculated animals also displayed lower synaptic density and increased AP plaque load as well as
different AP oligomeric patterns without change of tau-positive neuritic plaque burden. Our results
suggest that a single exposure to ABosa worsen the fate of AB lesions and clinical outcome several

months after.

RESULTS

Characterization of inoculated AB peptides: from structures to synapse-modifying properties

We used a recombinant approach to produce non-mutated ABi-42 (ABuwt) or ABosa (E693A also called
E22A). We characterized by Dynamic Light Scattering (DLS) the size distributions of AR assemblies in
solutions prior to inoculation in mouse brains. We observed a single population with large
polydispersity of particles for both ABw: and ABosa. The size distributions observed for ABw: solutions
revealed a size distribution between 30 and ~150 nm with an average particle size of 55 nm. ABosa
solutions had size distribution at higher values (between 70 and ~500 nm) with an average particle size
of 271 nm (Fig. 1A). Monomeric forms of AB have a hydrodynamic radius of ~2nm, thus ABw: and ABosa
have much larger hydrodynamic radiuses. AB structures observed in electron micrographs reflected
the diversity seen with DLS as exemplified in (Fig. 1B) showing small and large particles of ABw: that
formed small fibrils whereas ABosa showed larger structures.

AB aggregation is a nucleation-dependent polymerization process, with a slow initial nucleation phase,
called lag-phase, followed by a rapid growth phase [11]. We investigated the assembly properties of
different forms of AB in vitro using thioflavin fluorescence assay [18, 19]. First, synthetic monomeric

AB1.22 was incubated at 37 °C, the ThT fluorescence signal displayed a sigmoidal shape characterized

158



by a 6 hours lag time followed by an 8 hours elongation step (Fig. 1C). When synthetic monomeric ABi-
42 was seeded with recombinant ABw: [10%, v/v] at 37 °C, assembly kinetic was not affected while AB
fibrils were formed (Fig. 1C). On the contrary, addition of ABs. seeds [2 and 10%, v/v] shortened the
lag time to 2 and 4 hours respectively (Fig. 1C). Thus, AB.s. displayed increased seeding effects. At
steady state, the A fibrils assembled from synthetic AB1.42 alone or seeded with ABw: or ABosa displayed

undistinguishable shape when observed by electron microscopy (not shown).

Exogenous application of ABosa and ABwt impaired synaptic plasticity and induced different

mushroom spine changes

As AB has been shown to induce synaptic dysfunction [20], we compared the direct impact of ABosa and
ABuwt seeds on synaptic health by assessing spine morphology of primary cortical neuron cultures.
Cortical neurons were co-transfected with LifeActin-GFP (LA-GFP), a small peptide that specifically
binds to F-actin to visualize the dendritic arbor and spines. LA-GFP expressing cortical neurons display
characteristic dendrites with a high density of spines (Fig. 2A). Then, we incubated the neurons with
100 nM of either ABosa or ABw: for 24 hours, and analyzed thin, stubby, mushroom spine density (Fig.
2B-F). Compared to PBS, the total spine density of neurons treated with ABos. or ABwt was reduced at
24 hours (p<0.0001 for ABosa; p<0.05 for ABwt, Fig. 2C). The spine loss was significantly more severe in
ABosa compared to ABw: (p<0.05, Fig. 2C). The spine loss was mainly due to a strong reduction in
mushroom spine density (p<0.0001 for ABosa; p<0.005 for ABw:, Fig. 2D) and in thin spine density (p<0.5
for ABosa, Fig. 2E) while stubby spine density was not significantly affected by AB compared to PBS (Fig.
2F).

Inoculation of ABosa impairs long-term memory

We then evaluated the long-term impact of ABosa and ABwt in vivo. 2-month-old APPgye/PS14e9 mice
were inoculated bilaterally with 0.5ug of AB in the molecular layer of the dentate gyrus (MoDG) of the
hippocampus. Behavioral assessment was performed at 4 months post-inoculation (mpi) and
compared to a PBS-inoculated APPswe/PSlses and wild-type (WT) littermate groups. Memory
impairment of mice inoculated with AB.s. was detected using a novel object recognition task in a V-
maze test (Fig. 3). First, the mice underwent a habituation to the test in an empty arena (day 1)
followed by a training phase where two identical objects were added to the V-maze platform (day 2).
Comparable discrimination index was observed during the training phase indicating similar exploratory
activity between groups (Fig. 3A). The probe test (day 3) was performed the day following the training
phase. During this task, a novel object replaced one of the objects. The traveled distance decreased

throughout the three days of the test, but was comparable between groups (Fig. 3B). During the probe
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test, all groups of APP/PSl4es mice had comparable exploratory activity (Fig. 3C). During the
discrimination task, mice inoculated with ABqs. spent less time exploring the novel object compared to

control mice (PBS-inoculated WT or APP,y./PS14e9 mice), suggesting memory impairments (Fig. 3D).

ABosa inoculation leads to long-term functional impairments

To further evaluate brain function, we performed resting-state functional magnetic resonance imaging
studies (fMRI) at 4-months post-inoculation. First, we analyzed the strength of the hippocampus
functional connectivity (FC) to the whole-brain. The correlation coefficient between the hippocampus
and other brain areas was lower in ABoss-inoculated animals compared to PBS and ABwt-inoculated mice
(Fig. 4A). This indicates a decreased hippocampus connectivity in ABosa-inoculated mice. To further
identify specific networks impaired by ABosa inoculation, we evaluated FC of three selected brain
regions (right hemisphere) to the whole-brain: the MoDG (inoculation site), the CA1 area (which
contains the pyramidal cell layer (CAPy)) and the entorhinal cortex (Fig. 4B). We used a “Seed-based
analysis” (SBA), to identify regions functionally associated with each selected brain region in the
APPye/PS14e9 mice (Fig. 4C). The individual correlation maps were averaged for each group to highlight
connected areas in each group of animals (Fig. 4D). Homotopic functional connectivity of MoDG was
abolished in the contralateral dorsal dentate gyrus of AB.s.-inoculated mice while unaffected in ABwt-
inoculated animals (Fig. 4D). The MoDG and the CA1 of AB.s.-inoculated mice had also lower FC with
the peri-hippocampal area, amygdalar area, temporal area and ventral CA1. The entorhinal cortex of
ABosa-inoculated mice had lower FC with the posterior cingulate, amygdala areas and the hippocampus
area compared to PBS-inoculated mice (Fig. 4D). The alterations reported in ABosa animals concerned
both left-to-right changes (displayed figures) as well as right to left connectivity (not shown).

The individual correlation maps between groups were compared by performing voxel-wise statistical
analysis. Fig. 4E displays differences between ABosa- and PBS-inoculated APPgwe/PSl4es mice. As
expected, it confirmed changes observed in ABosa connectivity maps. Voxel-wise analysis comparing
ABuwt- and PBS-inoculated APPsye/PS14es mice were also computed. They did not display any changes
between the two groups (not shown). The FC alterations in ABos,-inoculated animals that involve
memory circuits are consistent with cognitive impairments reported in transgenic animals expressing

ABosa Variant.

ABosa inoculation reduces synaptic density

Mice were sacrificed 4 months post-inoculation (mpi) to evaluate cerebral lesions. We measured
synaptic density at the inoculation site (hippocampus) and at a distant place (entorhinal cortex).

Double immunolabeling of presynaptic (Bassoon) and postsynaptic (Homer) markers was performed
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(Fig. 5A-B) and the amount of synapses was quantified from colocalized puncta. Inoculation of ABcsa
led to decreased (Fig. 5C-D) compared to APPswe/PS14es mice inoculated either with PBS or ABy.:. Unlike
ABosa, ABwt. did not modulate synaptic densities in these regions compared with PBS-inoculated animals
(Fig. 5C-D). Synapses in the CA2/3 region and the entorhinal cortex were not affected by ABosa OF ABwt
(Fig. 5E-F). Taken together, these results indicate that a single inoculation of AB.s, has a long-term
effect on synapse while ABw: does not have such long term effect. Altogether our results suggest that
inoculation of AB,sa increases a cascade of events leading to synaptic impairments, neuronal networks

disorganization and cognitive impairments.

ABosa inoculation increases long-term AB plaque deposition without affecting tau pathology

within neuritic plaques

Four months post-inoculation (mpi), AR plaque load was increased at the inoculation site i.e. in the
dentate gyrus of mice inoculated with ABosa compared to APPswe/PS1des inoculated with PBS or ABwt
(Fig. 6A-C, 6J). Interestingly, in regions connected to the dentate gyrus as the subiculum (Fig. 6L) and
the entorhinal cortex (Fig. 6D-F, 5G), AB plaque load was also increased in animals inoculated with
ABosa compared to those inoculated with PBS or ABu:. The AB load was similar in the CA1 (not shown)
and CA2/3 (not shown) of the three experimental groups. We did not find differences in plaque
morphology (Fig. 6A-1). Taken together, these results indicate that inoculation of ABos, increases AR
pathology at 4 mpi.

At 4 mpi, we detected tau-positive neuritic plaques (NPs) in the hippocampus (Fig. 7A-C) and the cortex
(data not shown) of all groups of inoculated APPsye/PS14es mice. Tau lesion loads and morphology were
similar between groups in the hippocampus (Fig. 7D-E), the subiculum (Fig. 7F) and the entorhinal

cortex (Fig. 7G). Thus, the inoculation of ABosa or ABwt does not modulate tau pathology.

AB seeds inoculation modulates AB oligomerization patterns and APP processing

As we showed different AB deposit load induced by AB variants in mice, we wondered if oligomers
composition is affected by the inoculation of AB variants. We fractionated soluble and insoluble AR
aggregates from the hippocampus by sarkosyl detergent extraction. Western blot analysis of sarkosyl-
soluble fraction showed that inoculation of AB.s, led to an increase of 15kDa and 12KDa bands (also
referred as 4-mer and 3-mer forms of AP oligomers [21]) (Fig. 8A). On the contrary, ABw: did not affect
amyloid oligomers profiles as compared to PBS. The enrichment in multimeric/assembled forms of AR
were confirmed by dot blot analysis using conformational antibodies against oligomers (A11) and fibrils

(OC). We observed that both species increased in the hippocampus of ABs.-inoculated APPgye/PS14es
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mice compared to WT mice (Fig. 8B-D). Taken together, these results support the hypothesis that
different ABosa Seeds are able to modulate AP aggregation processes up to 4 mpi.

An alternative hypothesis is that AB.sa modulated APP processing [22]. To test this hypothesis, we
assessed APP proteolytic profiles caused by a- or B- secretase pathways in the hippocampus at 4 mpi.
We quantified by Western blot o-CTF (C83, 9kDA) and B-CTF (C99, 11kDa) (Fig. 8E-F). We found an
increase of a-CTF and B-CTF following AB.sa inoculation compared to PBS and ABwe-inoculation in

APP4e/PS1des mice, suggesting that AB.s. seeds modulate APP processing in vivo (Fig. 8 E-F).

DISCUSSION

We showed that intracerebral inoculation of AB.s. seeds in the hippocampus of a mouse model of
amyloidosis worsen the clinical outcome associated with AR deposition 4 months post-inoculation.
This leads to cognitive and synaptic impairments, reduced functional connectivity between brain
regions involved in memory circuits, increased focal AB plaque deposition at the inoculation site and
spreading of AB in the brain as well as reorganization of AR oligomers patterns and APP processing.
These results suggest that a single, sporadic event as ABosa inoculation can worsen the fate of the
pathology and clinical outcome several months after the event. In addition, we outlined that distinct
AB seeds have different impacts on the pathology as toxic effects were detected after inoculation of

ABosa but not with ABw: seeds.

Pathological cascades induced by ABosa

AB.sa have different structures and properties as compared to ABw: [16]. Here, we showed that it
leads to higher molecular species than AR in solution. Using Thioflavin binding aggregation assay, we
showed that it has pro-aggregative properties in presence of ABi42 and reduces the lag time to
accelerate AP aggregation. Our in vivo study was performed in APPgwe/PS14es transgenic mice that
express human-like AB1.40 and ABi1-4; peptides [23]. Thus, in these mice, ABosa increased aggregation of
endogenous AB1-40 or AB1.42 peptides. It is reasonable to assume that this effect of ABoss was acute, just
after the inoculation. This acute effect could be related to a reduced lag time as shown with thioflavin
T assay. It could also be related to a direct impact of ABosa on synaptic health leading to modulation of
APP processing, as we showed that ABosa impairs synapses in neuron cultures.

The long-term effects of the single inoculation of ABssa on increased AB plaque deposition can be
explained by an early increase of AB deposition leading to a long term prion-like effect. As we detected
changes of APP processing, another non-exclusive hypothesis is that APP processing was shifted

towards increased AB production and deposition. It is interesting to outline that the effect of ABosa ON
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APB aggregation and downstream events was stronger than for ABu:. Further studies are now required
to evaluate links between the structure of AB.s, and its toxic effects.

To our knowledge, long-term effects of synthetic or recombinant AP seeds on cognition or synaptic
impairments had not been reported. In our study, we found that the ability to induce cognitive and
synaptic impairments was related to the use of mutated ABosa While ABy: did not have an effect on
these outcomes. As AB is known to induce synaptic deficits either ex vivo or in transgenic mouse
models [24-26], it seems reasonable to consider that the increased AB plaque deposition and
reorganization of oligomeric patterns induced by AB.sa was, at least in part, responsible for the
cognitive and synaptic impairments detected in ABoss-inoculated APPgye/PSl4es mice. As the tau
pathology within neuritic plagques was correlated with synaptic impairments in APPswe/PS14es mice [12],
we investigated tau pathology and found that different AP seeds did not modulate tau lesion
occurrence. This rules out the role of tau pathology on the synaptic changes observed in the ABosa-
inoculated animals.

Taken together, our results suggest that a single inoculation of AB.s, induced a cascade of events
leading to increased AP aggregation and modified AP oligomeric patterns in the brain. These events

would impair synaptic health, leading to cerebral network reorganization and cognitive impairments.

Spreading of AB

Inoculation of AB.s, in the dentate gyrus at 2 months induced increased AB deposition 4 months
after the inoculation in the proximity of the inoculum site but also at distance, in the entorhinal cortex.
The spreading of AR from the inoculum site to interconnected brains regions has already been reported
in mice inoculated with AB-positive brain extract into different brain regions (including olfactory bulb,
entorhinal cortex, hippocampus, parietal cortex) [27, 28]. Although this result indicated that Ap seeds
contribute to the spreading of B-amyloidosis, the origin of the AR deposition found in the spreading
area raises some questions. Indeed, AR deposition can come from either the materials injected or the
AB expressed by the host that would self-propagate in a prion-like manner. Our study cannot decipher

between these two hypotheses.

Clinical fate in Alzheimer's

AD is a heterogeneous disease as regard to its origin, clinical course or its lesions [29]. Today, factors
modulating the clinical course of pathology are still poorly understood. Several studies have outlined
that tau pathology is associated with the heterogeneity of disease evolution [30], although this is not
reported in all studies [31, 32]. Modulation of AB structures is another potential culprit to explain

different fate of AD evolution in particular to explain rapidly progressive forms of AD [33]. Here we
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clearly outline that sporadic events that lower lag time of AB aggregation can change the pathology
outcome and be one of the causes for disease heterogeneity. Of course, an event as ABosa intracerebral
inoculation is not clinically relevant. However our study outlines that a single event regulating AB
aggregation and synaptic health can have long term impacts. Previous studies had already shown that
afocal seeding event can alter the morphology of resultant AB deposits and the age of pathology onset.
In particular, Stohr et al showed that intracerebral inoculations of synthetic ABi.40 or ABi.4; have
different impacts on lesion outcomes [9]. Here we show that cognitive function can also be altered,
and more importantly, we isolate ABqsa as a single form of AB that can be responsible for pathology
fate changes. Further studies are now required to determine relationships between structural changes

of ABosa and functional outcomes.

Differences between the impact of a single ABosa inoculation in transgenic_mice and

pathologies developed by ABosa in patients

The increased AB depositions observed in mice following ABosa inoculation was unexpected as patients
with ABosa mutations display low levels of extracellular AR plaques. Moreover, transgenic mice
overexpressing the ABosa mutations did not show any AB plaques even at 24 months [34]. This evidence
suggests that AP triggers different pathways when it is intracellularly secreted and when it is used as
an exogenous seed. However, we also found common features between secreted AB and AB seeds.
Indeed, APP,s, transgenic mice display an age-dependent accumulation of AB oligomers within neurons
in the hippocampus causing alteration of synaptic plasticity and memory impairment [34, 35]. In our
western blot analysis of hippocampus extract of ABss.-inoculated mice, we also found modified AB
oligomeric patterns as compared to control animals. Moreover, ex vivo and in vivo data show a clear
contribution of AB.sa in synapto-pathology responsible for memory alteration. Taken together, these

results indicate the up-holding of the role of AR when it is used as a seed.

Limitations of the study

APPsye/PS14e0 mice were inoculated at 2 months. In the absence of any inoculum, AB is continuously
secreted and the first senile plaques occur in 4-month-old animals, while in 6 month-old animals, they
have reached the cortex and the hippocampus. In our study, we chose to study the impact of ABqsa
inoculation in 6-month-old mice. At this stage, while ABwt inoculation had no effect on AB plaque
deposition, AB.sa accelerated the development of the plaques. Our interpretation for the lack of impact
of ABwt on AR plaques is that mice were too young to detect the impact of ABut, and only strong effects
as the one of AB.sa were detected. Consistently with this suggestion, the induction of AB plaques by

synthetic or recombinant ABi1.4; (corresponding to ABwt) seeds has been reported in mice [9].
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CONCLUSION

As a conclusion, we showed that a single inoculation of AB.s, induces long term increased of AB plaque
deposition, reorganization of cerebral AB oligomeric patterns and APP processing, synaptic
impairments, reduced hippocampal connectivity with different brain regions involved in memory
circuits, and cognitive impairments. This is the first study showing long-term functional toxicity of AR
seeds. These results suggest that a single, sporadic event as AB.s, inoculation can worsen the fate of
the pathology and clinical outcome several months after the event. Extrapolation of this discovery
suggests that any event that modulates focally AR aggregation process in the time-course of AD can

be responsible for the heterogeneity of AD clinical outcome.

METHODS

Production of recombinant AB proteins

To make the plasmids for the fusion protein AB(His) of wild-type human B-amyloid 1-42 protein (ABwt)
or ABosa mutant (E22A), the cDNA containing the sequence for human ABi.4; was obtained from
synthetic oligonucleotides (Sigma, Lyon, France) (containing a Ndel restriction site as forward primers
and a PspXI restriction site as reverse primers) using overlapping PCR. PCR products were then cloned
into a pet28a-vector (Novagen, Paris, France) and subsequently constructed as various mutant HIS-
AB1.a2 expressing plasmid (pet28a-AB(His)wt or pet28a-AB(His)osa (E22A). The resulting plasmids were
verified by sequencing. Escherichia Coli BL21 (DE3) was transformed with the fusion protein plasmids
and a single colony was chosen to grow in a 250 mL starter culture in Luria broth (LB medium) overnight
at 37°C. The next day, 10 mL of culture was diluted in 1L LB culture medium. When the culture reached
an OD600nm of 0.8, isopropyl-beta-D-thiogalactopyranoside (IPTG) was added to 1 mM for induction.
The culture was grown for an additional 4 h and the cells harvested by centrifugation at 4000g for 20
min. The pellet was re-suspended in 10 mL ice-cold PBS and lysed by sonication at ice-cold
temperature. The cell extract was then centrifuged at 20,000g for 15 min at 4°C. The pellet was re-
suspended in 10 mL of 8 M urea in PBS and sonicated as previously described before centrifugation at
20,000g for 15 min at 4°C. The supernatant (5 mL) was diluted with 15 mL of binding buffer (PBS with
10 mM imidazole at pH 8.0). Before affinity purification using nickel-nitriloacetic acid (NTA) column
purification, samples were filtered on 0.45 um. The Ni-NTA column (3 mL of protino Ni-NTA Agarose
from Macherey Nagel) was equilibrated with binding buffer prior to loading the sample on the column.
Then the column was washed with the washing buffer (PBS with 30 mM imidazole at pH 8.0) with 5-

10 column volumes. The protein was then eluted with the elution buffer (PBS with 500 mM imidazole
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at pH 7.4). The absorbance at 280 nm was used to monitor the elution but the concentration of the
fusion proteins was estimated by comparing the intensity of the band of the protein on SDS-PAGE with
that of a known quantity of BSA (Sigma, Lyon, France). A final concentration of 100 uM was obtained
and aliquots were stored at -80°C. Aliquots from all subsequent purification steps were analyzed by
SDS-PAGE [37], and the identity of APi.42, and mutants was verified by western blots using 4G8

monoclonal antibodies against AB sequence (4G8).

Endotoxin assay

Endotoxin content of AP solutions was detected using a kinetic Limulus amebocyte lysate (LAL)
chromogenic endotoxin quantitation kit (Thermo Scientific). In brief, 50 uM of AB solution was
prepared in PBS and was transferred to a sterile 96-well plate prewarmed to 37°C. LAL (0.1 mL, room
temperature) was quickly added to each well. Detection relied on standards supplied in the kit with
the range from 0.10 to 1 EU/ml and on positive and negative controls that were performed at the same
time as the samples. Endotoxin concentrations were determined by measuring kinetic absorbance at

405 nm at 37°C following the instructions of the manufacturer, in a Spark plate reader (Tecan).

DLS measurements

ABwt and Aosa solutions were rapidly thawed out and were diluted to 50uM in water. DLS
measurements were recorded on a Zetasizer Instrument (Nano ZS; Malvern Instruments) operating at
a laser wavelength of 633 nm equipped with a Peltier temperature controller set to 20°Cina3 x3 mm

quartz cuvette. Malvern DTS software was used to calculate mean hydrodynamic diameters.

Thioflavin T (ThT) binding assay

The aggregative properties of different forms of AB can be evaluated in vitro with the well-
characterized thioflavin dye binding assay [18]. First, the lyophilized synthetic AB4; was purchased from
Covalb (Villeurbanne, France). It was dissolved at a concentration of 1 mM in DMSO. A monomers
stock solutions were generated by dilution of the peptides to a concentration of 100 uM in phosphate
buffer, pH 7.4.

Spontaneous fibril formation was evaluated by incubating 8 uM of AB monomer solutions at 37 °C for
24 hours in presence of 10 uM ThT (Wako Chemical Industries Ltd, Osaka, Japan) in phosphate buffer,
pH 7.4. Fibril formation was followed by monitoring ThT fluorescence with shaking using a Hitachi F-
2500 fluorometer. The excitation and emission wavelengths were 445 nm and 485 nm, respectively.

Fluorescence was determined by averaging the three readings and subtracting the ThT blank.
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To perform the seeding experiments, ABwt and ABosa solutions were rapidly thaw out and were added
to the synthetic AB1.42 + ThT solution previously described. All seeding experiments were performed
with 10% or 2% of freshly prepared seeds and 90% or 98% of soluble AB monomers, resulting in a total

of 8 uM. AB.: was used at 10% and ABos, at 2 and 10%.

Electron microscopy

ApB solutions (100 ul sample of 8 uM) were concentrated 10 fold by centrifugation at 50,000g for 10
minutes and suspended in MilliQ water. Assemblies were layered on glow discharged carbon coated
400 mesh copper grid, and stained with 1% uranyl acetate. The assemblies were observed under Jeol
1400 electron microscope at 80kV and 10K magnification. Images were recorded on Rios CCD camera

(Gatan).

Primary cultures of cortical neurons

Mouse cortical neurons were cultured from 14- to 15-day-old OF1 embryos (Charles River) as described
previously [38]. After extraction of the embryonic brains, the cerebral membranes were removed and
the cortices were dissected, mechanically dissociated and cultured in Dulbecco’s Modified Eagle’s
Medium supplemented with 5% horse serum, 5% fetal bovine serum and 1mM glutamine (all from
Sigma) on 24-well plates (Falcon; Becton Dickinson) for biochemical experiments.

Neurons were seeded on 35 mm glass-bottom dishes (MatTek) at a final concentration of two cortical
hemispheres per dish for confocal experiments. All plates, dishes, and coverslips were coated with 0.1
mg/mL poly-D-lysine and 0.02 mg/mL laminin (Sigma). Cultures were maintained at 37°C in a
humidified atmosphere containing 5% C02/95% air. After 3—4 days in vitro (DIV), cytosine arabinoside
(AraC, 10 uM; Sigma) was added to inhibit proliferation of non-neuronal cells in cultures used for
biochemistry experiments; 98% of the cells were considered as neuronal. The day before the
experiments, cells were washed in DMEM. Treatments were performed on neuronal cultures at 14-15

DIV.

Quantification and morphological characterisation of dendritic spine density

Neurons were visualized using a Nikon Ti C2 confocal microscope with a Nikon 60X water-immersion
objective and NIS-Elements software (Nikon, Melville, NY, USA). Excitation of GFP and mCherry
fluorophores was performed with an argon laser at 488 nm (emission filtered at 504-541 nm) and at
543 nm (emission filtered at 585-610 nm) respectively. Images (1024x1024 pixels) were acquired as Z-
stacks (tridimensional section) with 0.3 uM per step. The acquired images were then deconvoluted
using AutoQuantX3 software (Media Cybernetics, Abingdon, Oxon, UK). For analysis of spines, serial

image files corresponding to z-stacks of 20—30 optical sections per dendritic segment were directly
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processed with NeuronStudio, a software package specifically designed for spine detection and
analysis (http://www.mssm.edu/cnic/tools.html). Voxel size was 0.3x0.3x0.300 um. After modeling of
the dendrite surface, protrusions with a minimum volume of 5 voxels, length of between 0.2 um and
4 um and a maximal width of 3 um were retained as spines. Following default settings of the program
and the empirical classification rule previously described, spines with a minimum head diameter of
0.35 um and minimum head vs neck ratio of 1.1 were classified as mushroom spines. Non-mushroom
spines with minimum volume of 10 voxels (0.040 um?3) were classified as stubby spines. All other spines

were considered thin.

Transgenic mice

Mouse experiments involved the APPswe/PS14es mouse model of amyloidosis (C57BI6 background) [39].
AB plaques can be detected as early as 4 months of age in these mice and increase in number and total
area with age [39]. This model expresses endogenous murine tau protein isoforms and is not transgenic
for any human tau. At the time of the inoculation of ABwt, ABosa Or PBS, at 2 months of age, these mice
did not have AB plaques. Animals were studied for four months after intracerebral inoculation (at 4
post-inoculation (mpi) respectively, Napp/ps1-aswt=10, Nape/psi-asosa=10, Nappses1-pes=10). Wild-type
littermates injected with the PBS were used as controls for the behavioral tests (nwrrss=10). All
APPgwe/PS14es and littermate WT mice were born and bred in our center (Commissariat a I'Energie
Atomique, Fontenay-aux-Roses; European Institutions Agreement #B92-032-02). Females were
exclusively used in this study in order to optimize group homogeneity (AR plaque load is known to vary
between males and females). Mice were injected during different inoculation sessions and each group
was randomly inoculated at each session to avoid an "order of treatment" confounding effect. All
animals were randomly assigned to the experimental groups using a simple procedure: They were
identified using increasing numbers based on their birthdate. Animals with increasing numbers were
alternatively assigned to the APP/PS1-ABw: (animal 1, 4, 7...), APP/PS1-ABoss (animal 2, 5, 8...) and
APP/PS1-pgs groups (animal 3, 6, 9...). All experimental procedures were conducted in accordance with
the European Community Council Directive 2010/63/UE and approved by local ethics committees
(CEtEA-CEA DSV IdF N°44, France) and the French Ministry of Education and Research, and in
compliance with the 3R guidelines. Animal care was supervised by a dedicated in-house veterinarian
and animal technicians. Human endpoints concerning untreatable continuous suffering signs and
prostrations were taken into account and not reached during the study. Animals were housed under
standard environmental conditions (12-hours light-dark cycle, temperature: 22 + 1°C and humidity:
50%) with ad libitum access to food and water. The design and reporting of animal experiments were
based on the ARRIVE reporting guidelines [40]. Sample size was based on previous experiments for AB

induction in APPswe/PS14e9 mice after inoculation of human brain extracts (estimated with significance

168



level of 5%, a power of 80%, and a two-sided test) [8] and increased to take into account uncertainties
for new markers (tau lesion load, memory and synaptic changes). No animals were excluded from the
study. MC was aware of initial group allocation, but further analyses (memory evaluations and post-

mortem studies) were performed blindly.

Stereotaxic surgery

Fifty micromolar of ABwt, ABosa Solution were rapidly thawed out before stereotaxic injection.

Two month-old APPswe/PS14es and wild-type littermates were anesthetized by an intraperitoneal
injection of ketamine (1mg/10g; Imalgéne 1000, Merial) and xylazine (0.1mg/10g; 2% Rompun, Bayer
Healthcare). Local anesthesia was also performed by a subcutaneous injection of lidocaine at the
incision site (1 pL/g; 0.5% Xylovet, Ceva). Mice were placed in the stereotaxic frame (Phymep) and
bilateral injections of brain samples were performed in the dentate gyrus (AP -2 mm, DV 1.8 mm, L +/-
2 mm from bregma). Two pl/site of sample were administered using 34-gauge needles and Hamilton
syringes, at a rate of 0.2ul/min. After the injection, needles were kept in place for 5 more minutes
before removal and the incision was sutured. The surgical area was cleaned before and after the
procedure using povidone iodine (Vétédine, Vétoquinol). Respiration rate was monitored and body
temperature was maintained at 37+0.5°C with a heating pad during the surgery. Anesthesia was
reversed with a subcutaneous injection of atipamezole (0.25 mg/kg; Antisedan, Vetoquinol). Mice
were placed in a ventilated heating box (25°C) and monitored until full recovery from anesthesia.
Postoperative anticipatory pain management consisted of paracetamol administration in drinking

water (1.45 mL/20mL of water; Doliprane, Sanofi) during 48 hours.

Behavioral evaluations

A novel object recognition task in a V-maze was used to investigate cognition at 4 mpi on ABwt-, ABosa-
and PBS-inoculated APPswe/PS14e9 mice. Wild-type littermates injected with PBS were used as controls
for the tests. Mice were handled for 2 minutes per day, for 5 days prior to any test to prevent stress
effects during tasks. Prior to each test, mice were habituated to the experimental room for 30 minutes.
The experimenter was blind to mouse groups. Performances were recorded using a tracking software
(EthoVision XT14, Noldus).

The V-maze arena consisted of two 6 cm-wide, 33.5 cm-long and 15 cm-high black arms forming a V
shape and exposed to 50 lux-lighting. The test was divided into three phases, each one separated by
24 hours. At the beginning of each session, mice were placed at the center of the arena, i.e. at the
intersection of the arms. During the habituation phase (day 1), mice were free to explore the empty
arena for 9 minutes. The distance traveled was automatically recorded as an indicator of their

exploratory activity. For the training phase (day 2), two identical objects (bicolor plastic balls) were
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placed at the end of each arm. Exploratory activity was evaluated as the time spent exploring the
objects (manually recorded) and the distance traveled during the 9-minute trial. On the test day (day
3), one familiar object (a bicolor plastic ball) was replaced by a novel one of a different shape and
material (a transparent glass flask). Recognition was assessed using a discrimination index, calculated

as follows:

. .. . . Time exploring the novel object—Time exploring the familiar object
Discrimination index = P g / P g the J /

Total exploration time

It reflects the time spent exploring each object, and therefore, the ability to discriminate a novel object
from a familiar, previously explored one. A low discrimination index score reveals that mice spent less
time exploring the new object, i.e. still had marked interest in the familiar object, and suggests that
memory was impaired. Between each run, the V-maze was cleaned with 10% ethanol, effectively

eliminating any scents from previous visits.

Animal preparation and MRI acquisition

Animals were scanned four months post-inoculations. Acquisitions were performed on anesthetized
mice with a combination of isoflurane 0.5% in a mix 0.5:0.5 of air:0, and medetomidine 0.3 mg/kg
bolus and 0.1 mg/kg/h infusion. Animals were freely-breathing and respiratory rate was monitored to
confirm animal stability until the end of the experiment. Body temperature was maintained by a water
heating system at 37°C. The MRI system was an 11.7 Tesla Bruker BioSpec (Bruker, Ettlingen, Germany)
using a Cryoprobe surface and running ParaVision 6.0.1. First, anatomical images were acquired using
a T2-weighted multi-slice multi-echo (MSME) sequence: TR = 1000 ms, TE = 5 ms, 6 echoes, inter-echo
time = 5 ms, FOV = 16 x 16 mm, 100 slices of 0.2 mm thickness, resolution = 200 um isotropic,
acquisition duration 10 minutes. Then, resting-state functional MRI (rs-fMRI) was acquired using a
gradient-echo echo planar imaging (EPI) sequences with repetition time (TR) =1000 ms, echo time (TE)
=10 ms, flip angle = 90°, volumes = 500, Field of view (FOV) = 22.5 x 15.4 mm, 12 slices of 0.5 mm
thickness, acquisition duration 7 minutes 30 seconds. Animals were scanned twice with this sequence.

For analysis, the two scans were merged.

MRI pre-processing and analysis

Scanner data were exported as DICOM files then converted into NIfTI-1 format. Then spatial pre-
processing was performed using the python module sammba-mri (SmAIl MaMmals BrAin MRI;
http://sammba-mri.github.io, [41]). First, spatial normalization of the anatomical images was
performed to generate a high-resolution template. Rs-fMRI images were corrected for slice timing
(interleaved), motion, and BO distortion (per-slice registration to respective anatomicals). Then, rs-

fMRIimages were co-registered to the high-resolution template of the DSURQE anatomical atlas (Dorr-
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Steadman-Ulman-Richards-Qiu-Egan (DSURQE) atlas, 182 structures, freely available at:
https://wiki.mouseimaging.ca/display/MICePub/Mouse+Brain+Atlases) [42-45]. Functional images
were further pretreated using Nilearn [46]. Nuisance signal regression was applied including a linear
trend as well as 24-motion confounds (6 motion parameters, those of the preceding volume, plus each
of their squares [47]). Images were then spatially smoothed with a 0.4 mm full-width at half-maximum
Gaussian filter. The first 10 volumes were excluded from analysis after the preprocessing to ensure

steady-state magnetization.

MRI analysis and statistics

Seeds in the right hemisphere were defined based on the DSURQE Dorr atlas using 0.3 mm? spheres,
corresponding to 25 voxels. The mean BOLD signal time-series within a seed were extracted and
regressed into individual scans to obtain correlation z-statistic maps using Nilearn. Voxelwise statistics
were carried out in FSL using nonparametric permutation tests (randomize) for comparison between
PBS- inoculated APPswe/PS1g4es and either ABwi- or ABosa-inoculated APPgye/PS14e9 (5000 permutations
and voxelwise correction). 3D representation of voxelwise statistical maps are shown as color-coded
t-statistics overlays on the DSURQE template at 0.04x0.04 x0.04 mm?® using MRIcroGL

(https://www.nitrc.org/projects/mricrogl/).

Animal euthanasia and brain preparation

Mice were sacrificed at 4 mpi, after MRI acquisition, with an intraperitoneal injection of a lethal dose
of pentobarbital (100 mg/kg; Exagon, Axience). They were perfused intracardially with cold sterile
0.1M PBS for 4 minutes, at a rate of 8 ml/min. The brain was extracted and separated in two
hemispheres. The left hemisphere was dissected in order to take out the hippocampus and the cortex.
Samples were directly deep-frozen into liquid nitrogen and stored at -80 °C for biochemical analysis.
For histology using, the right hemisphere was post-fixed in 4% paraformaldehyde for 48 hours at +4°C,
transferred into a 15% sucrose solution for 24 hours and in a 30% sucrose solution for 48 hours at +4°C
for cryoprotection. Serial coronal sections of 40 um were performed with a microtome (SM2400, Leica
Microsystem) and stored at -20°C in a storing solution (glycerol 30%, ethylene glycol 30%, distilled
water 30%, phosphate buffer 10%).

Mouse brain sample preparation for biochemical analyses

For amyloid protein extraction, deep-frozen brain tissue was dissociated with Collagenase D (2 mg/mL)
in Tris-buffer saline (20 mM Tris-HCl, 150 mM NaCl, pH 7.4) at 1:10 TBS volume:brain wet weight and
incubated at 37°C. Brains were further homogenized using a Dounce homogenizer with 20 strokes in

ice-cold quench buffer containing protease inhibitors (Complete, PMSF 1 mM) and phosphatase
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inhibitors (NasVOs 1 mM, NaF 10 mM). Sarkosyl (2%) were added to homogenates. Samples were
centrifuged for 30 min at 10,000 x g at 4°C. The resulting supernatant was further centrifuged for 1
hour at 100,000g in a 4°C TLA100.2 rotor on Beckman TL 100. The resulting supernatant called S100K
contained the sarkosyl-soluble fraction. Pellet (P100K) was washed twice in TBS and finally
resuspended in TBS at 1:10 TBS volume:brain wet weight. All samples were stored at -80°C until

analysis.

Western blotting and dot blotting

For western blot, samples were diluted in LDS (Lithium Dodecyl Sulfate) sample buffer (NuPage) and
sampling reducing agent in order to load 20 pug of proteins. After heating, samples were loaded on a 4-
12% Criterion™ XT Bis-Tris gel (Bio-Rad), migrated in XT MES Running Buffer (Bio-Rad) for 1 hour at 110
V and transferred onto 0.2 um nitrocellulose. For dot blot, 2uL of samples were directly loaded onto
0.2 um nitrocellulose. After 1 hour of blocking at room temperature, membranes were blotted
overnight at 4°C with primary antibodies 6E10 (Against human AB.16; Biolegend), APP-Cter-17 (against
the last 17 amino acids of the human APP sequence [36, 48], All (against oligomeric species,
ThermoFisher) and OC (anti-amyloid fibrils, Rockland). After rinse in TBS-T, membranes were incubated
with secondary antibodies for 1 hour at room temperature. Proteins were revealed using horseradish
peroxidase (HRP) and ECL™ Western Blotting Detection Reagent (G&E Healthcare). Quantifications of

protein expression levels were performed on Imagel Software.

Immunohistochemistry

AB deposits were evaluated using a 4G8 labeling. Tau was evaluated using labeling with AT8 directed
against hyperphosphorylated tau. Free-floating brain sections were rinsed in a 0.1M PBS solution (10%
Sigma-Aldrich® phosphate buffer, 0.9% Sigma-Aldrich® NaCl, distilled water) before use. Washing and
incubation steps were performed on a shaker at room temperature unless indicated otherwise.

4G8 labeling was performed after pretreating brain sections with 70% formic acid (VWR®) for 20
minutes at room temperature. AT8 labeling was performed after a pre-treatment with EDTA 1X citrate
(Diagnostic BioSystems®) for 30 minutes at 95°C. All tissues were then incubated in 30% hydrogen
peroxide (Sigma-Aldrich®) diluted 1/100 for 20 minutes to inhibit endogenous peroxidases. Blocking of
non-specific antigenic sites was achieved over 1 hour using a 0.2% Triton X-100/0.1M PBS (Sigma-
Aldrich®) (PBST) solution containing 4.5% normal goat serum or 5% bovine serum albumin. Sections
were then incubated at +4°C with the 4G8 (Biolegend 800706, 1/500) antibody diluted in a
3%NGS/PBST solution for 48h, or with the AT8 (Thermo MN1020B, 1/500) antibody diluted in a
3%NGS/PBST solution for 96h. After rinsing, an incubation with the appropriate biotinylated secondary

antibody diluted to 1/1000 in PBST was performed for 1h at room temperature, followed by a 1h
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incubation at room temperature with a 1:250 dilution of an avidin-biotin complex solution (ABC
Vectastain kit, Vector Laboratories®). Revelation was performed using the DAB Peroxidase Substrate
Kit (DAB SK4100 kit, Vector Laboratories®). Sections were mounted on Superfrost Plus slides (Thermo-
Scientific®). For the AT8 labellings, a cresyl violet counterstain was performed. All sections were then
dehydrated in successive baths of ethanol at 50°, 70°, 96° and 100° and in xylene. Slides were mounted
with the Eukitt® mounting medium (Chem-Lab®).

Stained sections were scanned using an Axio Scan.Z1 (Zeiss® - Z-stack images acquired at 20x (z-stacks
with 16 planes, 1um steps with extended depth of focus)). Each slice was extracted individually in the
.czi format using the Zen 2.0 (Zeiss®) software. Image processing and analysis were performed with
the Image) 1.53i software. Macros were developed for each staining in order to attain a reproducible
semi-automated quantification. Images were imported with a 50% reduction in resolution (0.44
um/pixel), converted to the RGB format and saved as .tif. The 4G8 immunostaining was highlighted by
color deconvolution with the H DAB vectors and by selecting the resulting DAB image. Then,
segmentation was performed through an automatic local thresholding using the Phansalkar method
(radius = 50). AB load was evaluated after quantification of the 4G8-labeled particles between 7 and
5,000 um?, and normalization to the surface area of each region of interest (ROI). The AT8
immunostaining was highlighted - after background subtraction (rolling ball, radius = 50) and contrast
enhancement (saturated pixels = 0.5%) - by color deconvolution with the H DAB vectors and by
selecting the resulting DAB image. Then, segmentation of the whole staining was performed through
an automatic local thresholding using the Phansalkar method (radius = 90). Non-specific staining from
vessels was also removed by performing a mask using the Sauvola (radius = 5) automatic local
threshold. Finally, the vessel mask was subtracted to the whole staining image to provide an AT8-
positive image from which tau loads were assessed by an evaluation of the percentage of AT8-positive
surface area in each ROL.

All quantifications were performed on adjacent slices between 1.98 mm and -4.36 mm from bregma.
Eighteen adjacent slices were analyzed for the 4G8 and ATS8 staining. All ROIs were manually
segmented using Imagel/FlJI, according to the Paxinos and Franklin neuro-anatomical atlas of mouse

brain [49].

Evaluation of synaptic density

Synaptic density was evaluated in the hippocampus (CA1) and the perirhinal/entorhinal cortex of all
inoculated mice using a double immunolabeling of presynaptic (Bassoon) and postsynaptic (Homer1)
markers. Free-floating sections were permeabilized in a 0.5% Triton X-100/0.1M PBS (Sigma-Aldrich®)
solution for 15 min. Slices were incubated with Bassoon (Abcam Ab82958, 1/200) and Homerl
(Synaptic systems 160003, 1/400) antibodies diluted in 3% BSA/PBST solution for 24 hours at RT.
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Incubation with secondary antibodies coupled to a fluorochrome (Alexa Fluor) diluted in a 3%
BSA/0.1M PBS solution was then performed for 1h at room temperature. Sections were rinsed and
mounted on Superfrost Plus (Thermo-Scientific®) slides with the Vectashield® mounting medium with
a refractive index of 1.45. Images of stained sections were acquired using a Leica DMI6000 confocal
optical microscope (TCS SPE) with a 40x oil-immersion objective (refractive index 1.518) and the Leica
Las X software. A confocal zoom of 3 and a pinhole aperture fixed at 1 Airy were applied. Acquisition
was performed in sequential mode with a sampling rate of 1024 x 1024 and a scanning speed of 700
Hz. Image resolution was 80 nm/pixel and the optical section was 0.896 pm. 26 separate planes with
a 0.2 um step were acquired. The excitation wavelengths were 594 nm or 633 nm. Image acquisition
in the dentate gyrus, CA1 and CA2/3 region was performed on 5 adjacent slices located between -1.58
mm and -3.40 mm from the bregma, with 3 images per slice. For the entorhinal cortex, 3 adjacent slices
located between -2.98 mm and -3.40 mm from the bregma were analyzed, with 2 images acquired per
slice. 3D deconvolution of the images was performed using the AutoQuant X3 software. The
deconvoluted 8-bit images were analyzed using the Imagel software, as described in Gilles et al [50].
Briefly, automated 3D segmentation of the presynaptic (Bassoon) and postsynaptic (Homer1) stained
deconvoluted images was performed using "3D spots segmentation" from ImagelJ (with "gaussian fit",

"block" and "no watershed" options; https://imagej.net/plugins/3d-segmentation). Co-localization of

overlapping objects was evaluated using "DiAna" from imagel (https://imagej.net/plugins/distance-

analysis). The percentage of colocalized objects was quantified as an index of synaptic density.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism software 9. For the behavioral tasks
analysis, Kruskal-Wallis tests with Dunn’s multiple comparisons were performed except when repeated
measures were acquired, in which case, a two-way repeated measures ANOVA with the Geisser-
Greenhouse correction and Dunnett’s multiple comparisons was carried out. For the post-mortem
analysis, Kruskal-Wallis tests with Dunn’s multiple comparisons tests were performed in order to
compare differences between inoculated mice. The significance level was set at p<0.05. Data are

shown on scattered dot plots with mean + standard error of the mean (SEM).

Data availability

The data that support the findings of this study are available from the corresponding author, upon

request.
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AB = amyloid-B; NFTs = Neurofibrillary tangles; AD = Alzheimer's disease; mpi = months post-
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SBA = Seed-based analysis
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Figure 1. Properties of wt and mutated AP assemblies. A. Overlay of DLS particle size distribution of
ABw: (red histogram) and AB.s. (green histogram). B. Representative electron microscopy images of
small and large particles in ABwt and ABosa solution. ABw: assembles into small fibrils whereas ABosa
assembles into larger structures. Scale bars: 100 nm. C. Kinetics of synthetic APi.4, aggregation

monitored by thioflavin T fluorescence in the absence and presence of ABw: and Ao seeds.
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Aggregation experiments were performed in triplicates. AB1-42 monomer concentration is 8 UM, in a PBS
buffer at 37°C with continuous agitation. The aggregation curves were normalized to maximal values of
ThT fluorescence at plateau. Symbols and error bars are the average and standard deviation,

respectively, of three independent kinetics experiments.
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Figure 2. Exposure to exogenous ABo.sa and ABw: differentially impaired synapses. A-B. Representative
images of primary cultures of cortical neurons expressing LA-GFP before (A), and after treatment for 24
hours with 100 nM of ABosa or ABw: (B). Top row wide field view, scale bar = 10 um; bottom row: dendrite
portions with mushroom spines (white arrows, scale bar =5 um). C. Quantification of total spine density
showed a reduction of total number of spines after treatment with ABssa and ABwt, compared to PBS
(34.7+3.1% for ABosa, p<0.0001; 14.143.4% for ABwt, p=0.0049). The spine loss was significantly more
severe in ABos. compared to ABw: (p=0.0048). D. Quantification of mushroom spine density showed a
reduction of the number of mushroom spines after treatment with ABw: and ABosa (respectively
p=0.0005 and p<0.0001). E. Quantification of thin spine density showed a reduction of the number of
mushroom spines after treatment with AB.s. (p<0.1) F. Stubby spine density was not modified after
treatment with the different AB seeds. n = 6 neurons from at least 3 different cultures. Data are shown
as mean * s.e.m. Kruskal-Wallis with Dunn’s multiple comparisons. *p<0.5, ** or ## p<0.05,

*%%<0.005, ****p<0.0005.
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Figure 3. Memory impairment of APPs../PSlis mice following AR inoculation. Novel object
recognition was evaluated in a V-maze at 4 months post-inoculation. A. Mice performance during the
training phase. Similar discrimination indexes were found for all groups when mice had to discriminate
two identical objects (p>0.05, Kruskal-Wallis with Dunn’s multiple comparisons). B. Distance moved
throughout 3 days of tests (exploration, training and probe-test days). Measurements revealed a time-
effect from day 1 to day 3 (F(1.49, 53.95) = 123.8, p<0.0005), but no differences between experimental
groups (p>0.05) (two-way repeated measures ANOVA with the Geisser-Greenhouse correction and
Dunnett’s multiple comparisons). C. Novel object recognition evaluated by the time spent on exploring
the objects (in seconds) highlighted group effects (p=0.02). Post-hoc analysis showed that the PBS-
inoculated wild-type mice group had a higher exploratory activity than PBS-inoculated APPswe/PS1deg
(p=0.02) while all groups of APPsye/PS14e mice had comparable exploratory activity (Kruskal-Wallis with
Dunn’s multiple comparisons). D. Object discrimination index. APPswe/PS14es mice inoculated with ABosa
spent less time exploring the novel object compared to PBS-inoculated WT mice or APPsye/PS14es mice
(group analysis using Kruskal-Wallis (p=0.0006) with post-hoc analysis using Dunn’s multiple
comparisons p=0.0008 and p=0.0046, for ABosa versus PBS-inoculated WT and APPsye/PS14es Mmice,

respectively). nwr-pes=10, Napp/ps1-pes=10, Nagwt=10, Nagosa=10 mice. Data are shown as mean £ s.e.m.
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Figure 4. ABosa inoculated animals displayed abnormal brain connectivity within hippocampal-
memory circuits. A. Mean hippocampus connectivity changes measured by resting-state functional
MRI. ABosa-inoculated group displayed a decreased hippocampus connectivity compared to PBS and
ABwt-inoculated mice at 4mpi (Kruskal-Wallis with Dunn’s multiple comparisons. group effect p=0.002;
p=0.006 and p=0.01 for AB.s.-inoculated group versus PBS or APwtinoculated mice). B. 3D
representation of the three brain regions -DG, CA1 and the entorhinal cortex- used for the seed-based
analyses (SBA). C. SBA-derived resting state networks found in PBS-inoculated APPye/PS14es are shown
for each seed (the white asterisk represents the location of the seeds where the signal was extracted).

D. Correlation maps of each seed. The color scale bar represents the strength of the functional
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correlation normalized with a fisher z-transformation. Black asterisks represent the location of the
seeds. Differences are found between groups in inter-hemispheric homotopic FC. E. Voxelwise
nonparametric permutation tests of FC correlation maps. ABosa-inoculated mice have a lower FC in the
hippocampus compared to PBS-inoculated mice (p < 0.001). The color scale bar represents the
statistical significant p-value. DG = dentate gyrus, Hipp = hippocampus, TE = temporal area, TEA=
temporal associative area, Per/Ect = perirhinal + ectorhinal cortex, Ins = Insular, Amg = amygdalar area,
Ent = entorhinal cortex, PCC = posterior cingulate cortex, SSC = primary somatosensory area, Str =

striatum. napp/ps1-pes=10, Nagwt=10, Nagosa=10 Mice.
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Figure 5. ABosa exacerbates long-term synaptotoxicity in vivo. A. Representative views of original
Bassoon/Homer images and segmented puncta in APPswe/PS14e9 mice. Scale bars main images: 20 um;
Insets: 5 um. B. Co-localisation puncta of Bassoon/Homer labels (white arrow). Scale bars main images:
5 um; Insets: 1 um. Quantification of synaptic density from Bassoon/Homer colocalization in the
dentate gyrus showed decrease of synaptic density in the dentate gyrus of AB.s,-inoculated
APPg,e/PS14es mice (C, overall effect: p<0.0001 (Kruskal-Wallis). Post-hoc evaluation with Dunn’s
multiple comparisons: ABgsa- versus PBS-inoculated APPsye/PSlges: p<0.0001; ABwt- versus APosa-
inoculated APPgye/PS14ee: p=0.003), and in their CA1 (D, overall effect: p=0.002 (Kruskal-Wallis). Post-

hoc evaluation with Dunn’s multiple comparisons: ABosa- versus PBS-inoculated animals: p=0.002).
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There were no changes in the different groups in the CA2/3 (E) and in the entorhinal cortex (F). napp/psi-

pes=10, Nagwt=10, Nagosa=10 mice. Data are shown as mean t s.e.m.
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Figure 6. Modulation of AB plaque load following inoculation of AB variants. Representative images

of 4G8 immunolabeling showing AB plaque deposition in the dorsal hippocampus (A-C), subiculum (D-

F) and entorhinal cortex (G-l) of APPswe/PS14es mice after PBS, ABwt or ABosa inoculation in the dentate

gyrus. J-L. Quantification of amyloid load (4G8-positive amyloid plaques per um?) in the dentate gyrus

(J), in the subiculum (K), and in the entorhinal cortex (L). ABosa increases AR plaque deposition in the

dentate gyrus (p=0.04), in the subiculum (p=0.02), in the entorhinal cortex (p=0.02). Kruskal-Wallis with

Dunn’s multiple comparisons. napp/ps1-pes=10, Nagwt=10, Naposa=10 mice. Data are shown as mean £ s.e.m.

Scale bars main images: 200 um; Insets: 20 um.
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Figure. 7. Tau pathology quantification at 4 mpi. Representative images of AT8 immunolabeling
showing neuritic plaques in the dorsal hippocampus (A-C, arrows) of APPswe/PS14e9 mice after PBS, ABwt
or ABosa inoculation in the dentate gyrus. Scale bars: 200 um. Magnified views show no difference in
the morphology of neuritic plagues between groups. Scale bars: 20 um. D-G. Quantification of AT8
staining (percentage of AT8-positive area). AT8-positive areas are similar between all groups in the
dentate gyrus (D), in the CA1 (E), in the subiculum (F) and in the entorhinal cortex (G). Kruskal-Wallis
with Dunn’s multiple comparisons. NAPP/PS1pgs=10, Nagwt=10, Nagosa =10 mice. Data are shown as mean

ts.e.m.
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Figure 8. APP proteolysis profiles and oligomerization of amyloid-p peptides at 4 mpi. A. Western-
blot analysis (6E10 Antibody) of total human APP and AP oligomeric species in sarkosyl-soluble extracts
of the hippocampus of APPswe/PS14es mice after PBS, ABwt or ABosa inoculation at 4mpi. Full length APP
runs at an apparent molecular size of 110kDa, oligomeric forms of AP are detected at 15kDa and 12kDa
B. Dot blot analysis for oligomeric species (A11) and fibrils (OC) in sarkosyl-soluble extract from the
hippocampus. C. Quantification of relative expression levels of A1l are presented. ABosa increased
oligomer forms compared to PBS- (p=0.0019), ABwt-inoculated (p=0.0106) APPsye/PS14es and WT mice
(p=0.0142). D. Quantification of relative expression levels of OC are presented. ABosa increased fibrils
compared to ABwe-inoculated (p=0.0038) APPswe/PS1l4es and WT mice (p=0.0118) E. Western-blot
analysis (APP-Cter-17 antibody) of total endogenous APP, APP-CTFs and tubulin in hippocampus lysates
(S100K fractions) obtained from wild-type and APPswe/PS14es mice after PBS, ABw: or ABosa inoculation.
Tubulin staining was used as a marker and loading control. F. Semi-quantification of B-CTF/C99 and a-

CTF/C83 (APP-Cter-C17 Antibody) [36]. Kruskal-Wallis with Dunn’s multiple comparisons. *p<0.5,
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**p<0.05, ***p<0.005, ****p<0.0005. NWTess=2, NAPP/PS1pes=4, Napwi=4, Nagosa =4 mice. Data are

shown as mean £ s.e.m.
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3. Protective effects of AB seeds

3.1 Context, objectives & abstract

Because of the clear implication of AB as the key initiator of the pathogenic process, at least in familial
AD, targeting A in various ways has been the major strategy in developing therapeutic approaches.
These include anti-AB antibodies, B- and B-secretase inhibitors, B -secretase modulators to selectively
lower AB.>, and AP aggregation inhibitors (Chen et al., 2017; Karran and De Strooper, 2022). None of
the above therapeutic strategies has led to substantial beneficial clinical effects. The discovery of
mutations on APP at the origin of the FAD has brought a lot to our understanding of the disease. The
Icelandic mutation (A673T), leading to a protective ABi.. expression, is characterized by the substitution
A to T of the second amino acid in the sequence of AB. This mutation protects humans from AD and
improves cognition in the elderly (Jonsson et al., 2012). ABice can associate with ABw: and promote the
formation of AB heterodimers (ABi./ABwt) that exhibit protective characteristic (Das et al., 2017, 2015).
Other mutations on the same amino-acid (A673V mutations) are also protective (Di Fede et al., 2016).
Mechanisms by which this mutation shifts toxicity profiles remain unknown. Understanding how
particular mutations on AB can modulate the cascade of events (including synaptic loss and Tau

pathologies) associated with AD is critical to investigate potential new therapies against AD.

In this second article, we aimed at evaluating the beneficial effect of protective AB on AD-associated
lesions in a transgenic mouse model of AD that produces high levels of AB. We reported that a single
intrahippocampal inoculation of protective ABic. can reverse the detrimental effect of endogenous AB
four months post-inoculation. The amount of Tau-positive neuritic plaques was significantly reduced
and spatial memory alteration were rescued. The beneficial effects were more associated with a
protective role of ABicc on synapses than with changes in amyloidosis levels. This finding mainly raises
the question about the relationship between ABice and Tau, that needs to be further investigated in
future studies. These questions are critical as they may shed light on the molecular mechanisms

involving AB in AD pathophysiology and may unveil new AD therapeutic targets.

3.2 Article

CELESTINE M., Jacquier-Sarlin M., Borel E., Petit F., Bousset L., Hérard AS., Buisson A., Dhenain M. A
protective form of AP rescues synaptic and cognitive impairments by reducing tau pathology in an

Alzheimer’s disease mouse model (In preparation)
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ABSTRACT

Background

In Alzheimer’s disease (AD), focal sporadic events can modulate the downstream pathology. A
particular mutation (A673T) of the amyloid precursor protein (APP) was identified among Icelandic
population, providing a protective effect against AD and age-related cognitive decline to APP;. carriers.
This APP mutation leads to reduced AP production. In addition, AB (with A2T change) issued from APP;ce
has the capacity to form protective heterodimers in association with wild type AB.,. Despite the
emerging interest in ABic during the last decade, the impact of ABi.. on events associated with the
amyloid cascade has never been reported.

Method

To address ABiccimpact we evaluated its effect on cortical neurons and the long-term effects of a single
inoculation of ABice in the hippocampus of transgenic mice (APPswe/PSl4es) overexpressing APi-az
peptide and presenting with AB plaques and Tau-positive neuritic plaques.

Results

Remarkably, ABi.. protects against endogenous AB-mediated synaptotoxicity. Interestingly, the single
intra-hippocampal inoculation of ABic rescued synaptic density and spatial memory losses four months
post-inoculation, compared to APw: inoculation. Although AP load was not modulated by Aic
intracerebral infusion, the amount of Tau-positive neuritic plaques was significantly reduced.
Conclusion

These results suggest that a single event as ABic inoculation can improve the fate of the pathology and
clinical outcome several months after the event. These new insights into ABi. influence on AD
pathological features open unexpected fields to develop innovative therapeutic strategies.
KEYWORDS

Alzheimer’s disease, Cerebral connectivity, Amyloid-B, AB Icelandic Memory, Synapses, Transmission
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BACKGROUND

Alzheimer’s disease (AD) is the most widespread cause of dementia in the world. The number of
patients has been predicted to double every 20 years. Thus, developing therapeutic strategies is an
urgent need for public health. AD is characterized by intracerebral accumulation of abnormal
proteinaceous assemblies made of amyloid-B (AB) peptides or Tau proteins. AB peptides arise from
the proteolytic cleavage of the amyloid precursor protein (APP), leading to monomers of AR that
progressively aggregate to form fibrillary AR deposits (AR plaques). Tau lesions occur in the form of
neuropil threads, neurofibrillary tangles (NFTs), and neuritic plaques, i.e. Tau aggregates within
neurites surrounding AB deposits. AD is also characterized by a progressive synaptic dysfunction
leading to cognitive deficits.

Recently, the whole-genome sequencing of the Icelander population revealed an “Icelandic” mutation
(A673T, "Ice") which protects against AD and age-related cognitive decline (Jonsson et al., 2012). The
alanine to threonine substitution in the codon 693 of APP gene occurs within the AR sequence close
to the B-secretase cleavage site of the APP. A widely advanced hypothesis to explain the protective
effect of APPic. is that the APP mutation leads to reduced AB production (Benilova et al., 2014; Jonsson
etal., 2012; Maloney et al., 2014). An alternative hypothesis relies on the capacity of ABic that displays
with A2T change to form protective heterodimers with wild type AB4z. Indeed, the ABice N-terminus is
engaged in interactions with central and C-terminal hydrophobic residues, leading to hydrophobic
burial which prevents AP aggregation and toxic oligomer formation (Das et al., 2017). Despite the
emerging interest in ABic. during the last decade, the impact of ABi.. on events associated with the
amyloid cascade has never been reported.

Previous studies in animal models indicated that the intracerebral infusion of either AB-positive AD
brain extracts (Eisele et al., 2009; Gary et al., 2019; Kane et al., 2000; Lam et al., 2022, 2021; Meyer-
Luehmann et al., 2006; Watts et al., 2014) or well-defined synthetic or recombinant AB1.40 or ABi.42
peptides (Stohr et al., 2014, 2012) induces build-up of AR deposits in their host several months after
the infusion. Long-term cognitive alterations and synaptic impairments were also shown in inoculated
animals (Gary et al., 2019; Lam et al., 2022, 2021). Taken together, these findings indicate that focal
sporadic events can modulate the downstream pathology. Here, the effects of ABi.. were evaluated on
cortical neurons and in transgenic mice (APPswe/PS14es) Overexpressing ABi.42 peptide and presenting
with AB plaques and Tau-positive neuritic plaques (Lam et al., 2022). First, we showed that ABic.
protects against endogenous AB-mediated synaptotoxicity. Interestingly, the single intra-hippocampal
inoculation of ABice rescued synaptic density and spatial memory, four months post-inoculation,
compared with ABw:inoculation. Although AR load was not modulated by ABic intracerebral infusion,

the amount of Tau-positive neuritic plaques was significantly reduced. These results suggest that a

196



single event as ABi.. inoculation can improve the fate of the pathology and clinical outcome several

months after the event and could pave the way for new therapeutic approaches.

RESULTS

ABice rescues synapses in vitro

Several studies have shown that AB induces synaptic dysfunction by altering synaptic activity (Ortiz-
Sanz et al., 2020; Tomiyama et al., 2010). We wondered whether ABi.. also modulate synaptic activity.
Long-term potentiation (LTP) was evaluated in wild-type mouse hippocampal slices after exogenous
application of AB seeds. ABwt and ABic. Were pre-incubated with slices for 15 min before the induction
of the LTP. One hour after 100 Hz electric stimulation-induced LTP, we observed an increase of 160+5%
in the average fEPSP slope in PBS (control) and ABi..—exposed slices, compared to a moderate increase
in ABwt-exposed slices (120+£5%; p = 0.0017). Thus, AR loses its toxicity when it bears the Icelandic
mutation, since ABw: acutely impaired synaptic functions in vitro, while ABi.. does not (Fig. 1A).

Then, we wondered if ABicc modulates synapse morphology and density. To model in vitro AB-
associated AD-like pathology, we used primary cortical neurons that overexpress APP transgene
bearing the Swedish mutation (APPsw.) leading to an overproduction of endogenous ABw.. We
compared spine morphology of APPsy. expressing cortical neurons alone and after a 24 hours ABice
exposition. As a control, we also imaged LifeActin-GFP (LA-GFP) cultured cortical neurons that do not
express the transgene (Fig. 1B). We analyzed thin, stubby and mushroom spine density (Fig. 1C-G).
While APPs.. expressing neurons exhibited a decrease in spine density, the exogenous application of
ABic.led to anincrease in the total spine density (Fig. 1C). This gain of spines was mainly due to a strong
increase in thin and stubby spine density (Fig. D-E) and was associated with an increase in mushroom
spine volume (Fig. 1G). These results indicate that a 24 hours exposition to ABi. rescues the

synaptotoxicity induced by the secreted A in APP. neurons.

A single inoculation of ABice promotes increase of synaptic density and spatial memory in mice

ABu: and ABice were inoculated in the dentate gyrus of the hippocampus of APPsye/PS14es mice at the
age of 2 months. Behavioral assessment of mice was performed 4 months post-inoculation (mpi). An
additional group of PBS-inoculated wild-type (WT) littermates was used as control. Spatial memory of
inoculated mice was evaluated using the Morris water maze. Because the purpose of this task is to
learn the location of a hidden escape platform thanks to stationary geometric cues, we ensure that
mice did not have visual deficiency using a visible platform (Fig. 2A). Then, 4-days training phase

allowed mice to learn the location of the hidden platform (training phase). The day of the probe test,

197



we removed the platform to assess mouse recall and we recorded the time spent in the quadrant of
the platform (target quadrant) versus the other quadrants. Mice from each group showed similar
spatial learning as suggested by comparable reduction of the time spent to find the hidden platform
over the training days (Fig. 2B). Spatial memory was evaluated 24 hours after training. Interestingly,
ABice-inoculated APPsye/PS14es and WT mice significantly spent more time in the target quadrant than
the other quadrants compared to PBS- or ABuw-inoculated APPgwe/PS14es. These results suggest that
spatial memory is impaired in 6-month-old APPsye/PS14e0 mice and that a single inoculation of ABice
leads to a rescue of spatial memory four months following the inoculation (Fig. 2E-F).

Mice were euthanized 4 mpi to evaluate cerebral lesions. First, we investigated synaptic density at the
inoculation site (hippocampus). Double immunolabeling of presynaptic (Bassoon) and postsynaptic
(Homer) markers was performed and the amount of colocalized puncta was quantified as an indicator
of synaptic integrity (Fig. 2G). The inoculation of ABw: had no impact on synaptic integrity, we showed
an increase of synaptic densities in the dentate gyrus and CA1 of ABice-inoculated APPswe/PS14es mice
(Fig. 2H-1) compared to APPswe/PS14e9 mice inoculated either with PBS or ABw:. Synapses in the CA2/3
region were not modulated (Fig. 2J). Taken together, these results indicate that the synapto-protective
effect of ABice shown on neurons in vitro is also detected after a single intra-hippocampal inoculation

and is associated with a recovery of spatial memory.

ABice reduces Tau pathology without affecting AB plague deposition

At 4 mpi, we detected AP deposits (Fig. 3A) and Tau-positive neuritic plaques (NPs) (Fig. 3E) in the
hippocampus and the cortex of all inoculated APPqye/PS14e0 mice. AB plaque load and morphology were
similar between groups in the hippocampus (Fig. 3B-C) and the cortex (Fig. 3D). Remarkably, the
quantification of overall AT8-labelled phospho-Tau (percentage of AT8-positive area) significantly
decreased in the hippocampus of ABic-inoculated APPswe/PS14es mice compared to APPswe/PS1des
inoculated with PBS or ABw: (Fig. 3F-G). The amount of Tau lesions in the cortex was similar between
groups (Fig. 3H). Taken together, these results suggest that protective effect of ABi. involves

mechanisms associated with a reduction of Tau pathology without affecting AB aggregation.

DISCUSSION

We showed that intracerebral inoculation of ABic.. seeds in the hippocampus of a mouse model of
amyloidosis rescues synaptic damages and spatial memory 4 months post-inoculation. Interestingly,
while the amyloid loads in the inoculum site or in the cortex was similar in ABicc and other experimental

groups, a significant reduction of Tau within the neuritic plaques was observed in ABi.-inoculated
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mice. These findings provide new insights into the ability of AR seeds to exhibit positive effects on the
course of AD-associated pathology and counteracts the negative effects induced by the

overproduction of endogenous ApB.

Abolition of anti-amyloidogenic properties of ABice

In vitro studies have revealed that the Icelandic mutation makes APP a less favorable substrate for
cleavage by BACE1 resulting in the reduction of amyloidogenic processing of APP and consequently a
reduction of AB production described in human carrier (Kokawa et al., 2015; Maloney et al., 2014).
Additionally, it was reported that ABic. decreases AP aggregation causing the absence of amyloid
plague in human carrier and experimental models (Benilova et al., 2014; Lin et al., 2017). In our study,
we did not find changes in cerebral amyloid load following a single ABic. inoculation at the inoculation
site or in others brain areas. Interestingly, we found beneficial effect on cognitive performance and
tau pathology four months post-inoculation. The mechanism by which ABic. shifts wild type AB toxicity
involved heterodimers formation with cross-interaction of both peptide (Das et al., 2017).-Here, we
cannot decipher whether such a mechanism has occurred, therefore further investigations on the

biological process of ABice-inoculated APPsy./PS14es are needed.

ABice inoculum confers neuroprotection

The main findings of our study is that ABicc modulates synapses. First, we showed that ABic. is not
neurotoxic as it did not modulate synaptic transmission. This result is consistent with several reports
showing nontoxic formation of small ABic. oligomers and inhibition of dodecamer formation (Zheng et
al., 2015). First, using in vitro methods, we showed that ABi.. protects synapses against AB-mediated
synaptoxicity in neuron cultures overexpressing wild type AB. One study has shown lower binding
affinity of ABicc oligomers on synaptic receptors (Limegrover et al., 2021). Results from our in vivo study
highlighted a long-term synaptic protection induced by a single ABic inoculation. As we did not
observed changes in amyloidosis, we suggested that protection associated with ABic. is not linked with
changes of AB plaque load. Still, we cannot completely abolish the possibility that AB-ABi. exert
protective impact on synapse just after inoculation. /n vitro incubation of ABice with wild type ABa4o and
ABa has been demonstrated to form smallest oligomeric aggregates that showed a decrease of
neurotoxicity (Benilova et al., 2014).

As we detected changes in Tau within neuritic plaque, another non-exclusive hypothesis is that
synaptic damage was shifted towards decreased Tau-mediated synaptic toxicity. Studies in animal
models have suggested that tau can induce synaptic deficits (Dejanovic et al., 2018; Hoover et al., 2010;

Pooler et al., 2014). Previously, our team has shown that the inoculation of AD-brain extracts in our
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mouse model worsens synaptic defects that were associated with the severity of Tau lesion (Lam et
al., 2022). Thus, in our study, reduction of Tau pathology induced by ABi.inoculation can be the culprit
event that changes the outcome of the disease progression. Further investigations will have to

decipher the relationships between ABic., Tau pathology and synapses.

CONCLUSION

As a conclusion we showed that a single inoculation of ABic. induces long term protection of synaptic
damage that were associated with rescue of spatial memory performance and reduction of Tau
pathology in a mouse model of amyloidosis. These results suggest that a single, sporadic event as ABice
inoculation can modulate the fate of the pathology and clinical outcome several months after the
event. Extrapolation of this discovery suggests that any event that modulates focally synaptotoxicity
and Tau-associated pathology in the time-course of AD can protect against AD. This study provides

new insights into new therapeutic approaches that could counteract AB-mediated toxicity

METHODS

Production of recombinant AB proteins

cDNAs of WT human APPgss and the Swedish mutant (APPsw.) were cloned into pmcherry-N1 vector
(Snapgene) using the BamHI and Agel restriction sites. Then, using overlapping PCR and the Infusion
Kit (Thermo Scientific) we generated the various APP mutant-mCherry plasmids as described by
manufacturer’s instructions. All constructions in pmCherry vector were verified by sequencing.

To make the plasmids for the fusion protein AB(His) of wild-type human B-amyloid 1-42 protein (ABwt)
or ABice mutant (A2T), the cDNA containing the sequence for human AB1-42 was obtained from synthetic
oligonucleotides (Sigma, Lyon, France) - containing a Ndel restriction site as forward primers and a
PspXI restriction site as reverse primers - using overlapping PCR. PCR products were then cloned into
a pet28a-vector (Novagen, Paris, France) and subsequently constructed as various mutant HIS-AB1.42
expressing plasmids (pet28a-ABHis or pet28a-AB(His)ice: A2T). The resulting plasmids were verified by
sequencing. Escherichia Coli BL21 (DE3) was transformed with the fusion protein plasmids and a single
colony was chosen to grow in a 250 mL starter culture in Luria broth (LB medium) overnight at 37°C.
The next day, 10 mL of culture was diluted in 1L LB culture medium. When the culture reached an
0OD600nm of 0.8, isopropyl-beta-D-thiogalactopyranoside (IPTG) was added to 1 mM for induction. The
culture was grown for an additional 4 h and the cells harvested by centrifugation at 4000g for 20 min.
The pellet was re-suspended in 10 mL ice-cold PBS and lysed by sonication at ice-cold temperature.

The cell extract was then centrifuged at 20,000g for 15 min at 4°C. The pellet was re-suspended in 10
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mL of 8 M urea in PBS and sonicated as previously described before centrifugation at 20,000g for 15
min at 4°C. The supernatant (5 mL) was diluted with 15 mL of binding buffer (PBS with 10 mM imidazole
at pH 8.0). Before affinity purification using nickel-nitriloacetic acid (Ni-NTA) column (3 mL of protino
Ni-NTA Agarose from Macherey Nagel), samples were filtered on 0.45 um. The Ni-NTA column was
equilibrated with binding buffer prior to loading the sample on the column. Then the column was
washed with the washing buffer (PBS with 30 mM imidazole at pH 8.0) with 5-10 column volumes. The
protein was then eluted with the elution buffer (PBS with 500 mM imidazole at pH 7.4). The absorbance
at 280 nm was used to monitor the elution but the concentration of the fusion proteins was estimated
by comparing the intensity of the band of the protein on SDS-PAGE with that of known quantity of BSA
(Sigma, Lyon, France). A final concentration of 100 uM was obtained and aliquots were stored at -80°C.
Aliquots from all subsequent purification steps were analysed by SDS-PAGE, and the identity of AB1-a2
and mutants was verified by western blots using 4G8 monoclonal antibodies against AB sequence

(4G8).

Lentivirus production

Lentiviruses were produced in HEK293T cells from the following plasmids: pLenti-APPswe-mCherry, .
To generate infectious lentiviral particles, sequences of various human APP695 mutants were cloned
into pLenti-C-mCherry vector. pLenti-C mCherry vector was a gift from Dr Christophe Bosc (Grenoble
Institute of Neuroscience) and was derived from pLenty-C-mGFP (Snapgene). psPAX2 is a packaging
plasmid encoding HIV-1 gag/pol sequences under the control of a SV40 promoter (Addgene plasmid #
12259). pCMV-VSV-G is an envelope-expressing plasmid encoding for VSV-G glycoprotein under the
control of a CMV promoter (Addgene plasmid # 8454).

For the virus production, cells were transfected using Ca2+- phosphate in cell culture dishes (100 x 15
mm) with a given lentiviral plasmid and the two helper plasmids psPAX2 and pCMV-VSV-G. Six hours
after transfection, the medium was changed to remove transfection reagent in the conditioned
medium to which the virus is secreted. 48 h after transfection conditioned medium was spun at 250g
for 5 min at 4°C before being collected and filtered using a 0.45 um sterile filter (Sarstedt, Nuembrecht,
Germany). Then virus particles were pelleted by ultra-centrifugation for 2 h at 4 °C and 20,000 rpm in
a Beckman SW32Ti swinging bucket rotor. Supernatant was discarded and virus was suspended in PBS
(X100 concentrated according to the initial volume of supernatant) and aliquots of the viral solution
were snap-frozen in liquid nitrogen before storage at -80°C until use. Lentivirus titration was
performed by FACS analysis after viral transduction of HEK293T and was estimated around 2 108
ul/mL.
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For viral transduction, lentiviral solutions were diluted (1:10) in complete culture medium and 50 pL
of the diluted preparation were added to the culture medium of a 24-well plate (for human neuronal

cultures). Cell culture supernatant or lysates were harvested 48 h to 72 h post-infection.

Primary cultures of cortical neurons

Mouse cortical neurons were cultured from 14- to 15-d-old OF1 embryos (Charles River) as described
previously (Léveillé et al., 2008). After extraction of the embryonic brains, the cerebral membranes
were removed and the cortices were dissected, mechanically dissociated and cultured in Dulbecco’s
Modified Eagle’s Medium supplemented with 5% horse serum, 5% foetal bovine serum and 1mM
glutamine (all from Sigma) on 24-well plates (Falcon; Becton Dickinson) for biochemical experiments.
Neurons were seeded on 35 mm glass-bottom dishes (MatTek) for confocal experiments. All plates,
dishes, and coverslips were coated with 0.1 mg/mL poly-D-lysine and 0.02 mg/mL laminin (Sigma).
Cultures were maintained at 37°C in a humidified atmosphere containing 5% C02/95% air. After 3—-4
days in vitro (DIV), cytosine arabinoside (AraC, 10 uM; Sigma) was added to inhibit proliferation of non-
neuronal cells in cultures used for biochemistry experiments; 98% of the cells were considered as
neuronal. The day before the experiments, cells were washed in DMEM. Treatments were performed

on neuronal cultures at 14-15 DIV.

Endotoxin assay

Endotoxin content of AP solutions was detected using a kinetic Limulus amebocyte lysate (LAL)
chromogenic endotoxin quantitation kit (Thermo Scientific). In brief, 50 uM of AR solution was
prepared in PBS and was transferred to a sterile 96-well plate prewarmed to 37°C. LAL (0.1 mL, room
temperature) was quickly added to each well. Detection relied on standards supplied in the kit with
the range from 0.10 to 1 EU/ml and on positive and negative controls that were performed at the same
time as the samples. Endotoxin concentrations were determined by measuring kinetic absorbance at

405 nm at 37°C following the instructions of the manufacturer, in a Spark plate reader (Tecan).

Transgenic mice

Mouse experiments involved the APPg./PS14s mouse model of amyloidosis (C57Bl6 background)
(Garcia-Alloza et al., 2006). AB plaques can be detected as early as 4 months of age in these mice and
increase in number and total area with age (Garcia-Alloza et al., 2006). This model expresses
endogenous murine Tau protein isoforms and is not transgenic for any human Tau. At the time of the
inoculation of ABwt, ABice OF PBS, at 2 months of age, these mice did not have AB plaques. Animals were
studied for 4 months after intracerebral inoculation of the peptides (at 4 post-inoculation (mpi)

respectively, narp/psi-wi=10, Napp/psi-osa=12, Narpsesi-pps=12). Wild-type littermates injected with the PBS
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were used as controls for the behavioral tests (nwr.pps=10). All APPswe/PS14es and WT littermates were
born and bred in our center (Commissariat a I’'Energie Atomique, centre de Fontenay-aux-Roses;
European Institutions Agreement #B92-032-02). Females were exclusively used in this study in order
to optimize group homogeneity (AB plaque load is known to vary between males and females). Mice
were injected during different inoculation sessions and each group was randomly inoculated at each
session to avoid an "order of treatment" confounding effect. All animals were randomly assigned to
the experimental groups using a simple procedure, they were identified using increasing numbers
based on their birthdate. Animals with increasing numbers were alternatively assigned to the APP/PS1-
wt (animal 1, 4, 7...), APP/PS1-ice (animal 2, 5, 8...) and APP/PS1-pbs groups (animal 3, 6, 9...). All
experimental procedures were conducted in accordance with the European Community Council
Directive 2010/63/UE and approved by local ethics committees (CEtEA-CEA DSV IdF N°44, France) and
the French Ministry of Education and Research (A20_017 authorization), and in compliance with the
3R guidelines. Animal care was supervised by a dedicated in-house veterinarian and animal
technicians. Human endpoints concerning untreatable continuous suffering signs and prostrations
were taken into account and not reached during the study. Animals were housed under standard
environmental conditions (12-h light-dark cycle, temperature: 22 + 1°C and humidity: 50%) with ad
libitum access to food and water. The design and reporting of animal experiments were based on the
ARRIVE reporting guidelines (Percie du Sert et al., 2020). Sample size was based on previous
experiments for AB induction in APPse/PS14:0 mice after inoculation of human brain (estimated with
significance level of 5%, a power of 80%, and a two-sided test) (Gary et al., 2019) and increased to take
into account uncertainties for new markers (Tau lesion load, memory and synaptic changes). No
animals were excluded from the study. MC was aware of initial group allocation, but further analyses

(memory evaluations and post-mortem studies) were performed blinded.

Stereotaxic surgery

Fifty micromolar of ABwt, ABice solution were rapidly thaw out before stereotaxic injection.

Two month-old APPswe/PS14es and wild-type littermates were anesthetized by an intraperitoneal
injection of ketamine (1mg/10g; Imalgene 1000, Merial) and xylazine (0.1mg/10g; 2% Rompun, Bayer
Healthcare). Local anesthesia was also performed by a subcutaneous injection of lidocaine at the
incision site (1 pl/g; 0.5% Xylovet, Ceva). Mice were placed in the stereotaxic frame (Phymep) and
bilateral injections of brain samples were performed in the dentate gyrus (AP -2 mm, DV 1.8 mm, L +/-
2 mm from bregma). Two pl/site of sample were administered using 34-gauge needles and Hamilton
syringes, at a rate of 0.2ul/min. After the injection, needles were kept in place for 5 more minutes
before removal and the incision was sutured. The surgical area was cleaned before and after the

procedure using povidone iodine (Vétédine, Vétoquinol). Respiration rate was monitored and body
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temperature was maintained at 37+0.5°C with a heating pad during the surgery. Anesthesia was
reversed with a subcutaneous injection of atipamezole (0.25 mg/kg; Antisedan, Vetoquinol). Mice
were placed in a ventilated heating box (25°C) and monitored until full recovery from anesthesia.
Postoperative anticipatory pain management consisted of paracetamol administration in drinking

water (1.45 ml/20ml of water; Doliprane, Sanofi) during 48 hours.

Behavioral evaluations

The Morris water maze task was used to investigate spatial memory at 4 mpi on ABwt., ABice-, and PBS-
inoculated APPswe/PS14es mice. Wild-type littermates injected with PBS were used as controls for the
tests. Mice were handled for 2 minutes per day, for 5 days prior to any test to prevent stress effects
during tasks. An open 122 cm-wide circular swimming arena was maintained at 22°C and exposed to a
400 lux-lighting. The test consisted of three phases during which the arena was divided into four
artificial quadrants. At the end of each session, mice were dried with a heated towel before returning
to their home cages. During the habituation phase (day 1), mice were trained to find a visible platform
to escape from the water. To facilitate its detection, the platform was emerged 0.5 cm above the
surface of the water and a colorful cue was placed on it. This phase consisted in fou 60-second trials,
with an inter-trial interval (ITl) of 20-30 minutes. For each trial, the starting point was different as well
as the location of the platform. When the mice did not find the platform within the 60 seconds, they
were guided to its location and were left on the platform to rest for 30 seconds. The training phase
(day 2 to 5) consisted in three daily 60-seconds trials, with 20-30 minutes ITI, for four days. For each
trial, the starting point was different whereas the location of the platform remained the same. The
platform was hidden 0.5 cm beneath the water surface and the cue previously placed on it was
removed. Visual cues were placed around the maze so that mice could spatially navigate to the
platform. When the mice did not find the platform within the 60 seconds, they were guided to its
location and were left on the platform to rest for 30 seconds. All trials lasts 60 seconds or until the
animal located the platform. Escape latency, i.e the time required to find the platform, was evaluated
during the habituation and the training phases to assess learning abilities. A probe test (day 6) was
performed 24 hours after the last training session to assess spatial long-term memory. During this
phase, the platform was removed from the maze. Mice were placed in the water for 60 seconds from

a position opposite to the platform. The time spent in each virtual quadrant of the maze was recorded.

Animal euthanasia and brain preparation

Mice were euthanized at 4 mpi, after the behavioral tests, with an intraperitoneal injection of a lethal
dose of pentobarbital (100 mg/kg; Exagon, Axience). They were perfused intracardiacally with cold

sterile 0.1M PBS for 4 minutes, at a rate of 8 ml/min. The brain was extracted and separate in two
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hemisphere. The left hemisphere was dissected in order to take out the hippocampus and the cortex.
Samples were directly deep-frozen into liquid nitrogen and stored at -80 °C for biochemical analysis.
For histology using, the right hemisphere was post-fixed in 4% paraformaldehyde for 48 hours at +4°C,
transferred into a 15% sucrose solution for 24 hours and in a 30% sucrose solution for 48 hours at +4°C
for cryoprotection. Serial coronal sections of 40 um were performed with a microtome (SM2400, Leica
Microsystem) and stored at -20°C in a storing solution (glycerol 30%, ethylene glycol 30%, distilled
water 30%, phosphate buffer 10%).

Immunohistochemistry

AB deposits were evaluated using a 4G8 labelling. Tau was evaluated using labelling with AT8 directed
against hyperphosphorylated Tau. Free-floating brain sections were rinced in a 0.1M PBS solution (10%
Sigma-Aldrich® phosphate buffer, 0.9% Sigma-Aldrich® NaCl, distilled water) before use. Washing and
incubation steps were performed on a shaker at room temperature unless indicated otherwise.

4G8 labelling was performed after pretreating brain sections with 70% formic acid (VWR®) for 20 min
at room temperature. AT8 labellings were performed after a pre-treatment with EDTA 1X citrate
(Diagnostic BioSystems®) for 30 min at 95°C. All tissues were then incubated in 30% hydrogen peroxide
(Sigma-Aldrich®) diluted 1/100 for 20 min to inhibit endogenous peroxidases. Blocking of non-specific
antigenic sites was achieved over 1 hour using a 0.2% Triton X-100/0.1M PBS (Sigma-Aldrich®) (PBST)
solution containing 4.5% normal goat serum or 5% bovine serum albumin. Sections were then
incubated at +4°C with the 4G8 (Biolegend 800706, 1/500) antibody diluted in a 3%NGS/PBST solution
for 48h, or with the AT8 (Thermo MN1020B, 1/500) antibody diluted in a 3%NGS/PBST solution for
96h. After rinsing, an incubation with the appropriate biotinylated secondary antibody diluted to
1/1000 in PBST was performed for 1h at room temperature, followed by a 1h incubation at room
temperature with a 1:250 dilution of an avidin-biotin complex solution (ABC Vectastain kit, Vector
Laboratories®). Revelation was performed using the DAB Peroxidase Substrate Kit (DAB SK4100 kit,
Vector Laboratories®). Sections were mounted on Superfrost Plus slides (Thermo-Scientific®). For the
AT8 labellings, a cresyl violet counterstain was performed. All sections were then dehydrated in
successive baths of ethanol at 50°, 70°, 96° and 100° and in xylene. Slides were mounted with the
Eukitt® mounting medium (Chem-Lab®).

Stained sections were scanned using an Axio Scan.Z1 (Zeiss® - Z-stack images acquired at 20x (z-stacks
with 16 planes, 1um steps with extended depth of focus)). Each slice was extracted individually in the
.czi format using the Zen 2.0 (Zeiss®) software. Image processing and analysis were performed with

the Imagel software. Macros were developed for each staining in order to attain a reproducible semi-
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automated quantification. Images were imported with a 50% reduction in resolution (0.44 um/pixel),
converted to the RGB format and compressed in .tif format. For the 4G8 immunostainings,
segmentation was performed through an automatic local thresholding using the Phansalkar method
(radius = 15). AB load was evaluated after quantification of the 4G8-labelled particles between 8 and
2,000 um?, and normalization to the surface area of each ROI. For the AT8 staining, the blue component
of each image was extracted to remove the cresyl violet counter-staining from the analysis. AT8-
positive tau loads were assessed following an automatic local thresholding of the staining with the
Phansalkar method followed by an evaluation of the percentage of AT8-positive surface area in each
ROI.

In APPswe/PS14es mice, tau lesions occur in the form of neuritic plaques i.e. tau aggregates within
neurites surrounding AB deposits. In addition for the AT8 immunostaining, a quantification of neuritic
plagues and NFTs was performed by manual counting. The AT8-positive area stained within neuritic
plagues was evaluated by drawing circular regions of interest (with a constant area of 6um?), and by
quantifying the percentage of tau-positive regions within each ROI, using the same thresholding
method as previously described. A semi-quantitative analysis of neuropil threads was also performed
by assigning a severity score based on the intensity and extent of AT8-positive staining in each ROI. All
quantifications were performed on adjacent slices between -0.34 mm and -4.36 mm from bregma. Ten
adjacent slices were analyzed for the 4G8 and AT8 staining. All ROIs were manually segmented using

the Paxinos and Franklin neuro-anatomical atlas of mouse brain (Paxinos, 2001).

Evaluation of synaptic density

Synaptic density was evaluated in the hippocampus (CA1) and the perirhinal/entorhinal cortex of all
inoculated mice using a double immunolabelling of presynaptic (Bassoon) and postsynaptic (Homerl)
markers. Free-floating sections were permeabilized in a 0.5% Triton X-100/0.1M PBS (Sigma-Aldrich®)
solution for 15min. Slices were incubated with Bassoon (Abcam Ab82958, 1/200) and Homerl
(Synaptic systems 160003, 1/400) antibodies diluted in 3% BSA/PBST solution for 24 hours at +4°C.
Incubation with secondary antibodies coupled to a fluorochrome (Alexa Fluor) diluted in a 3%
BSA/0.1M PBS solution was then performed for 1h at room temperature. Sections were rinsed and
mounted on Superfrost Plus (Thermo-Scientific®) slides with the Vectashield® mounting medium with
a refractive index of 1.45. Images of stained sections were acquired using a Leica DMI6000 confocal
optical microscope (TCS SPE) with a 63x oil-immersion objective (refractive index 1.518) and the Leica
Las X software. A confocal zoom of 3 and a pinhole aperture fixed at 1 Airy were applied. Acquisition
was performed in sequential mode with a sampling rate of 1024 x 1024 and a scanning speed of 700
Hz. Image resolution was 60 nm/pixel and the optical section was 0.896 pm. 26 separate planes with

a 0.2 um step were acquired. The excitation wavelengths were 594 nm or 633 nm. Image acquisition
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in the CA1 region was performed on 4 adjacent slices located between -1.82 mm and -3.28 mm from
the bregma, with 2 images per slice. For the perirhinal/entorhinal cortex, 3 adjacent slices located
between -3.28 mm and -4.24 mm from the bregma were analyzed, with 2 images acquired per slice.
3D deconvolution of the images was performed using the AutoQuant X3 software. The deconvoluted
8-bit images were analyzed using the Imagel software. Briefly, automated 3D segmentation of the
presynaptic (Bassoon) and postsynaptic (Homer1) stained deconvoluted images was performed using
"3D spots segmentation" from Imagel) (with "gaussian fit", "block" and "no watershed" options;

https://imagej.net/plugins/3d-segmentation). Co-localization of overlapping objects was evaluated

using "DiAna" from imagel (https://imagej.net/plugins/distance-analysis). The percentage of

colocalized objects was quantified as an index of synaptic density.

Electrophysiology recordings

Horizontal brain slices containing the somatosensory cortex were prepared from 20 to 30 day-old
SWISS mice. Mice were cervically dislocated and immediately decapitated. Their cortices were
dissected out and 300 um thick transverse slices were cut in ice-cold cutting solution (in mM: KCI 2.5,
NaH2P04 1.25, MgS04 10, CaCl2 0.5, NaHCO3 26, Sucrose 234, and Glucose 11, saturated with 95%
02 and 5% C02) with a Leica VT1200 blade microtome. After the dissection, slices were kept in
oxygenated ACSF at 37+1 °C for at least 1 h.

Slices were visualized in a chamber on an upright microscope with transmitted illumination and
continuously perfused at 2 ml/min with oxygenated Artificial Cerebro-Spinal Fluid (ACSF in mM: 119
NaCl, 2.5KCl, 1.25 NaH2P04, 1.3 MgS04, 2.5 CaCl2, 26 NaHCO3, and 11 Glucose) at room temperature.
Stimulating electrodes (bipolar microelectrodes) were placed in the stratum radiatum to stimulate the
Schaffer collaterals pathway. Field EPSPs (fEPSPs) were recorded in the stratum radiatum using a
recording glass pipette filled with ACSF and were amplified with an EPC 10 Amplifier Patchmaster
Multi-channel (HEKA Elektronik Dr. Schulze GmbH, Wiesenstrasse, Germany). Recordings were filtered
at 1 kHz using the Patchmaster Multi-channel data acquisition software (HEKA Elektronik Dr. Schulze
GmbH, Wiesenstrasse, Germany. The initial slope of the fEPSPs was measured to avoid population
spike contamination. For LTP experiments, test stimuli (0.2 ms pulse width) were delivered once every
15 s and the stimulus intensity was set to give baseline fEPSP slopes that were 50% of maximal evoked
slopes. Slices that showed maximal fEPSP sizes < 1mV were rejected. Long-term potentiation (LTP) in
the hippocampal CA1 region was induced by delivering two 100 Hz protocols (2 x 100 Hz) with an
interval of 20 seconds to the Schaffer collateral/commissural pathway. APx peptides were added to
the ACSF bath (final concentration of ABx: 100 nM) 15 minutes prior to recording. 2 x 100 Hz was

delivered after 15 minutes of stable baseline.
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Statistical analysis

Statistical analysis was performed using the GraphPad Prism software 9. For the behavioral tasks
analysis, Kruskal-Wallis tests with Dunn’s multiple comparisons were performed except when repeated
measures were acquired, in which case, a two-way repeated measures ANOVA with the Geisser-
Greenhouse correction and Dunnett’s multiple comparisons was carried out. For the post-mortem
analysis, Kruskal-Wallis tests with Dunn’s multiple comparisons tests were performed in order to
compare differences between inoculated mice. The significance level was set at p<0.05. Data are

shown on scattered dot plots with mean + standard error of the mean (s.e.m).

Data availability

The data that support the findings of this study are available from the corresponding author, upon

request.
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AB = amyloid-B; AD = Alzheimer's disease; mpi = months post-inoculation; WT = wild-type.
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FIGURES

Figure 1. Exogenous application of APic. protected against AB-mediated synaptic
alterations. A. Left panel: Long-term potentiation (LTP) in the hippocampal CA1 region was induced
by delivering two 100 Hz protocols (2 x 100 Hz) with an interval of 20 seconds to the Schaffer
collateral/commissural (sc) pathway. ABx peptides were added to the artificial CSF bath 15 minutes
prior to recording. Right panel: The 2 x 100 Hz was delivered after 15 minutes of stable baseline. Each

point on the graph represents the mean + SEM. While ABic. did not modulate LTP (p>0.9999), ABw:
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decreased LTP (**p=0.0017) when comparing the last 10 time points of fEPSP slope (% of baseline) to
control conditions (Ctrl; without AB treatment). n = at least 5 slices per condition. B. Top row:
Representative images of cultured cortical neurons expressing LA-GFP, respectively from left to right,
after a 24 hours incubation with buffer (vehicle, APPswe) or 100 nM of ABic. (scale bar = 10 um). Bottom
row: Dendrite portions with less mushroom spines (white arrows) in APPsy. neurons but not after 24
hours incubation with ABic. (scale bar = 5 um). C. Quantification of total spine density (mean + SEM)
showing a reduction of total number of spines in APPye (****p<0.0001 compared to vehicle) and a
recovery after treatment with ABice (****p<0.0001 compared to vehicle; *p<0.01 compared to
APPe). Quantification of (D) thin spine and (E) stubby spine density showing a reduction of thin and
stubby spine number in APPsye (****p<0.0001 compared to vehicle) and an increase of both after
treatment with ABice (****p<0.0001 compared to vehicle). F. Quantification of mushroom spine
density being similar between conditions. G. Quantification of mushroom spine volume showing an
increase after treatment with ABice (****p<0.0001 compared to APPswe). Kruskal-Wallis with Dunn’s
multiple comparisons. N = 6 neurons from at least 3 different cultures. Data are shown as mean %

s.e.m.
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Figure 2. ABice intra-hippocampal infusion rescued spatial memory and increased synaptic
density. Spatial memory was evaluated using Morris water maze task at 4 months post-inoculation.
A. During the visible platform phase, escape latencies decreased across the four trials (F.950,177.0) =
11.76, p<0.0001****; two-way repeated measures ANOVA with the Geisser-Greenhouse correction
and Dunnett’s multiple comparisons). No difference was observed between the groups (F(4,63)=0.07,
p=0.9891; two-way repeated measures ANOVA with the Geisser-Greenhouse correction and
Dunnett’s multiple comparisons). (B-C) WT mice and APPsye/PS14ee mice inoculated with PBS, ABwt
or ABice had comparable learning abilities, as suggested by the decrease of time to find the platform
(B) (for the days: F(1.69, s298) =18.65; p<0.0005***; two-way repeated measures ANOVA with the
Geisser-Greenhouse correction and Dunnett’s multiple comparisons) and the distance moved (C)

(for the days: Fi2.804, 101.3) = 20.74, p<0.0005***; two-way repeated measures ANOVA with the
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Geisser-Greenhouse correction and Dunnett’s multiple comparisons) throughout the 4 training day.
D. The distance moved during the probe test was similar between groups. E. During the probe test
evaluating spatial memory, the time spent in the target quadrant (TQ) was significantly higher than
the time spent in the opposite one (0Q) in WT mice (p=0.0379*) and ABic-inoculated APPgye/PS14es
mice (p=0.0031**). F. Representative heatmap images of probe test. Increased red color intensity
represents increased time spent in a given location. Conversely, a cooler color indicates a shorter
time spent in the location. The target quadrant is represented. Unlike WT animals, PBS and ARt
inoculated APPswe/PS14e0 mice were unable to find the target platform. ABic. rescued this phenotype.
G. Representative views of original Bassoon/Homer segmented and co-localized puncta (white
arrow). (H-J). An increase in synaptic density is observed in ABic-inoculated mice in the dentate
gyrus (H) and the CA1 (), compared to PBS- and AButinoculated mice as suggested by a higher co-
localized puncta ratio between Bassoon and Homer synaptic markers. (H; p<0.0001**** Kruskal-
Wallis with Dunn’s multiple comparisons: PBS- versus ABice-inoculated APPsye/PS14es: p=0,0052%*
and ABut- versus ABice-inoculated APPswe/PS14eo: p=0,0316*) (I; p=0,0132* Kruskal-Wallis with Dunn’s
multiple comparisons: ABu- versus ABice-inoculated APPsye/PS14eo: p=0,0131%). Synaptic density in
the CA2/3 (J) are similar between groups (p=0,0104; Kruskal-Wallis with Dunn’s multiple

comparisons).
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Figure. 3. ABice reduced tau pathology without affecting amyloid load. A. Representative
images of 4G8 immunolabelling showing AB plague deposition in the brain of APPgye/PS14e0 mice after
PBS, ABw: or ABicc inoculation in the dentate gyrus. B. Representative images of AB plaque deposition
in the hippocampus. Magnified views showed no difference in the morphology of AB plaques between
groups. (C-D) Quantification of amyloid load (4G8-positive AB plaques per um?) revealed no difference
between groups in the hippocampus (C, p=0.0874) and in the cortex (D, p=0.2315). E. Representative
images of AT8 immunolabelling showing neuritic plaques in the brain of APPe/PS14es mice after PBS,
ABwt or ABice inoculation in the dentate gyrus. F. Representative images of Tau-positive neuritic plaque
in the hippocampus. Magnified views showed no difference in the morphology of neuritic plaques
between groups. (G-H) Quantification of overall AT8-labelled phospho-tau (percentage of AT8-
positive area) revealed decrease of AT8-positive area in the hippocampus (G) of ABi.-inoculated
APPgwe/PS14e9 mice compared to PBS- (p=0.0018) and ABw-inoculated (p=0.0029) APPswe/PS14es mice.
Kruskal-Wallis with Dunn’s multiple comparisons. nAPP/PS1pgs=14, napw=14, Nagice =14 mice. Data are

shown as mean t s.e.m.
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4. Complementary data

4.1 Context, objectives & abstract

In this section, we integrated complementary data that were not included in the two last articles. We
first confirmed the modulation of B-amyloidosis by AB seeds using different amyloid immunolabelling
that target AP fibrils and dense-core plaques. We conducted a multimodal MRI study that allows to
evaluate the impact of different AB seeds on (i) neuronal networks, (ii) structural connectivity, and (iii)
glutamate distribution. As AD-like lesions - including AB plaques, Tau-containing neuritic plagues and
synapses - were shown to be impacted by AB seeds, we investigated the role of neuroinflammatory
actors in the maintenance of the microenvironment induced by the inoculation of AP seeds. Finally,

we wondered whether the modulation of B-amyloidosis and cognition were maintained with aging.

4.2 Supplementary material

4.2.1 Co-staining of thioflavine and OC-fibrils

In order to evaluate OC-positive fibril load surrounding dense-core amyloid plaques, the co-staining of
thioflavine and OC was performed. Free-floating brain sections were rinsed in a 0.1M PBS solution
(10% Sigma-Aldrich® phosphate buffer, 0.9% Sigma-Aldrich® NaCl, distilled water) before use. Washing
and incubation steps were performed on a shaker at room temperature unless otherwise indicated.
Free-floating sections were permeabilized in a 0.5% Triton X-100/0.1M PBS (Sigma-Aldrich®) solution
for 30 min. Sections were incubated with the OC antibody (Rabbit, 200-401-E87, ROCKLAND, 1/500) in
3%BSA, 0.2% Triton X-100/0.1M PBS (Sigma-Aldrich®) solution, overnight at 4°C. On the next day,
sections were rinsed in 0.1M PBS and incubated for 1h at RT with the appropriate secondary antibody
diuted to 1/500 (anti-rat AlexaFluor 633) 3%BSA, 0.2% Triton X-100/0.1M PBS (Sigma-Aldrich®)
solution. OC-immunolabeled sections were rinsed and stained with 0.02% Thioflavin-S (Sigma-Aldrich)
in 50% ethanol. Sections were mounted on Superfrost Plus (Thermo-Scientific®) slides with the
Vectashield® mounting medium with a refractive index of 1.45. Images of stained sections were
scanned using an Axio Scan.Z1 (Zeiss® - Z-stack images acquired at 20x (z-stacks with 16 planes, 1um
steps with extended depth of focus)). Each slice was extracted individually in the .czi format using the
Zen 2.0 (Zeiss®) software. Image processing and analysis were performed with the Image) 1.53i
software. Images were imported with a 50% reduction in resolution (0.44 um/pixel), converted to the
8bit format and saved as .tif. For both staining, segmentation was performed through an automatic
local thresholding using the Phansalkar method (radius = 200). AB load was evaluated after

quantification of the thioflavine and OC-labelled particles between 8 and 2,000 um?, and normalization
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to the surface area of each ROI. All ROIs were manually segmented using the Paxinos and Franklin
neuro-anatomical atlas of mouse brain (Franklin and Paxinos, 2019). Images of stained sections were
also acquired using a Leica DMI6000 confocal optical microscope (TCS SPE) with a 63x oil-immersion
objective (refractive index 1.518) and the Leica Las X software. A confocal zoom of 3 and a pinhole
aperture fixed at 1 Airy were applied. Acquisition was performed in sequential mode with a sampling
rate of 1024 x 1024 and a scanning speed of 700 Hz. Image resolution was 80 nm/pixel and the optical
section was 0.896 um. Twenty-one separate planes with a 0.2 um step were acquired. The excitation
wavelengths were 488 nm (Thioflavine), or 633 nm (OC-fibrils). Image acquisition in the hippocampus
was performed on 4 adjacent slices located between -1.58 mm and -3.40 mm from bregma, with 5

images per slice.

4.2.2 fMRI data preprocessing and analysis

The SAMMBA-MRI preprocessing workflow gathers fundamental fMRI preprocessing steps prior to
functional analysis (Figure 51). Structural images were acquired along with functional images, each in
its own space. Prior to common space alignment, structural images were initially corrected for
inhomogeneities due to the high magnetic field. Then, individual structural images were co-registered
to allow their alignment. This registration was performed by iterative non linear registration of each
image to an average image. The average was updated at each iteration providing a high quality
template image, which better represents the dataset. This newly-generated template, called the study
template, was automatically segmented into 48 bilateral regions based on the Dorr mouse brain atlas
DSURQE anatomical atlas (Dorr-Steadman-Ulman-Richards-Qiu-Egan (DSURQE) atlas, 182
structures) (Dorr et al., 2008) providing a common space comparable across several studies. The
remaining preprocessing step involved the functional images. First, functional volume was aligned to
the anatomical images from the same MRI session using a rigid body registration. During this
registration, head motion parameters were estimated and inhomogeneity correction was performed.
Then, a per-slice basis registration was performed allowing the correction of susceptibility distortions
arising from the EPI acquisition and the slice timing correction. Finally, the rigid body transform and
the per-slice warps were combined and applied to the initial volume to minimize interpolation errors.
In order to meet the common space and particularly the atlas space, the nonlinear transform of
anatomical images to the template and to the atlas was applied to the functional images that were in
the native space. Proper co-registration of preprocessed functional images in the atlas space was

confirmed by checking the alignment of atlas edges on preprocessed functional images.

Multi-subject ICA was performed with Nilearn (Abraham et al., 2014) on preprocessed rsfMRI using 10

sparse components. Atlas-based correlation analysis was performed between 20 bilateral key ROls
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involved in AD extracted from Dorr atlas. Mean correlation matrices of resting state FC, one for each
group, were compared using a two-sample t-test (p<0.05) corrected for multiple comparisons

(Bonferroni).
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Figure 51: Pre-processing pipeline of MRI

4.2.3 Diffusion

The diffusion-weighted MRI data were acquired using EPI sequence (TE/TR =30/3200 ms, in-plane
resolution =112 x 112 um2, 500 um slice thickness, 10 slices, b-value = 1000 s/mm?2, 35 directions). FA
maps were generated using ParaVision 6.1 software (Bruker, Ettlingen, Germany). FA images were co-
registered using Sammba-MRI pipeline (Figure 52). Voxelwise analysis of FA was carried out in FSL
(Smith et al., 2004) using the Tract-Based Spatial Statistics (TBSS) pipeline (Smith et al., 2006) home-
adapted for mouse brain. Mean FA map was generated over the entire animal cohort and the skeleton
template of white matter tracts was extracted. Individual skeleton from each animal was calculated
using the same process and then projected to the skeleton template to yield a good co-registration of
WM tracts. TBSS group comparison were performed using a permutation test (Threshold-Free Cluster

Enhancement) (p<0.05, 5000 permutations) with false discovery rate correction.
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Figure 52: Pipeline used for analyzing diffusion images.

Individual anatomical images were registered to the study template using Sammba-MRI pipeline allowing to obtain transformation matrices. Individual
fractional anisotropy (FA) images were calculated from the diffusion tensor. Transformation matrices were applied to FA images in order to get all FA images
ina common space. Once FA images were registered, they enter in the TBSS pipeline from FSLthat has been adapted to the mouse brain. Voxel-based statistical

analysis then was performed to compare white mater FA signal between groups.
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4.24 CEST

GIUuCEST images were acquired and processed as previously describe in (Pérot et al., 2022). Briefly,
three gluCEST images centered on the hippocampus were acquired with a 2D fast spin-echo sequence
preceded by a frequency-selective continuous wave saturation pulse (TE/TR =6/5000 ms, in-plane
resolution =150 x 150 um2, 0.8 mm slice thickness). MAPSHIM routine was applied in a voxel
encompassing the slices of interest and gluCEST images were acquired with a saturation pulse applied
with a frequence ranging from from -5 to 5 ppm (parts per million) with a step of 0.5 ppm. High
magnetic field inhomogeneities were corrected using the WASSR method. CEST images were
processed pixel-by-pixel and analyzed using in-house programs developed with MATLAB software
(MathWorks Inc., Natick, MA) used to generate Z-spectra by plotting the longitudinal magnetization as
a function of saturation frequency. WASSR method was used to generate absolute BO map by finding
the actual frequency within each voxel. Z-spectrum in each voxel was interpolated using a cubic spline
and BO map was used to correct for BO inhomogeneities. Finally, calculated gluCEST images in the
hippocampus were manually segmented and mean gluCEST signal was statistically compared between

groups using Kruskal-Wallis with post-hoc analysis using Dunn’s multiple comparisons.

4.2.5 Microglial engulfment of synapse analysis

In order to evaluate microglial engulfment of synapse, the co-staining of microglia (anti-CD68),
presynaptic (Bassoon) and postsynaptic (Homerl) markers were performed. Free-floating sections
were permeabilized in a 0.3% Triton X-100/0.1M PBS (Sigma-Aldrich®) solution for 30 min. Slices were
then rinced in a 0.02% Tween/0.1M PBS (Sigma-Aldrich®) solution for 5 min following by further
permeabilization in 0.3% Triton X-100/0.1M PBS (Sigma-Aldrich®) solution for 3X5min. Sections were
blocked in a 3% NGS, 3%BSA, 0.3% Triton X-100/0.1M PBS (Sigma-Aldrich®) solution for 1h at RT before
being incubated with the CD68 antibody (MCA1957, Biorad, 1/500) overnight at 4°C. On the next day,
sections were rinsed in 0.1M PBS and incubated for 2h at RT with the appropriate secondary antibody
diluted to 1/1000 in PBS (anti-rat AlexaFluor 488). Sections were rinsed in 0.1M PBS and permeabilized
in a 0.5% Triton X-100/0.1M PBS (Sigma-Aldrich®) solution for 15 min. Slices were incubated with
Bassoon (Abcam Ab82958, 1/200) and Homer1 (Synaptic systems 160003, 1/400) antibodies diluted in
3% BSA/PBST solution for 24 hours at RT. Incubation with appropriate secondary antibodies coupled
to a fluorochrome (Alexa Fluor) diluted in a 3% BSA/0.1M PBS solution was then performed for 1h at
room temperature. Sections were rinsed and mounted on Superfrost Plus (Thermo-Scientific®) slides
with the Vectashield® mounting medium with a refractive index of 1.45. Images of stained sections
were acquired using a Leica DMI6000 confocal optical microscope (TCS SPE) with a 63x oil-immersion

objective (refractive index 1.518) and the Leica Las X software. A confocal zoom of 1.28 and a pinhole
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aperture fixed at 1 Airy were applied. Acquisition was performed in sequential mode with a sampling
rate of 1024 x 1024 and a scanning speed of 700 Hz. Image resolution was 80 nm/pixel and the optical
section was 0.896 um. Seventy three separate planes with a 0.2 um step were acquired. The excitation
wavelengths were 488 nm (microglia), 594 nm (Basson) or 633 nm (Homer). Image acquisition in the
hippocampus was performed on 2 adjacent slices located between -1.58 mm and -3.40 mm from
bregma, with 4 images per slice. 3D reconstruction of microglia and synaptic spots was performed with
Imaris (9.0.0). First, confocal images were converted in Imaris supported file by Imaris File Converter
(9.0.0). While mean filter gradients were applied to CD68 images, subtraction background was
performed on synaptic images. Then, the plug-in “surface” was used to reconstruct the CD68 volume
and the plug-in “spot” to reconstruct Homer and Basson volume. Finally, the XTension file “Split spots
into surface objects” (Matlab) was used to calculate the number of synaptic spots in CD68 positive

surface.

4.3 Additional data

4.3.1 Plaque-associated AB fibrilar oligomers

In our studies, while ABos.-inoculated mice displayed an increase in amyloid deposition in the
hippocampus and connected regions, the inoculation of ABic did not change the amyloid outcome. We
further described the amyloid deposition using co-immunolabelling of Thioflavine that stained dense-
core plaques, and OC that revealed fibrillar AB and amyloid fibrils (Figure 53A-B). We quantified each
type of amyloid deposition in the hippocampus of inoculated mice (Figure 53C-D). We found an
increase in thioflavine and OC-positive plaques in the dentate gyrus of AB.s.-inoculated mice compared
to PBS-inoculated mice. Using confocal microscopy, we showed that amyloid fibrils were mostly found
around dense-core plagques, which is consistent with previous reports (Figure 53B). This structure
called plaque-associated fibrillar AR oligomers, is mainly involved in AD-associated pathology. One
interesting feature of fibrillar AR oligomers is their capacity for spreading. Thus, we quantified the
amount of plaque-associated fibrillar AR oligomers in the entorhinal cortex which is known to be highly
connected to the hippocampus. Interestingly, we found that the increased of amyloid load in the
entorhinal cortex of AB.sa-inoculated mice, described in Article 2 (Section 1.2), was more associated to
an increase in fibrillar amyloid than in dense-core plaques, as suggested by the significant increased

level of OC-positive plaques in ABssa-inoculated mice (Figure 54).
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Figure 53: Modulation of plaque-associated A fibrillar oligomer load in the hippocampus following
inoculation of AB variants at 4 mpi

A. Representative images of OC and Thioflavine S immunolabeling showing respectively AB fibrils and
dense core plaque deposition in the brain of APPswe/PS14es mice after PBS, ABw: or ABosa inoculation in
the dentate gyrus. B. Representative image of the co-immunolabelling. AB fibrils and fibrilar oligomers
(red) are located around the dense core plaque (green). Quantification of amyloid load (C: Thioflavin-
positive amyloid plaques per um?; D: Thioflavine-positive % area) and A fibrils load (E: OC-positive %
area) in the hippocampus. ABos inoculation increases AB plaque deposition (D, p=0.0162) and AB
fibrillar oligomers (E, p=0.0268) in the hippocampus compared to respectively ABwi-and PBS-inoculated
APPqye/PS14es mice. Kruskal-Wallis with Dunn’s multiple comparisons. napp/psi-pes=10, Nagwt=10,

Nagosa=10, Nagice=10 mice. Data are shown as mean * s.e.m.
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Figure 54: Modulation of plaque-associated AP fibrillar oligomer load in the entorhinal cortex
following inoculation of AB variants at 9 mpi

A. Representative images of OC and Thioflavine S immunolabeling showing respectively AB fibrils and
dense core plaque deposition in the brain of APPgwe/PS14e0 mice after PBS, ABwt or ABosa inoculation in
the dentate gyrus. Quantification of amyloid load (B: Thioflavin-positive amyloid plaques per um?; C:
Thioflavine-positive % area) and AB fibrils load (D: OC-positive % area) in the entorhinal cortex. ABosa
inoculation increases AR fibrillar oligomers (D, p=0.0216) without changing dense core plaque load in
the entorhinal cortex compared to PBS- (p=0,0179); ABwt- (p=0,0084) and ABic.-(p=0,0030) inoculated
APPqye/PS14es mice. Kruskal-Wallis with Dunn’s multiple comparisons. napp/psi-pes=10, Nagwt=10,

Nagosa=10, Nagice=10 mice. Data are shown as mean * s.e.m.
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4.3.2 AB-mediated neuronal networks dysfunction

In our study, we described an accumulation of AB deposition in the hippocampus following ABosa
inoculation associated with a hippocampal network disconnection and a reduction of memory
performance. Other AB seeds did not have any impact on FC. Seed-based analysis with a seed in the
hippocampus and the entorhinal cortex mainly supported evidence of a dissociation of the
hippocampus-involving network. We confirmed these findings using the atlas-based correlation
analysis where FC between 28 bilateral regions were assessed. We generated connectivity matrices
that compared brain regions FC correlation in AB-inoculated mice and in PBS-inoculated mice. Reduced
FC were observed within the laterality communication and among hippocampal-related area in ABosa-

inoculated mice compared to PBS-inoculated mice (Figure 55A).
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Figure 55: Atlas-based connectivity matrices
A. Functional connectivity (FC) matrices of significant p-value represented (p<0.0001) FC differences
between AB-inoculated mice and PBS-inoculate mice. Main differences occur within the laterality

communication particularly in hippocampal-related area (black boxes) networks. B. Eigencentrality
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score in the different brain areas of PBS-inoculated APPgy./PS14es mice. Abbreviations: ACC, anterior

cingulate cortex; PCC, posterior cingulate cortex; SSC1, primary secondary somatosensory cortex.

Another way for measuring the ability of a given brain area to functionally communicate with others
brain areas, is to assess the "hubness" which describes the degree of inter-region connectivity which
is supposedly related to its importance for brain function. The eigencentrality score give a score
according to the number of connections that a given brain area has with other brain areas. The
hippocampus was shown to be a high connectivity hub in APPswe/PS14es as suggested by the higher
eigencentrality score (Figure 55B). Compelling evidence in human and animal studies have proven that
the accumulation of AB occurs through regions that shown high neuronal activity which is consistent
with our observation. We hypothesize that the dissociation of the hippocampus-involving network may
contribute to the alteration of larger networks involved in cognitive process. Using group ICA with
presets of 15 components, we identified nine components that detect meaningful anatomical regions
of anesthetized mouse brain and considered as rs-fMRI networks (Figure 56). Among these networks,
we identified one network that displayed high overlap with areas included in the DMN-like activation
pattern for mice (Sforazzini et al., 2014; Stafford et al., 2014; Zerbi et al., 2015). The somatosensory
and the basal ganglia networks were each found unilaterally divided in two components. The
remaining subcortical network was bilateral. The ventral hippocampus was found highly connected to
the septum, resulting in the septo-hippocampic network.

Spatial decomposition of the brain in E IC1 - Default mode networks (DMN-like) IC6 - Somatosensory
neuronal networks ACC ] ssC1 ssC1

Default mode

Somatosensory _/ networks (DMN) IC7 - Somatosensory auditory
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Q ¢ w o T T
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Figure 56: Functional regions identified in the mouse brain using 9 ICA-related components
Individual ICA components are represented overlaid on anatomical template in the coronal view.
Functionally-correlated and anti-correlated oscillation signals are shown in red/yellow and blue,

respectively. Abbreviations: ACC, anterior cingulate cortex; PFC, prefrontal cortex, TH, thalamus,
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hThAl, hypothalamus, bFb, basal forebrain; Amg, amygdala; Pir, piriform cortex; vHIP, ventral
hippocampus; Ect/Per, Ectorhinal/Perirhinal cortex; SSC1/2, primary and secondary somatosensory
cortex; Ins, insula; AuC, auditory cortex; TEA, temporal association area; Str, striatum; Acb, nucleus

accumbens.

To further investigate the impact of A seeds on rs-fMRI network, we compared the connectivity within
the ICA network across subject. Dual regression analyses were performed and enabled to create
subject-specific maps of FC from the group networks. These maps contain values reflecting the degree
to which a voxel's time series is correlated with the mean time series of a given network. In other
words, we analyzed how each subject contributed to the final shape of network connectivity. FC
network changes were only observed in ABos.-inoculated mice. Reduction of connectivity within the
DMN, somatosensory and septo-hippocampic networks has been identified in these mice compared
to PBS-inoculated mice (Figure 57). While few voxels showed a reduction of FC in the somatosensory
and septo-hippocampic networks, the DMN is almost completely altered. Thus, AB.sa inoculation led
to a disconnection of the hippocampus which is associated with alterations of large-scale brain
networks connected to this structure such as DMN and septo-hippocampic networks. The negative
effect of AB on network functional connectivity has been shown to cause memory disturbance in

several studies of animal models.
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Figure 57: ABos.-inoculated mice showed decreased rs-fMRI networks

Group-ICA dual regression analysis of rs-fMRI networks are represented as an overlay on ICA-related

networks. The differences in resting state networks are showed in white color.

4.3.3 Diffusion
Several evidences in AD have shown that functional connectivity is associated with changes in the

microstructure of white matter that can be measured by evaluating the distribution of water diffusivity
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in DTl images. The role of AB in diffusional changes is mainly controversial. Both increase and decrease
of fractional anisotropy were reported in different transgenic mouse models that produce high levels
of AB. We hypothesized that different AP seeds can differently modulate diffusivity by changing the
pathological outcome, which contributes to the diversity reported in FA data. FA images were
skeletonized using TBSS pipeline, which enabled to obtain an accurate representation of white matter
fiber in the mouse brain (Figure 58). For example, corpus callosum, fimbria of the hippocampus and
amygdalar capsule were readily discriminated from these images. To visualize the distribution of water
diffusivity differences between groups, we performed a statistical voxel-based analysis of each
subject’s skeleton (Figure 59A). Significant voxels were differentiated in areas where ABwi-, ABosa-,
ABice-inoculated APPswe/PS14e9 mice showed lower FA values (Figure 59B) and higher FA values (Figure
59C) compared with PBS-inoculated APPs,./PS14e0 mice. Non-significant voxels were not represented.
In several clusters in the corpus callosum and fornix system, a decrease in FA was visible in ABic-
inoculated APPswe/PS14e0 mice (Figure 59B). While in the external capsule, unilateral clusters of voxels
showed a large increase in FA in ABosa-inoculated APPsye/PS14es mice. Similar changes were observed
in the amygdalar capsule (Figure 59C). ABut-inoculated APPsye/PS14es mice showed a slight decrease of
FA in the corpus callosum (Figure 59B). This finding revealed multiple regions where higher FA was
associated with greater amyloid deposition on APosa-inoculated APPswe/PS1l4es mice. Surprisingly,
altered cortico-hippocampal connections, such as the fornix, were shown in ABi.-inoculated
APP/PS14es, Which raise the question whether this diffusional changes are associated with beneficial

effects instead of detrimental effects in those mice.

FA skeleton mask
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- External capsule (EC)
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Figure 58: Mean FA skeleton mask used for group comparison analysis
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Figure 59: Microstructural white matter changes in inoculated mice at 4 months post-inoculation

A. Fractional anisotropy (FA) skeleton means obtained after TBSS pipeline for each group are shown
overlaid on the study template. B-C. FA alterations in white matter as revealed by TBSS analysis for
each group, overlaid on the mean FA map. Green regions represent mean white matter skeleton as
used in TBSS pipeline. Red—yellow zones show clusters of voxels with significant decrease (B) or

increase (C) of FA compared to PBS-inoculated mice (threshold-free cluster enhancement, P < 0.05).

4.3.4 AB seeds regulate glutamate metabolism and neuroinflammation process

In our study, we found that, while AB,s. inoculation was associated with an early loss of hippocampal
synapses, ABic increased synaptic density. The direct impact of AR seeds on synapse integrity was
confirmed as we also showed detrimental and beneficial effects on cortical neurons after treatment
with ABosa and ABice respectively. However, the mechanism by which synaptic changes were maintained
four months after the inoculation remains unclear. One possibility is that AR seeds regulate the
metabolism of glutamate that is the major excitatory neurotransmitter found at low levels in AD,
resulting in defects in synaptic transmission and cognitive abilities. Glutamate can be measured using
the non-invasive gluCEST imaging. Previous studies in transgenic mouse models of AD have
demonstrated an age-dependent decrease in gluCEST signal that strongly correlates with synaptic
changes (lgarashi et al., 2020). While decreased glutamate levels specific to the hippocampal region
have been reported at late stage of the disease in 18 months-old APPs.PS14es, elevated glutamate
levels have been described in the hippocampus prior to AR accumulation resulting in aberrant
excitatory phenomenon (Haris et al., 2013). To see whether A seeds are able to modulate the switch

of cerebral glutamate level, we investigated glutamate alterations in inoculated mice four month post-
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inoculation. As we detected AB-mediated alteration mainly in the DG, we chose three slices that span
the hippocampus from rostral to caudal. GIUCEST maps that illustrated the distribution of glutamate
in different regions were obtained for each group (Figure 60A). An increased gluCEST signal was found
in APPswePS14e9 compared to WT mice that is in contradiction with what was observed in the literature.
In addition, we demonstrated a statistically significant decrease in gluCEST signal in APPswePS1a4eo
inoculated with ABosa and ABu:. Inoculation of ABice did not change the distribution of glutamate in the
hippocampus (Figure 60B). These results indicate that toxic AR seeds can modulate the metabolism of
glutamate, which may contribute to the alteration of synapses in the hippocampus. However, the

protective impact on synapses is not related to glutamate level modifications.
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Figure 60: Decreased glutamate levels after inoculation of ABw: and ABosa in APPswe/PS14e0 mice
A. Whole-brain GIuCEST average signal is shown in PBS-inoculated WT, PBS-, ABuwt- and ABoss-inoculated
APPge/PS14e9 mice. B. A decrease of mean GIuCEST signal in the hippocampus is shown in APPsye/PS14es
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mice inoculated with ABwt- and ABosa- compared to PBS-inoculated APPgye/PS14es Mice. Group analysis
using Kruskal-Wallis (p=0.0005) with post-hoc analysis using Dunn’s multiple comparisons p=0.0008
and p=0.0038, for ABosa- and ABwt- versus PBS-inoculated APPswe/PS14eo Mice, respectively). **p<0.05,
**%p<0.005; nwrres=10, Napp/psi-pes=10, Nagwi=10, Nagosa=10 mice, nNagice=10 mice. Data are shown as

mean £ s.e.m

The switch from elevated to decreased glutamate concentration is highly dependent on glial activity in
mouse models of AD resulting in an early neuroinflammation process prior to neurodegeneration.
Thus, we assessed the neuroinflammatory response following the inoculation of AB seeds by staining
brain tissues using GFAP and l|bal, general markers for astrocyte and microglia respectively.
Quantification of GFAP and Ibal immunoreactivity showed similar astrocyte and microglia load in the
hippocampus of inoculated APPs,.PS14e9 mice (Figure 61). Visual observation of the stained sections
did not demonstrate morphological difference of glial cells between the groups. However, microglia
clusters surrounding amyloid plaques displayed high level of Ibal immunoreactivity. Abundant
activated microglia was characterized by spherical and enlarged cell body with dystrophic ramifications

also described in the literature.
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Figure 61: Astrocyte and microglia coverage was similar in the hippocampus of Ap seeds inoculated
mice at 4mpi.

A. Representative images of GFAP and lbal immunolabeling showing respectively astrocytes and
microglia in the dorsal hippocampus of APPsye/PS14es mice after PBS, ABuwt, ABosa, OF ABice inoculation in

the dentate gyrus. GFAP and Ibal staining revealed similar astrocytic (B) and microglial (C) loads in the
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hippocampus at 4mpi. Kruskal-Wallis with Dunn’s multiple comparisons. nape/psi-pes=10, Nagwi=10,
Nagosa=10, Nagice=10 mice. Data are shown as mean + s.e.m. Scale bars in main images: 200 pm; Insets:

20 pm.

Controversial role of microglia during AD, from neuroprotective to detrimental role, has been
described in AD. Microglial-associated plaque form a barrier to protect the brain against AB-associated
neurotoxicity (Condello et al., 2015). Microglia was also proposed to remove synaptic damage in order
to limit the spreading of the disease and not to lose the entire axon (Edwards, 2019). In another hand,
at later stages of AD, excessive synaptic pruning of microglia causes neuronal loss, network dysfunction
and cognitive alterations. Microglia phagocytosis performance is highly dependent on A accumulation
and the stage of the disease. As we showed an early accumulation of AP associated with an
acceleration of pathological process in ABosa-inoculated mice, we wondered whether microglial
synaptic engulfment could be an indirect target of ARos--mediated detrimental regulation.
Furthermore, we hypothesized that the mechanism by which ABic. protects against synaptic damage
rely on the capacity of microglia to phagocyte synapses. To investigate microglial synaptic engulfment,
we performed immunofluorescence coupling CD68 labelling of microglia lysosomes, presynaptic
Bassoon marker and post-synaptic Homer marker in a small cohort of inoculated mice. Using confocal
microscopy, we imaged activated microglia near amyloid plaques, which generate blue
autofluorescence propertie. (Figure 62A). Unfortunately, we observed a co-localization between
Basson and CD68 indicating that Basson is expressed in microglia, which made impossible microglia-
mediated Basson engulfment analysis. Thus, we quantified the number of post-synaptic spots (Homer)
inside CD68-positive microglial vesicles (Figure 62B). We found an increased amount of Homer spot
engulfment in ABosa-inoculated mice. In contrast, decreased phagocytosis was observed in APBice-
inoculated mice (Figure 62C). These primary results indicated the possibility to modulate
neuroinflammation response following AP seeds. This findings need to be further confirmed by co-

labelling of CD68 and Ibal marker to ensure that observed vesicles are localized inside microglia.
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Figure 62: Increased microglial phagocytosis of synapses in ABos.-inoculated APPgye/PS14e9 mice

A. Co-immunolabeling of lysosomal microglia (CD68, green), pre-synaptic (Basson, magenta) and post-
synaptic (Homer, red) marker. Unexpected labelling of microglia is observed in Basson
immunolabelling. B. CD68 positive lysosomes (green) and Homer spot (red) are 3D-reconstructed to
assess the phagocytose of post-synaptic compartment. C. Homer spot inside CD68+ lysosomes are
quantified and represents the amount of microglial engulfement of synapse. Phagocytosis of synapse
was higher in ABoss-inoculated APPqye/PS14es mice mice than ABice-inoculated APPswe/PSlges mice.
Kruskal-Wallis with Dunn’s multiple comparisons (ABosa- versus Aice-inoculated APPgwe/PS1geo:

p=0.0017). napp/ps1-pes=7, Nagwt=10, Nagosa=8, Nagice=10 mice. Data are shown as mean + s.e.m.

4.3.5 The effect of AB seeds disappears with aging

Different clinical outcomes were found in six-month-old APPsye/PS14es mice following the inoculation
of different mutated AR seeds. AB.sa inoculation led to increased amyloid deposition associated with
cerebral function impairments, synaptic defects and activation of phagocytic microglia. In contrast,
ABice inoculation protected against synaptic damage through a Tau-dependent mechanism, which
allowed to rescue spatial memory. A crucial question is to assess whether these different effects persist

with aging. Mutated AP seeds were compared with a non-mutated ABi.4; that have shown moderate
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impact four months post-inoculation. This moderate effect was unexpected as several experimental
transmission of AB studies have proven the amyloidogenic properties and synaptotoxicity of ABi.42
(Stohr et al., 2014). We hypothesized that the time-lapse to observe pathological effect of ABwt was
too short in our previous study. Thus, another cohort of APPye/PS14e0 mice was inoculated bilaterally
in the hippocampus with AB seeds as previously described. Behavioral assessment was performed at
9 months post-inoculation (mpi) and compared to PBS-inoculated APPswe/PS14es and wild-type (WT)
littermate groups. In the V-maze, the traveled distance decreased throughout the three days of the
test, but was comparable between groups (Figure 63A). Additionally, comparable discrimination index
was observed during the training phase, indicating similar exploratory activity between groups (Figure
63B). During the probe test, all groups of APPswe/PS1des mice had comparable exploratory activity
(Figure 63C). During the discrimination task, all groups had comparable exploratory activity of the
novel object. However, mice inoculated with ABcsa and APw: had a tendency to spend less time
exploring the novel object compared to control mice (PBS-inoculated WT or APPswe/PS14e0 mice) but it
was not statistically significant. Spatial memory of inoculated mice was also evaluated using the Morris
water maze. First, we ensure that mice did not have visual deficiency using a visible platform (Figure
63D). Except for ABoss-inoculated, mice from each other group showed similar spatial learning as
suggested by comparable reduction of the time spent to find the hidden platform over the training
days (Figure 63E). Spatial memory was evaluated 24 hours after training. Interestingly, only WT mice
significantly spent more time in the target quadrant than the other quadrants compared to PBS- or
ABseed-inoculated APPse/PS14e. These results suggest that the beneficial effects of ABic. inoculation
on spatial memory recovery have disappear with aging. Together, these results demonstrated that

memory performance cannot be distinguish across groups with aging.
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Figure 63: Similar memory performances were observed in inoculated APPgye/PS14e at 9 mpi

Novel object recognition was evaluated in a V-maze (A-C) at 9 months post-inoculation. A. Mice
performance during the training phase. Similar discrimination indexes were found for all groups when
mice had to discriminate two identical objects (p>0.05, Kruskal-Wallis with Dunn’s multiple
comparisons). B. Object discrimination index. Similar discrimination indexes were found for all groups
when mice had to discriminate between familiar and novel objects (p>0.05, Kruskal-Wallis with Dunn’s
multiple comparisons). APPgye/PS14e9 mice inoculated with ABoss and ABw: had a tendency to spent less
time exploring the novel object compared to PBS-inoculated WT mice or APPswe/PS14es mice. C.
Distance moved throughout 3 days of tests (exploration, training and probe-test days). Measurements
revealed a time-effect from day 1 to day 3 (F (1,896, 39,81) = 30,77 , p<0.0001), but no differences
between experimental groups (p>0.05) (two-way repeated measures ANOVA with the Geisser-
Greenhouse correction and Dunnett’s multiple comparisons). Spatial memory was evaluated using
Morris water maze (D-G) task at 4 months post-inoculation. D. During the visible platform phase,
escape latencies decreased across the four trials (p<0.0001****; two-way repeated measures ANOVA
with the Geisser-Greenhouse correction and Dunnett’s multiple comparisons). No difference was

observed between the groups (p=0.9891; two-way repeated measures ANOVA with the Geisser-
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Greenhouse correction and Dunnett’s multiple comparisons). E. WT mice and APPsye/PS14es mice
inoculated with PBS, ABw: or ABi.. had comparable learning abilities, as suggested by the decrease of
time to find the platform (for the days: p<0.0001****; two-way repeated measures ANOVA with the
Geisser-Greenhouse correction and Dunnett’s multiple comparisons) throughout the 4 training day. F.
The distance moved during the probe test was similar between groups. G. During the probe test
evaluating spatial memory, the time spent in the target quadrant (TQ) was significantly higher than the
time spent in the opposite one (0Q) in WT mice (p=0.0036**). nwr-pes=5, Narp/ps1-pes=5, Nagwt=5, Naposa=7,

Nagice=7 Mice. Data are shown as mean +s.e.m.

As memory performances remained unchanged by the inoculation of AB seeds at 9 mpi, we assessed
the cerebral amyloid deposition in those mice (Figure 64A). AB plaque load was assessed in the cortex
(Figure 64B) and the hippocampus (Figure 64C). We showed a tendency toward an increased AR
deposition in ABwt-, ABosa-inoculated APPswe/PS1qes and a decrease in ABice-inoculated APPswe/PS1qes
compared to PBS-inoculated APPsye/PS14es in both structures. Significant difference in amyloid load
were only observed between ABice- and APosa-inoculated APPsye/PS1lges. Thus, we quantified the
amyloid load in hippocampal subregions: DG (Figure 64E-F), CA1 (Figure 64G-H) and CA2/3 (Figure 64I-
J). We found a similar pattern in all subregions. Interestingly, a stronger decrease/increase of amyloid
load in the entorhinal cortex was observed in respectively, ABic-inoculated APPgye/PS14e0 and ABwt-,
ABosa-inoculated APPsye/PS14es (Figure 64K-L). These results suggest a potential persistence of AB seeds

9 months after their inoculation.
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Figure 64: Modulation of AB plaque load following inoculation of AB variants at 9 mpi

A. Representative images of 4G8 immunolabeling showing AB plaque deposition in the brain of
APPsye/PS14e0 mice after PBS, ABwt or ABosa inoculation in the dentate gyrus. Quantification of amyloid
load (4G8-positive amyloid plaques per pm?) in the cortex (p=0.0061) (B) and hippocampus (p=0.0034)
(C). ABosa increases AP plaque deposition in both regions. D. Representative images of 4G8
immunolabeling showing AR plaque deposition in the dorsal hippocampus and entorhinal cortex. ABosa-
inoculated APPsye/PS14es mice showed a higher amyloid load (4G8-positive amyloid plaques per um?)
in the dentate gyrus (E: p=0.0071 ;F: p=0.0318), in the CA1 (G: p=0.0032 ;H: p=0.0039), in the
subiculum (I: p=0.0208; J), and in the entorhinal cortex (K: p=0.0218 ;L: p=0.0438) compared to ABice-
inoculated APPgye/PS14e9 mice. ABwi-inoculated APPgye/PS14e9 mice showed a higher amyloid load in

the entorhinal cortex compared to ABice-inoculated APPsye/PS14es mice (K: p=0.0152; L: p=0.0093).

236



Kruskal-Wallis with Dunn’s multiple comparisons. napp/ps1-pes=5, Napwt=5, Nagosa=7, Nagice=5 Mice. Data

are shown as mean + s.e.m. Scale bars = 500 um (A), 200 um (D).
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The deleterious effect of AR on AD-associated pathology has been widely studied in cellular and animal
models. In this study, we found that the degree of toxicity is not equal between AP variants and some
AB forms are protective. To assess the role of AR on the progression of AD in vivo, highly purified brain-
derived A and synthetic AB were inoculated in transgenic mouse model of amyloidosis. Some previous
studies of synthetic AB inoculation in WT mice were focused on the acute negative effects of AB on the
brain function (Epelbaum et al., 2015). Other studies on long-term impact of synthetic AR were focused
mainly on A lesions without assessing the other features of AD (Stéhr et al., 2014, 2012). Additionally,
the dual effects of AB (deleterious or beneficial) on brain functions and associated pathology have

never been investigated in mice.

In the studies reported here, we described the long-term impact of different AB seeds on brain
pathology and physiology. We provided a critical insight into the AD-like pathological fingerprints of
distinct recombinant AP seeds following their inoculation in vivo. We showed that a single inoculation
of AP seeds leads to a diversity of toxicity degrees, which allows dissociating them into: highly
deleterious, moderate and beneficial. Inoculation of ABs. led to memory dysfunctions and whole brain
disconnection syndrome associated with synaptic loss without affecting Tau pathology (Table 4). These
functional alterations were induced by an acceleration of endogenous AB pathology resulting from an
increase of soluble and insoluble AR species and by an excessive APP processing leading to an increase
of CTFs. Conversely, the inoculation of ABi. rescued the AD-like associated pathology by preserving
spatial memory, cerebral connectivity and synaptic density. Interestingly, instead of modulating
amyloidosis, the inoculation of ABic.. provoked a reduction of Tau within neuritic plaques (Table 4).

Thus, in our study, AR is seen as a regulator that can steer toward either deleterious or beneficial

pathways.
ABosa ABwt ABice
Moderate
Self-assembly Yes Yes Yes
Neurotoxicity in vitro Yes Yes No
Cognition Alteration - Restoration
Neuronal networks Alteration - -
Synaptic density iy - tt
Amyloidosis ttt - -
APP processing 1 - -
Tau pathology - . |

Table 4: Summary table of AB seeds in vitro and in vivo impacts
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1. AB as a regulator of AD-like downstream events

According to the amyloid cascade hypothesis, soluble AR initiates the AD pathology. Mounting
evidences have suggested that the different aggregation properties of AB may result in the existence
of distinct AB strains that exhibit different conformations with pathological signatures that could lead
to the phenotypic polymorphism observed in patients (Condello et al., 2018; Eisele, 2013; Eisele et al.,
2010, 2009; Ladiwala et al., 2012; Meyer-Luehmann et al., 2006; Stohr et al., 2014, 2012; Watts et al.,
2014; Ye et al., 2015) . The concepts of AB strains was mainly supported by the inoculation of transgenic
mice with brain samples from patients with two different heritable forms of AD (Swedish and Artic)
known to produce two distinct patterns of cerebral AB deposition, that were maintained upon serial
passages (Watts et al., 2014). Although brain samples are highly bioactive and relevant to understand
the link between AP strains and AD heterogeneity, many co-factors as Tau or neuroinflammation
participate to the “strain effect”. Therefore, the strain-inducing neuropathology polymorphism cannot
be associated to the unique effect of AB. As it was also suggested that AB governs the pathological
cascade of events, questions about how different AB “strains” can induce different outcomes of the
pathology and which are their pathological fingerprints remain unanswered. In our study, we
demonstrated that in addition to acting like a strain, AB is a regulator of AD-like downstream events.
We showed that the focal seeding of different mutated AP can either aggravate the pathology (ABosa),
have moderate effects (ABwt) or protect against the disease (ABicc). The regulating effect of AB may
occur directly following its inoculation as suggested by the acute changes in synaptic density and
synaptic transmission, as observed in cortical neurons after exogenous application of the AB seeds. In
vivo, the regulating effects were observed four months post-inoculations and we hypothesized that,
accordingly with a prion-like effect, the inoculum was not present anymore in the brain at the time of
neuropathology studies. Our data strongly support the possibility that AR seeds induce different
cascades of pathological events that allow maintaining an effect during four months and even more.
For ABosa-related pathological cascade, it is noteworthy that the accumulation of AB is the key eventin
the pathogenic mechanism. ABw: seems also to modulate the amyloidosis pathology but more slowly,
as suggested by the increase of amyloid load not observed before 9 months post-inoculation. In
contrast, ABic. regulates the Tau pathology and the synapses in a way that protects against the toxicity
of the endogenous overexpressed AB. Although AR seeds were inoculated in the hippocampus, their
impacts were observed in different brain areas either close to or far from the inoculum site. This
strongly supports a global regulation of the pathology in multiple sites of the brain leading to changes
in the outcome of the disease. Thus, the early regulation associated with AB seeds is responsible for

brain function modifications including cognition and brain connectivity.
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A critical question in our study is whether AB,s. acts like a strain by misfolding other AB proteins leading
to a shiftin the dominant shape of AB proteins present in the mice. Further investigations to determine
the existence of “strain effects” will be conducted using conformation stability assay or

conformational-binding dye such as luminescent conjugated oligothiophenes (LCO).

2. Modulation of AB pathology by AB seeds

The APPswe/PS14es mice were inoculated bilaterally in the dorsal hippocampus (dentate gyrus) at 2
months. At this age, mice produce high levels of AB leading to the formation of the first senile plaques
around 4 months of age with a progressive increase in plaque deposition until 12 months of age in the
cortex and hippocampus (Garcia-Alloza et al., 2006). We also showed that our model spontaneously
develops murine Tau-containing neuritic plaques in the cortex and the hippocampus at 6 months. In
this model, compared to PBS-inoculated APPgye/PS14e9 mice, amyloid load in the hippocampus was
increased in ABosa and ABw: respectively at 4 and 9 months after the inoculation, while it remained
unchanged following the inoculation of ABic.. The increase in amyloid load is consistent with several
experimental transmission studies in transgenic mice showing that intracerebral inoculation of
minimal amounts of misfolded AP contained in AD brain extracts or synthetic AB can induce premature
build-up of AB deposits in their host (Eisele et al., 2009; Meyer-Luehmann et al., 2006; Stohr et al.,
2014, 2012; Watts et al., 2014). Notably, we found that local AB.s. seeding induces widespread AB
depositions in the host suggesting that focal seeding AB.s. reduces the lag phase of senile plaque
development. This may lead to an acceleration of the overall pathology and clinical outcome. We also
demonstrated that B-amyloidosis appears in neuroanatomically connected brain regions in ABosa-
inoculated APPw./PS14es mice. Inoculation into the dentate gyrus increases AB deposits in the
entorhinal cortex and the subiculum, which are interconnected regions. Interestingly, the increase of
amyloid load in the entorhinal cortex was more associated to an increase of AP fibrils than AB dense-
core plaques. In the absence of B-amyloidosis changes in the inoculum site, we did not observe changes
in other brain areas. Taken together, these findings further support the hypothesis that AR aggregates
spread to neighboring and interconnected brain areas that have been described in the literature
(Eisele, 2013; Eisele et al., 2009; Ye et al., 2015), although we assume that only the endogenous AB

and not AR seed inoculum was responsible for the spreading.

In our study, the modulation of AB pathology by AB seeds did not only affect amyloid load but also
modulated oligomerization pattern and APP processing. We hypothesize that the B-amyloidosis
outcome changes are due to local changes of AB compositions that may favor the fast development of
amyloid plaques in ABoss-inoculated APPsye/PS14e9 mice at 4mpi. An increase of prefibrillar and fibrillar

oligomers and CTFs fragments was shown in these mice compared to PBS-inoculated animals. Our

242



results highlight that a single inoculation of AB.s. is able to regulate the endogenous AB oligomer
secretion s and APP processing, which facilitates the occurrence of AB pathology four months post-
inoculation. These results are consistent with several studies showing the properties of ABgsa in
inducing high levels of AB oligomers compared to ABw: responsible for the disease in AD patients and
APP,s, transgenic mice (Tomiyama et al.,, 2008). Thus, we can postulate that AB.s. transfers its
properties to the endogenous AB. However, this is not true for ABic. While co-incubation of ABi. and
ABw: was reported to reduce AP pathology in vitro (Lin et al., 2017; Nguyen et al., 2016; Zheng et al.,
2015), we did not observe any change in the mice. Thus, in this case, there is a likely dissociation

between the peptide itself and the mutation that will be further discussed in Section 7.

3. Modulation of Tau pathology by AB seeds

AD-associated neuropathological lesions gathers amyloid plaques and misfolded Tau-containing NFTs.
Tau was the first lesion described to propagate in a prion-like manner. It induces neurodegeneration
and synaptic loss that highly correlate with cognitive alterations in AD patients (Arnsten et al., 2021;
Clavaguera et al., 2009; Duyckaerts et al., 2009; Goedert et al., 2014). Even if AR was widely suggested
to govern Tau pathology, accumulation of Tau is likely to exert the main pathological functions in AD
dementia (Hardy and Higgins, 1992; Karran et al., 2011; Ricciarelli and Fedele, 2017b). In our study, we
showed that Tau pathology occurs in the form of neuritic plaques and neither NTs nor NFTs were
described in our mouse model, even after the inoculation of AB seeds. As our mouse model is not
transgenic for human Tau, the unique Tau pathology is related to the endogenously expressed murine
Tau protein isoform (ON4R) that is thought not to aggregate unlike the human Tau. Thus, we assessed
the impact of the different AB seeds in the recruitment of Tau within neuritic plagues, which has been
described to form a corona in the immediate vicinity of amyloid plaques (Section 1.5). The co-
occurrence of Tau pathology was recently reported by our group, in APPs/PS14o following the
inoculation of AB and Tau positive AD brain extracts. Our group showed that the severity of Tau
pathology in the inoculated mice is strongly associated with long-term cognitive alterations and
synaptic impairment (Lam et al., 2022). Interestingly, when using the same mouse model but with
recombinant AB inoculum (e.g. ABwt, ABosa OF ABice), We obtained various effects on Tau pathology and
associated clinical outcomes depending on the AB seeds supporting that AB may or may not govern
the development of Tau-associated lesions. Tau pathology remains unchanged after the inoculation of
ABwt and ABosa While focal seeding of ABic induced a reduction of neuritic plaques at the inoculum site.
Interestingly, we found opposite pathways of deleterious ABoss and protective ABice: ABosa did not
modulate Tau and induced cognitive alterations and synaptic damages while ABi. significantly reduced

Tau and rescued cognitive alterations by protecting against synapse damages. Our study does not allow
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yet to decipher the underlying mechanisms involved in the recruitment of Tau within the neuritic

plaques but we can argue that this mechanism is highly dependent of the AP seed properties.

4. Modulation of cognition and synapses by AB seeds

Synaptic damages are associated with cognitive impairments in AD patients and transgenic mouse
models (Jacobsen et al., 2006; Selkoe, 2002). In our study, behavioral evaluation and assessment of
synaptic density were carried out on inoculated mice at 4 months post-inoculation. We found that
reduction of synaptic density occurred in mice that exhibit recognition memory dysfunctions.
Conversely, mice showing increased synaptic density did not present memory dysfunctions. In the
absence of inoculum and at 6 months, our mice did not develop synaptic alterations but can present
subtle cognitive impairments depending on the memory task. Thus, AB seeds strongly contribute to
the pathological polymorphism observed in inoculated mice. In line with this hypothesis, mounting
evidences postulate that soluble AB links the synaptic failure to memory dysfunction (Ma and Klann,
2012). Our study highlights that the primary sequence of AB can be a predictor of synaptic changes.
We showed that the exogenous application of A seeds on cultured cortical neurons and acute mouse
hippocampal slices leads to different impacts of AB seeds on spine morphology and synaptic
transmission. While ABw: and ABosa induce reduction on spine density, in particular mature spines, with
different levels of toxicity, ABie rescues from the synaptotoxicity exerted by overproduced AP,
preserves synaptic transmission and do not affect LTP. Interestingly, we showed that the properties of
AP seeds were conserved after inoculation in mice. Taken together, we demonstrated that a single
inoculation of AB seed is sufficient to either accelerate or reverse the synaptotoxicity of endogenous
AB, which was associated with modulation of memory performances. Our data strongly support that
the regulation of synapses by toxic AB triggers a vicious circle leading to the propagation of synaptic
alterations that promote cognitive disturbances. A contrario, protective AB may create a
microenvironment that counteracts the deleterious effect of endogenous AB. Mechanisms associated
with the propagation of the synaptic effects are still unclear and will need to be elucidated in further

studies.

5. Modulation of brain function by AB seeds

The interplay between AP and synapses, which had been hinted by others, led us to wonder whether
the presence or absence of neuronal network modulation is a consequence of the
synaptoprotection/synaptotoxicity induced by AB seeds. Inoculation of AB.sa was found to affect both
local hippocampus connectivity and global connections within networks contributing to the

assumption of an AD-like disconnection syndrome in the inoculated mice. This disconnection occurs in
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some brain regions and hubs that are particularly vulnerable because of the accumulation of AR
deposits such as the hippocampus and the entorhinal cortex. It is now well established that AB toxicity
arises from pathological amounts of AB. Notably, we showed that modulation of hippocampus
connectivity and network organization are abolished when APP./PS14es are inoculated with AB seeds
that did not induce AB build-up four months post-inoculation, confirming that AR build-up is required
for brain disconnections. Thus, we demonstrated here a potential link between seed-specific AB build-
up and network dysfunctions. However, it is unclear whether the accumulation of AB occurs prior to
network dysfunctions or if network dysfunctions favor the accumulation and the spreading of AB. In
human, the distribution of PiB-amyloid uptake was shown to recapitulate the spatial pattern of hubs
with more topographic fidelity in some networks such as the DMN. High degree of neuronal activity in
these brain areas was postulated to favor the production of AB. In our study, AR build-up was restricted
to hippocampal area and interconnected regions at 4 months whereas functional impairment was
found in other brain areas such as the cingulate cortex. Further longitudinal studies of AB.sa-inoculated
APPgwe/PS14es Will allow investigating whether the propagation of AB pathology occurs following

functional networks alteration and will allow to define network fingerprints of ABosa..

As no difference in brain connectivity was found between ABwt, ABie- and PBS-inoculated
APPswe/PS14es, our study further suggests that Ap sequence is important in inducing deleterious effects.
Further investigations will be interesting to clearly identify why AB seeds target specific neuronal

networks.

6. Acute neurotoxicity of AB seeds and their preparations

As it was demonstrated that synthetic or recombinant AB are less bioactive and proteinase K-resistant
than brain-derived AP seeds (Langer et al., 2011), we inoculated high amounts of AB peptide (~1ug) to
avoid an important loss of material once into the brain. This concentration range was defined
according to the literature, where high concentrations were shown to be highly toxic and low
concentrations do not show any effects (Meyer-Luehmann et al., 2006). However, even with moderate
concentrations, inoculation of highly purified proteins is more neurotoxic than brain-derived AB seeds.
We observed 20% of mortality in our mice following the inoculation of AB seeds. One way to preserve
AB, without increasing the amount of inoculated peptide, is to encapsulate the peptide into small
extracellular vesicles such as the exosome to avoid excessive degradation in the brain. As exogenous
application of AB-containing exosomes from AD patients was shown to contribute to the propagation
of the pathology in neurons (Sardar Sinha et al., 2018), they can be a good candidate to propagate AB

seeds-associated pathology.
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When comparing different AB seeds, the peptide preparation method is vital to the biological
relevance of the study. We prepared well-characterized recombinant AP that reproduce different AB
aggregation states in vitro (from oligomers to protofibrils) and exert distinct degree of synaptotoxicity.
In vivo, in our study, AB.: showed a moderate impact on the development of AD pathology. This result
seems inconsistent with the widely reported toxicity and seeding activity of synthetic or recombinant
misfolded ABi1.42 in mouse models. Our first hypothesis to explain this discrepancy was based on the
preparation of ABwt. We showed both the presence of oligomers and protofibrils in our solution of ABut
whereas ABosa solutions did not have protofibrils and showed more globular structures. Thus, ABwt
solution may not contain enough toxic materials to exert its pathogenicity. Another hypothesis is that

the incubation period (4 months) was not sufficient for AR misfolding replication.

7. Link with human pathology

In our study, we assumed that inoculation of AP seeds cannot reproduce all the pathological features
present in FAD patients due to the important lag between APP genetic mutations occurring in a

biological microenvironment and a single mutated A in solution. For example, in humans, the Osaka

mutation prevents the formation of amyloid plaques and favors the development of Tau pathology
(Shimada et al., 2020; Tomiyama et al., 2008). In our study, we found the opposite since ABos. increases
AB deposits without affecting Tau pathology. Similarly, in humans, the Icelandic mutation significantly
decreases the amyloid pathology while, in our hands, ABi.. inoculation had no effect on mouse brain
amyloidoisis. Taken together, our study suggests that AP triggers different pathways when it is
intracellularly secreted and when it is used as an exogenous seed. A critical question arising from this
study is to know whether highly purified brain-derived AR seeds would exhibit features similar to

synthetic AB or to APP mutations.

8. Could we use AB as a therapy against AD?

Our study provides some insights into the conservation of AR protective effects following its
inoculation in transgenic mice. We identified that reduction of disease progression by ABic. is
associated with its impact on synapses and Tau. Although this appears to be a unique opportunity to
counteract AD-pathology, the underlying mechanism is unknown. Further investigations must aim to

decipher these mechanisms.
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