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Abbreviations

ACC — anterior cingulate cortex

AD — Alzheimer’s disease

AICD - APP intracellular fragment

aMCI — amnestic mild cognitive impairment
APOE - Apolipoprotein E

APP — amyloid precursor protein

App"F
AP — Amyloid-f peptide

— single knock-in mouse with humanized FAD mutated App™"™"

CDR - clinical dementia rating sum of boxes

CLA — claustrum

CTF —carboxy-terminal fragment (of APP)

DG — dentate gyrus

DH — dorsal hippocampus

dKI - App™*"xMAPT double knock-in

DMN — default mode network

EI — exploration index

EPM - elevated plus maze

FAD — familial Alzheimer’s disease

FC — functional connectivity

FDOLS’ — fine discrimination object location with a 5-minute ITI
FDORS’ — fine discrimination object recognition with a 5-minute ITI
fMRI — functional magnetic resonance imaging

IL — infralimbic cortex

ITI — inter-trial interval

KI — knock-in

LEC — lateral entorhinal cortex

MAPT — microtubule associated protein tau gene (also name for humanized MAPT KI mouse)
MCI — mild cognitive impairment

MEC — medial entorhinal cortex



MI — memory index

ME/EI — memory index divided by the exploration index
MMSE - Folstein's Mini Mental State Examination
mPFC — medial prefrontal cortex

MTC — medial temporal cortex

MTL — medial temporal lobe

MWM — Motris water maze

NFTs — neurofibrillary tangles

0iC24 — object-in-context with a 24-hour ITI

OL5’ — object location with a 5-minute ITI

OP5’- object-in-place with a 5-minute ITI

OR24 — object recognition with a 24-hour ITI

ORS5’ — object recognition with a 5-minute ITI

PCC — posterior cingulate cortex

PET — positron emission tomography

PHC — postrhinal cortex in rodents (parahippocampal cortex in humans)
PHF — paired helical fragments

PMC — posterior medial cortex

POC — postrhinal cortex in rodents (parahippocampal cortex in humans)
PRC — perirhinal cortex

PRL — prelimbic cortex

PS1 or PS2 — proteins presenilin 1 or 2

PSENI or PSEN2 — genes that code for presenilin 1 or 2
ptau — phosphorylated tau

RSC — retrosplenial cortex

sAPP — soluble APP

SCD — subjective cognitive decline

sMRI — structural magnetic resonance imaging
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Dementia and Alzheimer’s disease

1. Dementia and Alzheimer’s disease

A. The 18th Richest Country in the World

Dementia is a syndrome caused by a variety of brain diseases, characterized by a decline in
memory, language, and/or other cognitive skills that affect a person’s ability to perform everyday
tasks. It is estimated to affect over 45 million people worldwide (Nichols et al., 2019) and is
predicted to triple by 2050 as average life expectancy increases (An Aging World : 2015, NIH,
2016), especially in the developing world (World Alzheimer Report 2010). In 2015, the
worldwide cost of dementia was estimated at 818 billion dollars, exceeding the gross domestic
product of countries such as Indonesia and the Netherlands, making dementia the “18th richest
country” in the world. These include costs for informal care from family members and others,
social care from care professionals and residential homes, and medical care (World Alzheimer
Report 2015). Given its overwhelming and ever increasing global impact, it is vital to take an
active stance in combatting dementia and promoting research for cures and therapies against the
diseases that cause it. Until breakthroughs are made, dementia will constitute an increasing

challenge to health-care systems across the globe.

B. Alzheimer’s Disease

The predominant cause of dementia is Alzheimer’s disease (AD), accounting for around 70% of
dementia cases worldwide (Nichols et al,, 2019). The disease is named after the German
psychiatrist, Alois Alzheimer. In 1907, Alzheimer published a case report detailing a 55 year old
female patient who was described as “completely deeply disoriented in time and place”, and who
“had completely lost the ability to retain information” (Alzheimer, 1895; Strassig and Ganguli,
2005). Using a silver staining histology technique, her brain biopsy presented unusually intensely
stained “neurofibrils” within cortical cells. These lesions are now called “neurofibrillary tangles”
(NFTs), the hallmark of tau pathology. Alzheimer also found seed like protein lesions scattered
throughout the cortex, though these had already been described years before by Czech
contempary Oskar Fischer. These lesions are now called “amyloid plaques”, the hallmark of
amyloid pathology. Over the next couple of years, he would describe more cases exhibiting

similar neural pathology and cognitive troubles. In 1910, these cases would be detailed in a
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psychiatry textbook by Alzheimer’s colleague, and would be coined as “Alzheimer’s disease”

(AD).

2. Symptomatology of AD

Initial symptoms of AD mainly involve brief recognition memory lapses where the sufferer may
sometimes forget recent events, taxing episodic memory. Episodic memory is necessary to
remember personally relevant events with complex and context-rich details (recollection
process). This form of memory is often evaluated in recognition paradigms using the
remember/know procedure (Tulving, 1985). Instructions are adapted to differentiate the episodic
process of recollection from the arguably non-episodic process of familiarity (see Yonelinas,
2002; Rugg and Yonelinas, 2003; Vilberg and Rugg, 2008 for a discussion of the dual processes
account of recognition memory). They will also show lapses in spatial memory where they first
have trouble remembering where they have placed objects and spatial orientation difficulties,
especially in learning a new route. In advanced stages, AD patients will progressively lose their
ability to navigating to and from familiar places. Moreover, executive function is affected as the
sufferer will find it harder to make decisions (decision making deficits), change their habits (loss
of cognitive flexibility) or show some difficulty retaining simple information necessary in
routine multi-step tasks such as following a new recipe. The later task typically depends on
working memory. The prodromal stage of AD characterized by light cognitive troubles that do
not severely affect everyday function, and corresponds to a cognitive state termed Mild
Cognitive Impairment (MCI; Petersen et al., 2001). As the disease develops the problems with
memory and executive function worsen. Eventually, the symptoms are severe enough as to
necessitate everyday support, signaling the transition from MCI to dementia. They will struggle
to recognize family and friends. Their personality may also change with increasing anxiety and
agitation. As they become more disoriented, they will start to wander, especially during sleep
time, and forget which day it is or where they are. Their anxiety may divulge further, with some
patients developing severe depression. Many will experience delusions and paranoia. Completely
new symptoms will start to develop such as disturbed sleep architecture, and aphasia (loss of
spoken language). Sleep disturbances are frequent in AD, affecting up to 45% of AD patients
(Moran et al., 2005; McCurry et al., 2000). Sleep disorders are particularly important in regard to
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AD’s symptomatology as sleep plays a crucial role in memory formation and other cognitive
functions (Mander et al., 2016). In the final stage of the disease the patient may develop physical

symptoms including severe weight loss, and difficulties in moving or eating.

AD diagnosis first relies on a qualitative behavioral examination by a doctor which consists in an
interview of the patient and its relatives. Cognitive impairments are then assessed more
quantitatively using scoring in cognitive tests. The most common of these is the Folstein's Mini
Mental State Examination (MMSE) (Folstein and Whitehouse, 1983). This test provides a global
cognitive exploration of the patient using thirty questions. It provides information on the patient's
spatio-temporal orientation, short and medium-term memory, mental calculation, attention,
language, comprehension and constructive practices. Additional biological exams evaluating the
neuropathological state are always necessary to confirm the diagnosis. In the past, final AD
diagnosis could only be delivered after post-mortem examination of the brain confirming the

presence of the two AD hallmarks, namely the amyloid plaques and NFTs.

A. The hallmark aggregates

Amyloid plaques, the seed like protein lesions as described by Alzheimer and Fischer, are
formed by the extracellular accumulation of an amyloid peptide (APB). AP results from the
processing of amyloid precursor protein (APP). Accumulation in the brain can result from an
altered imbalance in the production and clearance pathways in the case of sporadic AD, or
overproduction of AP due to genetic mutations in familial AD (FAD) (Selkoe and Hardy, 2016).
AP peptides fold into beta-pleated sheet structures that are highly fibrillogenic, and aggregate to
form oligomers, then filaments and finally amyloid plaques (Rozemuller et al., 1989). There are
two main subtypes of AP, ABs and AP4r. APs> more readily aggregates and is found in higher
abundance in amyloid plaques. Evaluating decreases in AP4, levels in cerebral spinal fluid (CSF)
is a reliable way of predicting augmented brain amyloid deposition and it is routinely performed
to confirm AD diagnosis. It must be noted that in healthy conditions, the amyloidogenic
processing of APP is secondary compared to the non-amyloidogenic processing which involves
an a-secretase acting within the AP sequence thereby releasing the highly neurotrophic and

neuroprotective secreted form of APP (Dodart et al., 2000).
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There are two main forms of plaques, diffuse and dense-core (Figure I). Diffuse plaques, the
earliest subtype, have an amorphous structure (Yamaguchi et al., 1988) and are stained weakly
by thioflavin S (a compound used for staining protein aggregates) and amyloid binding dyes such
as Congo red. Dense core plaques have a compact core consisting of densely packed amyloid
fibrils (Kidd, 1964), and are intensely positive with thioflavin S and Congo red (Dickson et al.,
1997). A subset of dense core plaques, termed neuritic plaques, contain degenerative neuronal
processes (neurites) surrounded by reactive glia and synaptic loss (Thal et al., 2006; Yasuhara et

al, 1997).

NFTs, the neurofibrils described by Alzheimer, are aggregates of filamentous tau protein
(Goedert et al., 1988). Tau is a protein that normally functions to stabilize and organize axonal
microtubules (Weingarten et al,, 1975). Abnormal phosphorylation of tau leads to loss of
function and subsequent aggregation, first into oligomers (Maeda et al., 2006), then filaments
(Goedert et al., 2018), and finally NFTs. The most common tau filaments have a twisted double-
helical structure and are thus called paired helical filaments (PHF), though straight helical

filaments (SH) also exist.

Amyloid plaques

Diffuse Dense-core
-

Figure 1. The two AD hallmarks. NFT : neurofibrillary tangles. PHF : paired helical fragment. Adapted from
Deture and Dickson 2019
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B. From treatment to prevention

The most common available method for diagnosing AD is through a qualitative examination of a
patient’s mental state as evoked previously. Nowadays, biological exams consist in CSF testing
and eventually neuroimaging investigations to verify the presence of both amyloid and tau
pathologies. As it stands this diagnosis pipeline is able to efficiently detect mild to moderate
stages of AD. Clinical trials have mostly been conducted at this stage of AD, including those
testing anti-bodies targeting AP (solanezumab, bapineuzumab) and inhibitors of § (verubecestat)
and y (semagacestat) secretases. Unfortunately, so far these treatments have failed to
significantly slow cognitive and functional decline (Doody et al., 2013, 2014). This is largely due
to the fact that these treatments occur too late, after physiological changes such as atrophy have
reached a potentially irreversible state. It is essential that we increase our understanding of much
earlier stages of AD, so that more pro-active therapies or detection methods can be established.
Throughout the rest of this text, I will focus on the physiological and cognitive perturbations that

underlie the very earliest stages of AD.

3. Genetic factors and risk factors of AD

A. Sporadic AD and its risk factors

The vast majority of AD patients (95%) have the late onset sporadic form of AD. Among major
non-modifiable risk factors, age is the most fundamental and well known factor. Around two
third of AD patients are women in the United States or in France, as in most European countries.
This was initially attributed to the fact that women aged better than men, so this unbalanced
proportion only reflected a sex biased survival. However, gender has been more recently
identified as a very serious risk factor in AD (Ferretti et al, 2018). The higher risk to develop AD
has been partly related to an increased vulnerability of the female brain during and after
menopause (Mosconi et al., 2017). In addition, many other modifiable risk factors for AD have a
higher impact on female sex and gender, such as depression, sleep disorders, and caregiver
burden (Rahman et al., 2019). On the other hand, research on specific environmental risk factors
has gathered relatively poor evidence concerning most metals and occupational exposure (lead,

paints, fuels). However, the systematic review published by Killin et al. (2016) still ends up with
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a short list which includes air pollution, aluminium and pesticides showing moderate evidence as

dementia risk factors that merits further investigation.

In sporadic AD, there are several common genetic polymorphisms with a low effect size that
account for a significant portion of AD heritability. Rather than directly increasing production of
AP, most of these risk genes indirectly increase the presence or the metabolism of APP or tau
and/or adversely affect AP clearance. One of the major genetic risk factor is related to the APOE
gene, which codes for the apoliprotein E (apoE), a protein involved in lipid transport. There are
three APOE alleles, €2, €3 and €4, giving rise to apoE2, apoE3 and apoE4 isoforms respectively.
APOE ¢4 leads to a greater risk of developing AD, its heterozygous presence leading to a 3-fold
increase in risk, and homozygous a 12-fold. It is estimated to be present in 15 to 20% of the
population and in more than 50% of MCI patients (Silva et al., 2019). Asymptomatic carriers of
APOE ¢4 are among the most commonly evaluated representations of preclinical-AD, and will be
referenced throughout this text. The negative impact of APOE &4 in the development of AD has
been related to its deleterious effects at several levels of AB-driven pathology as well as Ap-
independent effects on synaptic plasticity, neuronal repair or cerebrovascular functions
(Yamazaki et al., 2019). Moreover, a recent study also suggests that this allele increases tau
pathology (Therriault et al., 2020). There are many other genetic risk factors other than the
APOE ¢4 gene. Recent state of the art Genome-wide-association-studies, have been able to
screen 100s of thousands of AD cases to identify new genetic risk variants. These meta-analyses
have identified over 40 disease-associated genomic loci, which may implicate over 200 potential

risk genes (Lambert et al,. 2013; Jansen et al,. 2019).

B. Familial AD (FAD)

Around 1 % of AD cases are of the autosomal dominant familial form (FAD), meaning that they
are linked to a single gene mutation(s) that leads to a 100% risk of developing early-onset AD.
Dominant mutations are found in three genes, App, PSENI and PSENZ2. App encodes for the
amyloid precursor protein (APP), a protein that is cleaved to form the amyloid peptide (Ap).
PSENI and PSEN2 encode for presenilins 1 and 2 respectively, the catalytic subunits of the y-
secretase complex that cleaves APP and contributes to the formation of AP. Mutations to these

genes therefore promote AP production by augmenting amyloidogenic specific cleavage of APP,
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or increasing APs/APso ratio. Asymptomatic individuals with FAD represent the most robust
way of tracking pathological trajectories of AD patients, and were instrumental in first defining

the preclinical progression of AD staging.

Neuropathological changes in AD occur decades before cognitive decline (Selkoe, 2012).
Assessment of FAD patients shows that AP, levels in CSF begins to decline as early as 25 years
before expected symptom onset (Bateman et al., 2012). Then, amyloid deposits, and progressive
brain atrophy is detected through neuroimaging techniques (amyloid plaque positron emission
tomography (amyloid-PET) imaging and structural magnetic resonance imaging (sMRI)), shortly
followed by increased levels of total tau and phosphorylated tau (ptau) in CSF appear roughly 15
years before expected symptom onset (Bateman et al., 2012; Fleisher et al., 2015). It must be
noted that cognitive impairments in the MMSE and Clinical Dementia Rating scale are detected
only 5 years before the diagnostic of dementia. CSF contents in total tau and ptau are now
routinely evaluated to confirm clinical diagnosis of AD. Tau deposits are seen with PET imaging
6 years before expected symptom onset, and are well correlated with MMSE performance
(Quiroz et al., 2018). This time course is generally retained in complementary cross-sectional

evaluation of sporadic AD (see Figure 2, and Jack et al., 2010).
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Figure 2. Progression of Alzheimer’s disease. Evolution of the biomarkers currently used for AD diagnosis as a
function of time. Reproduced from Jack et al 2013.
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4. Detecting early stages of AD

A. Mild Cognitive impairment

Mild cognitive impairment (MCI) is a syndrome defined by cognitive decline that is greater than
normal for an individual’s age but not bad enough to severely interfere with daily life (Gauthier
et al,. 2006). The prevalence of MCI in adults over 65 years is 10 to 20% (Langa et al., 2014).
MCI can be diagnosed based on anecdotal evidence, or through neuropsychological tests such as
the Short Test of Mental Status and the Montreal Cognitive Assessment (Tang-Wai et al., 2003;
Nasreddine et al., 2005). There are two subtypes of MCI, amnestic and nonamnestic. Amnestic
MCI (aMCI) concerns noticeable episodic memory impairments, with other capacities such as
executive function remaining more or less unaffected. Nonamnestic MCI is conversely
characterized by a subtle decline in separate functions such as executive function, language, and
visuospatial skills. People with aMCI have a greater chance of transitioning into AD, with the
rate of progression of at least 10% per year versus the 2% in normal elderly (Campbell et al.,
2013; Roberts et al., 2014), so it is considered as a prodromal stage of AD (Figure 3). However,
it is important to keep in mind that MCI only describes a set of symptoms, not a specific disease.
MCI patients are not necessarily developing an early phase of AD because the MCI population
also includes other etiologies for such as depression and other neurodegenerative diseases that

affect the cognitive sphere.

B. Preclinical and Subjective cognitive decline

After three decades of intense research, clinical trial failures and data collected in
presymptomatic FAD and sporadic AD patients in the early 2010s (Jack et al. 2010; Bateman et
al., 2012), the worldwide community of AD researchers understood that early intervention would
offer better therapeutic success. Therefore, the development of effective prevention and
treatment would depend on increasing knowledge on initial steps of the disease (Selkoe, 2012).
In the meantime, extensive research and clinical trials has been conducted... and there is still no
efficient treatment in our hands (Yiannopoulou and Papageorgiou, 2020). This lack of progress
in therapeutic approaches has greatly stimulated research on earlier stages than MCI as

illustrated by the steep increase in publications on preclinical, subjective cognitive decline and
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“cognitively healthy” middle-aged and elderly with amyloid deposits. The present work is part of
this general effort to focus on preclinical stage. This led us to search a definition of this
“preclinical stage”. Sperling and colleagues (2011) proposed a 3-stage framework for preclinical
AD based on currently used clinical biomarkers. The first asymptomatic amyloidosis stage is
characterized by high PET amyloid tracer retention and low CSF Ap42, the second one adds
neurodegeneration with neuronal dysfunction on 18F-fluorodeoxyglucose-PET (FDG-PET) or
functional MRI (fMRI), high CSF tau/ptau and cortical thinning/hippocampal atrophy in sMRI,
and finally the third stage adds subtle cognitive decline with evidence of changes from baseline
level of cognition, poor performance on more challenging cognitive tests without meeting
criteria for MCI (According to Dubois et al., 2016, “preclinical AD would theoretically span
from the first neuropathologic brain lesions to the onset of the first clinical symptoms of AD”).
However, they evoke the difficulty to set the boundaries of what should be considered as the first
neuropathological sign and what should be considered as the first clinical symptom of AD.
Indeed, a new stage of preclinical AD called subjective cognitive decline (SCD) has been
recently considered as the first clinical manifestation of AD. SCD is based on self-reported
decline in cognitive functions without any impairment in the classical diagnostic battery.
Neuroimaging studies of SCD found abnormal amyloid and tau aggregates, regional atrophy and
white matter alterations (Wang et al, 2020). These characteristics are relatively close to those
listed for the third stage proposed by Sperling et al. (2011). An overview of the different stages
of AD can be seen in Figure 3.
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Figure 3. Staging of AD with cognitive and biological markers. Inspired by Selkoe, 2012 and Bateman et al., 2012.

C. Neuropathological staging of AD

Protein accumulation affects different regions of the brain at different time points, making it

possible to characterize deposition in an AD staging system. The first staging systems were

developed using postmortem neuropathologic studies of the brain, detailed in seminal research

by the teams of Heiko Braak and his student Dietmar Thal. Braak and Thal described a

descendent progression of amyloid deposition, described in the “Thal stages”: stage 1 in the

neocortex, stages 2 and 3 in the allocortex (medial temporal and insular cortex) and limbic

system, and stages 4 and 5 in subcortical region. Braak described tau progression with the

“Braak stages”, stages 1 and 2 starting in the medial temporal lobe, stages 3 and 4 in the limbic
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system, and finally stages 5 and 6 in the neocortex. These Braak and Thal staging patterns are

illustrated in Figure 4A.

With the recent development of functional imaging techniques, we have obtained a more precise
look at AD deposition and concurrent changes in brain physiology (Jagust et al., 2018) (Figure
4B). Positron emission tomography (PET) is a technique that uses radioactive substances known
as radiotracers to visualize changes in brain physiology (Ametamey et al., 2008). Some
radiotracers have been verified in postmortem brains to label amyloid plaques and fibrils (Klunk
et al., 2004; Clark et al., 2012; Sabri et al., 2015; Curtis et al., 2015) as well as tau PHFs and
NFTs (Xia et al., 2013; Marquié et al., 2015; Schonhaut et al., 2017). These can be coupled with
other neuroimaging techniques to evaluate concurrent changes in brain physiology. The
radiotracer glucose analogue 18F-fluorodeoxyglucose used in FDG-PET can map brain glucose
metabolism. The cellular relevance of this technique is somewhat ambiguous, but the recorded
signal is likely linked to synaptic or glial dysfunction. Magnetic resonance imaging techniques
such as sMRI and fMRI measure brain volume (through detection of random water movement in
tissues) and brain activity (through detection of blood oxygen levels) respectively. Finally,
physiological measures have been evaluated in tandem with standardized assessments of
cognitive function, quantified with testing protocols including the Mini-Mental State

Examination (MMSE), and the Clinical Dementia Rating Scale Sum of Boxes (CDR).

Amyloid-PET reveals more detail into what is essentially Thal stage 1. Earliest amyloid deposits
are seen in medial prefrontal (mPFC) and posterior medial cortex (PMC) (including the posterior
cingulate, retrosplenial, precuneus) (Palmqvist et al., 2017). Amyloid deposition then progresses
to the other neocortical areas described in Thal stage 1 (Mattson et al., 2019). Correspondence of
amyloid-PET with hypometabolism or atrophy is not clear. Many studies report no
correspondence (Furst et al., 2012, Lehmann et al., 2013). In MCI, increased amyloid deposition
in the PMC was associated with atrophy in medial temporal regions, and this may reflect an
indirect association through tau staging (Tosun et al., 2011). Others have reported an association
between amyloid and atrophy only during the preclinical stage SCD, suggesting that initial Af
may induce subtle atrophy early on before this dependence is muddled by the appearance of
other atrophic processes (Chételat et al., 2010). Amyloid staging presents itself decades before

dementia, and is even found in abundance in the cognitively healthy elderly (Villeneuve et al.
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2015). Most cognitively healthy individuals show less association of atrophy and
hypometabolism to AP, indicating AP resistance as a potential mechanism for maintained

cognition (Ewers et al., 2012).

Tau-PET largely recapitulates Braak staging (Schwarz et al., 2016; Scholl et al., 2016). Tau
deposition appears after amyloid deposition, but increased tau is associated with increased
amyloid (Johnson et al., 2016; Tosun et al., 2017). Even in the cognitively normal, very slight
increases in cortical amyloid, regardless of localization, associate with increases of tau in the
MTL (Tosun et al., 2017, Leal et al., 2018). There is a strong correlation between the topography
of tau deposition and atrophy (Wang and Mandelkow, 2016). Tau deposition and accompanying
atrophy in the MTL strongly correlates with decreased cognitive function as measured by MMSE
and CDR (Brier et al., 2016; Pontecorvo et al., 2017; Quiroz et al., 2018).

Amyloid-PET staging

Intermediate

A

Thal amyloid plaque staging
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Figure 4. Staging of aggregate formation based on (4) evaluation of post mortem brains and (B) PET. Adapted
from Jouanne et al., 2017; Mattson et al., 2019; Maass et al., 2017.
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5. Anatomical architecture and connectivity of AD sensitive brain areas

Here I will describe the cytoarchitecture and structural connectivity of regions sensitive to early
AD deposition. This will mostly evoke results arising from studies on macaques and rodents,
which are required to provide an appropriately detailed understanding of anatomical

connectivity. All observations are generally conserved between primates and rodents.

A. Medial Temporal Lobe (Tau)

1. Hippocampus

The hippocampus is made up of two principal parts: the cornu Ammonis (CA), which emerges
into the dentate gyrus (DG) (Figure 5). The cornu Ammonis, is sometimes considered on its own
as the hippocampus proper, and is composed of 4 sections that each reaches closer to the DG: the
CAl, CA2, CA3 and CAA4. It has stratified brain structure. Its most superficial stratum is called
the stratum oriens. This stratum rests on the pyramidal stratum which takes its name from the
glutamatergic pyramidal cells that compose it. The basal dendrites of these pyramidal cells are
located within the stratum oriens. Their apical dendrites, on the other hand, first go into the
stratum radiatum, located just below the pyramidal stratum, then sink into the stratum
lacunosum-moleculare, the deepest layer of the hippocampus proper. The axons of the pyramidal

cells form the Schaffer collaterals that innervate the CA1 and CA3 fields.

The DG contains a granular layer, the hilum, and the molecular layer. The granular layer
contains granular cells. These neurons are characterized by a rounded soma, a dense apical
dendrite and scattered basal dendrites. The granular layer surrounds the hilus, which contains the
axons of granular cells called mossy fibers. Above the upper granular layer is the molecular layer

that contains the apical dendrites of the granular cells and their afferents (Amaral et al., 2007).

The subiculum is the main output of hippocampal information and is composed of three layers: a
molecular layer, continuous with strata lacunosum-moleculare and radiatum of the adjacent CA1

field, and a polymorphic layer.

The hippocampus is widely considered as essential in episodic memory, spatial memory and

cognitive flexibility (Eichenbaum, 2017, Tulving and Markowitsch, 1998).
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® Hippocampus ©OEC

CA1

Figure 5. Organisation of the hippocampus in rodents and humans. CA: CA fields of the hippocampus; Dist: distal;
DG: dentate gyrus; EC: entorhinal cortex. Adapted from Strange et al., 2014.

1. Entorhinal Cortex

The entorhinal cortex (EC; Brodmann 28 area) is the main relay of information between the
neocortex and the hippocampus (Mufioz and Insausti, 2005) (Figure 6). This cerebral structure
plays a central role in the integration of sensory information of different natures into more
elaborate memory representations (Eichenbaum et al., 2007; Tsao et al., 2013). It exhibits
cytoarchitecture and laminar structure similar to the neocortex. Layers I and IV are relatively

devoid of neurons. The main efferent neurons are the glutamatergic pyramidal cells from layers
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I, IT and III (Canto et al., 2008). These are accompanied by GABAergic inhibitory interneurons

that build local intrinsic connections and aid in homeostatic control of the EC.

The EC is divided into two sub-regions: the lateral entorhinal cortex (LEC) and the medial
entorhinal cortex (MEC) (Kerr et al., 2007; Canto et al., 2008). The LEC is located in the
anterior lateral EC, while the MEC is located in the posterior medial EC (van Strien et al., 2009).
The subregions differ in terms of cytoarchitecture, interregional connectivity, and functionality
(Witter et al., 2000a, 2000b). The LEC is connected to the perirhinal (PRC), olfactory, and
insular cortex and the amygdala. The MEC is connected to the postrhinal cortex (POC), the
presubiculum and the occipital and retrosplenial visual associative cortex. The two subregions
are also connected differently with the hippocampus. While both subregions target the same
neurons of the dentate gyrus and the CA3 ammonic field of the hippocampus, they connect

reciprocally to different cell groups of CA1 and the subiculum.

Layer II neurons primarily project to the dentate gyrus and the CA3 ammonic field of the
hippocampus, while Layer III neurons distribute their axons to the CA1 field and the subiculum.
Cortical inputs primarily target neurons in layers II and IIl. Cholinergic and monoaminergic
subcortical inputs from the amygdala, septum, thalamus and brainstem have a diffuse distribution
over the EC. The claustrum also sends strong projections. The CAl field, the subiculum, the
mPFC and retrosplenial cortex (RSC), and in primates the posterior cingulate cortex (PCC),
target layers V and VI. In turn, the EC sends reciprocal cortical and subcortical projections

towards the amygdala, septum, striatum and thalamus (Witter et al., 2000a, 2000b).

The EC is widely considered as essential in episodic and spatial memory (Sugar and Moser,

2019; Murray and Richmond, 2001).
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Figure 6. Schematic representation of hippocampal-parahippocampal interactions in the rodent brain. CA: CA
fields of the hippocampus; Dist: distal; DG: dentate gyrus, Prox: proximal; Sub: subiculum. Adapted from Bubb et
al, 2017.

1il. Perirhinal and Postrhinal Cortex

The cortical regions adjacent to the EC (laterally in primates, dorsally in rodents), are an anterior
region, the PRC, and a posterior region, the parahippocampal cortex (postrhinal cortex in
rodents) (POC). The PRC itself splits into two subregions, Area35 and Area36. The PRC is more
strongly connected with the LEC, and the POC with the MEC. The PRC and POC make up the

primary relay for the EC to sensory and association cortices.

Neocortical afferents from association, somatosensory, auditory, and visual areas, targets area 36
of the PRC, which then projects to area 35. These are topographically organized: somatosensory,
auditory, and visual areas preferentially target anterior, mid-rostrocaudal, and caudal area 36,
respectively (Burwell, 2001). Area 35 also receives substantial input from the LEC, piriform
cortex, and insular areas. The POC is heavily innervated by visual association and visuospatial
areas, including the RSC and parietal cortices. Cortical efferents are similarly segregated, with
POC targeting mainly visual and visuospatial regions and the PRC targeting all sensory
modalities. Even direct cortical connections to the EC (mPFC, RSC, PCC) mainly target areas of
the EC bordering the PRC/POC (Agster and Burwell, 2009). Strong subcortical projections to the
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PRC arise from the claustrum, olfactory regions, amygdala and the dorsal thalamus. The POC
receives predominantly projections from the dorsal thalamus and claustrum (Pereira et al., 2016).
An overview of interactions between the hippocampus, entorhinal cortex and peri/postrhinal

cortices can be seen in Figure 6.

The PRC is widely considered as essential in object recognition memory (Brown and Aggleton,
2001; Murray and Richmond, 2001), and the POC appears to be important for spatial contextual
memory (Aminoff et al., 2013, Norman and Eacott, 2005).

B. Anterior and posterior midline cortices (Amyloid)

L Medial Prefrontal Cortex

The medial prefrontal cortex (mPFC) covers the anterior portion of the midline cortex. In
humans is composed mainly of the anterior cingulate cortex (ACC), including the anterior
midcingulate cortex (BA24), the pregenual ACC (BA32) and the subgenual ACC (BA25)
(Figure 7). The dorsal areas (BA24 and the dorsal portion of BA32) are heavily connected with
sensorimotor and association neocortical areas (RSC), while the ventral areas (BA24 and the
ventral portion of BA32) have connections with the amygdala and temporal, limbic association
cortices. In rodents there are equivalents to the anterior midcingulate cortex (classically termed
the cingulate cortex 1 and 2 (Cgl, Cg2)), the pregenual ACC (classically termed the prelimbic
cortex (PRL) and the subgenual ACC (classically termed the infralimbic cortex (IL)) (Vogt and
Paxinos, 2012).

The mPFC is widely considered as essential in working memory, cognitive flexibility and
memory consolidation in interaction with the hippocampus (Miller and Cohen., 2001; Euston et

al., 2012; Funahashi, 2017).
11. Posterior Medial Cortex

The posterior medial cortex (PMC) makes up the posterior extension of the midline cortex. In
humans and non-human primates is composed of the precuneus, the PCC, and the RSC (The
PCC and RSC are depicted in Figure 7). The PCC and precuneus are reciprocally connected to

many cortical regions not present in the rodent, including other parts of the parietal lobe (Parvizi
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et al., 2006), the lateral prefrontal cortex (BA46), and the frontal poles (BA10/11). The PCC and
RSC are highly connected to other paralimbic, limbic and dorsal thalamic structure. Reciprocal
connections to the medial temporal lobe and the mPFC are seen with the ventral PCC and RSC
(Kobayashi and Amaral, 2007; Kobayashi and Amaral, 2003).

The posterior portion of the midline cortex in rodents is most akin to the human RSC, according
to indices of cytoarchitecture and structural connectivity (Figure 7). However, as discussed
above, the RSC shares a very similar structural connectivity profile to the ventral PCC, with both
exhibiting strong reciprocal connections with the MTL and the mPFC. Many of the functional
properties of the human PCC is retained in the rodent RSC, especially in regards to their position
as central hubs for resting state functional networks (Lu et al., 2012, Stafford et al., 2014). The

PMC also heavily contributes to associative and episodic memory (Ritchey and Cooper, 2020).
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Figure 7. Anteriour-posterior extent of the midline cingulate cortex in humans and mice, with Brodmann’s areas
indicated. ACC: anterior cingulate cortex; MCC: middle cingulate cortex; PCC: posterior cingulate cortex; RSC:

retrosplenial cortex. Adapted from Vogt and Paxinos, 2014.
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6. Functional perturbations of early AD

A. Hyper-activity in the MTL

Using fMRI and FDG-PET in patients of MCI, several studies have reported hyper-activity in the
basal forebrain (Kim et al., 2012) and most prevalently in the MTL (Johnson et al., 2006a;
Himadldinen et al., 2007; Huijbers et al., 2015). Hyper-activity of the MTL is also observed in
asymptomatic preclinical individuals at genetic risk for developing AD, including carriers of
FAD mutations (Quiroz et al., 2010; 2015; Reiman et al., 2012) and in carriers of APOE &4 at
increased risk for sporadic AD (Bookheimer et al., 2000; Johnson et al., 2006b; Tran et al.,
2017). Reduction of MTL hyperactivity improves cognition in aMCI (Bakker et al., 2012). There
is a clear link between increased tau and MTL hyper-activity in cognitively healthy individuals,
as assessed with Tau-PET (Marks et al., 2017; Huijbers et al., 2019 ), and CSF tau levels (Berron
et al., 2019). Hyper-activity also correlates well with atrophy and cortical thinning (Putcha et al.,
2011, Hamédldinen et al., 2007). Given its prominence in asymptomatic individuals, hyper-
activity was hypothesized to be part of a compensation mechanism counteracting the first AD-
associated neuropathologic alterations. Indeed, studies have shown that hippocampal hyper-
activity during encoding (Kircher et al.,, 2007) can transiently correlate positively with better
performances during a memory task. However, we will see later that MTL hyper-activity may
adversely affect specific subtle forms of memory, which as of yet go largely undetected in

preclinical individuals.

B. Default Mode Network

L Overview

The default mode network (DMN) is most simply described as a set of brain regions that co-
activate in time (in other words they exhibit functional connectivity) during rest or passive task
states (Buckner et al., 2008). These include primarily regions of the the mPFC, the PMC and the
temporal lobe. However, the DMN can be more aptly described as a set of subsystems that
converge onto midline hubs. There are two principle subsystems which converge onto the hubs

of the anterior mPFC (amPFC) and PMC: the “medial temporal subsystem” containing the
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hippocampal formation/MTL, the RSC and the ventral mPFC (vmPFC), and a “dorsal medial
subsystem” containing the dorsal mPFC (dmPFC), the inferior parietal lobe and the lateral
temporal cortex (Andrews-Hanna et al.,, 2010). These subsystems are functionally divergent,
each supporting distinct processes supporting autobiographical thought. The medial temporal
subsystem is more involved in episodic memory retrieval, whereas the dorsal medial subsystem
is more involved with mentation (ability to represent the feeling and emotions of one’s self and
others) (Andrews-Hanna et al., 2014) (Figure 8). With more advanced analysis techniques, many
other subsystems and individual networks contributing to the global DMN have been identified,
such as the posterior DMN (pDMN) and the anterior DMN (aDMN), which have higher
involvement of the PMC and mPFC respectively. (Jones et al., 2012; Buckner and DiNicola,
2019)

Medial temporal lobe subsystem (episodic retrieval)

dMPFC

Dorsal medial subsystem (mentation)

Figure 8. The default mode network and its primary subsystems which contribute to different aspects of
autobiographical memory. The dorsal medial subsystem is required for mentation and includes the dorsal medial
prefrontal cortex (dMPFC), temporoparietal junction (TPJ), lateral temporal cortex (LTC), and temporal pole
(TempP). Medial temporal lobe (MTL) subsystem is required for episodic retrieval and includes the ventral medial
prefrontal cotrex (vMPFC), posterior inferior parietal lobule (pIPL), retrosplenial cortex (Rsp), parahippocampal
cortex (PHC), and hippocampal formation (HF+). These subsystems overlap in the DMN through midline core
regions of the posterior cingulate cortex (PCC) and the anterior medial prefrontal cortex (amPFC). Adapted from
Andrews-Hanna et al., 2010.

ii. In early AD

One may have noticed that the primary hubs supporting the DMN are those that are initially
affected by early amyloid deposition, the mPFC and the PMC. Even preceding the development
of amyloid-PET, it was noted through FTG-PET that the mPFC and PMC showed reduced
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resting state glucose metabolism and hypo-activity in asymptomatic carriers of APOE &4
(Reiman et al., 1996, 2004). It is valid hypothesis then that the default mode network may be

particularly sensitive in preclinical AD.

The strength/integrity of a functional network, or between functional networks or subsystems,
can be defined by how strongly their regions co-activate together in time. Evaluations of
asymptomatic individuals consistently link early AD biomarkers (increased amyloid-PET,
decreased AP4, and increased ptaul81 in CSF) to reduced connectivity of the DMN to the PMC
(Hedden et al., 2009; Sheline et al., 2010; Wang et al., 2013a). Jones and colleagues showed that
in asymptomatic carriers of APOE €4, the DMN subsystem involving primarily the PMC, the
pDMN, exhibits decreased within-system functional connectivity before the appearance of
plaques (Jones et al., 2016). This study was coupled to a cross-sectional analysis, which revealed
that with high amyloid burden and severe hippocampal atrophy in early AD and late MCI, the
connectivity of this PMC subsystem continues to decrease substantially, but at the same time the
connectivity between the pPDMN and other DMN subsystems actually increases. In AD stages
with absent or low amyloid burden (in CN, SCD or early MCI) the relationship between amyloid
load and connectivity strength are not so clear. This may indicate that this intermediate point of
AD pathology, generally between pre-plaque and post-plaque stages, accompanies a dynamic
mixture of connectivity profiles (from PMC hypo-connectivity to global DMN hyper-
connectivity) that cannot be easily characterized. The dynamic nature of DMN perturbation in
prodromal AD poses a problem for evaluations of aMCI, which should encompass a mixture of
AD proteopathic states. A review of resting state functional connectivity assessments in aMCI
across 22 studies shows that DMN connectivity to the PMC is consistently affected but the
direction of the perturbation (hyper vs. hypo connectivity) varies. However, they do find a trend
towards PMC-DMN hyper-connectivity (Badhwar et al, 2017), suggesting a greater
representation of late stage MCI, with an already high level of amyloid burden and hippocampal
atrophy. In SCD, a similar inconsistency is found; some studies report increased connectivity
within the DMN (Wang et al., 2013b), or between the PMC the rest of the DMN (Verfaillie et
al.; 2018). In contrast, others have reported decreased connectivity between the pPDMN and other

DMN subsystems (Dillen et al., 2017; Yasuno et al., 2015).
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iil. Graph theoretical analyses

To obtain a more informed understanding of information flow in a functional network, we may
evaluate its topology using graph theory. With graph theory, a functional network can be
represented as graph with nodes (regions) that are inter-connected by edges (connections), which
exist if two regions significantly co-activate together in time (Figure 9A4). Efficient networks are
those that are able to effectively transfer information between any two regions. This is
commonly measured as a network’s global efficiency. Network global efficiency is shown to
scale with cognitive performance, and is heavily dependent on the presence of hub regions (such
as the PMC in the DMN) to act as information relays (Toussaint et al., 2014). Hub regions are
most commonly and simply detected as the regions with the greatest number of connections. The
number of connections a region has is measured as its degree, and regions with higher degree
can be said to have higher hub strength (Figure 9B). Finally, one can also evaluate to what
extent the network segregates into separate clusters or communities/modules (Figure 9C), as
measured through the clustering coefficient or modularity. The supported theory of neural
networks posits that healthy cognition should require small world topology, combining local
segregation between anatomically and functionally similar regions (e.g. for the precise
processing of specific modalities), and good integration between distant regions (e.g. for the

association of different modalities), as facilitated by hubs.

Small world parameters have been evaluated in resting state networks related to aMCI. Drzezga
and colleagues directly linked decreased resting state hub strength of the PCC/RSC to increased
amyloid burden in the cognitively healthy (Drzezga et al., 2011). Studies evaluating aMCI have
often reported a decrease in network efficiency and segregation in resting state networks (Wang
et al., 2013c; Bai et al., 2013; Lin et al., 2017). In theory, network efficiency is a more informed
measure of information transfer than global network functional connectivity strength, because it
takes into account the importance of hubs for relaying information between otherwise
disconnected regions. Indeed, Wang and colleagues showed that reduced resting state network
efficiency along with decreased strength of parietal and temporal hubs, but not reduced global
network strength, correlated with recognition memory decline (but not other cognitive measures)
in aMCI (Wang et al, 2013c). Still, graph theory does not remove the inconsistency of
evaluating the DMN in aMCI. For example, another study of SCD reported increased temporal
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lobe hub strength in aMCI (Liang et al.,, 2020), which has a detrimental effect on MMSE
performance. The inconsistency of these findings reflects the heterogeneity of SCD and MCI in

relation to their diagnosis, underlying pathologies, or AD proteopathic staging.
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Figure 9. Graph theoretical basic properties. (A) Nodes represent regions and edges represent significant
functional connections. (B) Hub regions typically have a high degree (number of connections), and help relay
information between peripheral regions. A network with a greater number of hub regions should be more efficient at
integrating distant regions. (C) Networks can often be further split into communities (modules) of regions that are
more strongly connected with each other than the rest of the network. Adapted from van den Heuvel and Sporns,
2013.
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7. Subtle memory loss in preclinical AD

I have so far highlighted the problematic heterogeneity of SCD and MCI in representing
preclinical and prodromal AD stages, respectively. The standardized methods for evaluating
cognitive decline (MMSE) are good for evaluating general onsets of dementia/aMCI but are too
broad and should expectedly capture a mixture of underlying pathologies and AD proteomic
stages. Moreover, these mostly represent the prodromal stage of AD that already presents
potentially irreversible deficits such as aberrant connectivity perturbations or hippocampal
atrophy. To address this, we need more specific behavioral evaluations to target regionally
specific perturbations related to the earliest preclinical stages. The most consistent functional
perturbations associated with preclinical AD are hyper-activity of the MTL, and hypo-
activity/hypo-connectivity of the PMC-DMN. Cognitive tasks that require precise functioning of
these brain areas are more likely to reveal preclinical AD specific decline. Such tasks include
sensitive recognition or spatial memory paradigms that require the precise functioning within and
between MTL regions, or associative memory paradigms that require association cortices of the
PMC and mPFC. In the following section, I will discuss potential tasks for evaluating subtle

cognitive deficits in preclinical AD.

A. Mnemonic Discrimination (Pattern Separation)

In the mnemonic fine discrimination task, also called the behavioral pattern separation task, one
has to detect very slight changes in the identity or location of objects. This type of memory is
considered to depend on the pattern separation computational process needed to separate
overlapping patterns, which can represent overlapping representations of memory, or
overlapping cell assemblies. This memory task is shown to heavily tax the hippocampus,
especially the DG and CA3, in fMRI evaluation of the task (Bakker et al., 2008). In mice, the
DG was shown to have varying cell assemblies and the CA3 varying activity profiles in reaction
to very slight changes in environment, depicting a clear physiological mechanism of pattern
separation (Leutgeb et al., 2007). A similar phenomenon was later verified in humans using high
resolution fMRI (Berron et al.,, 2016). Pattern separation tasks also involve communication

between all regions of the MTL, though separate interactions are involved if object or spatial
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modalities are tested. Object pattern separation involves communication between the
hippocampus and the anterior MTL (LEC, PRC), whereas the spatial requires preferentially
hippocampal communication with the posterior MTL (MEC, POC) (Reagh and Yassa; 2014;
Leal and Yassa, 2018).

The precise nature of the pattern separation computational process should make it susceptible to
the hippocampal hyper-activity present in the preclinical stages of AD. This hyper-activity could
theoretically blur the lines between the “patterns” physiologically represented in the
hippocampus. Pattern separation is shown to be affected in aMCI (Yassa et al., 2010) and even in
cognitively healthy elderly (Reagh et al., 2016). In cognitively healthy elderly, the intra-MTL
communication is largely reduced, and accompanied by hypo-activity in the LEC and hyper-
activity in the DG and CA3. Asymptomatic APOE &4 carriers also showed significant deficits in
pattern separation with hippocampal hyper-activity (Sinha et al., 2018). Another study found that
object pattern separation was accompanied by increases in CSF pTau, and accompanying hyper-
activity in the MTL (Berron et al.,, 2019). Interestingly however, deficits in spatial pattern
separation were accompanied by decreases in CSF ARy, (Wesnes et al., 2014), but not increases
in CSF ptau. Deficits in spatial pattern separation also correlate with increased amyloid-PET
burden (Webb et al., 2020). This dichotomy between the object and spatial pattern separation in
relation to tau and amyloid respectively may reflect the separate impact of these proteiniopathies
on different brain regions. In line with this hypothesis, object specific separation loss was
associated to tau-PET in temporal lobe, but scene/context based pattern separation loss was
associated to amyloid-PET in the PMC (Maass et al., 2019). This reflects the PMC’s important
role in associating features for scene construction related to episodic memory, a quality that is

evaluated in the next memory task.

B. Associative Memory

We previously highlighted the medial temporal subsystem of the DMN involving the mPFC, the
PMC and the MTL, and its involvement in episodic memory recollection (Andrews—Hanna et al.,
2014; Bellana et al., 2016). When looking at this network, it is useful to consider the cognitive
operations that constitute episodic thought. At the core of episodic thought is the set of features

defining a unique event, which includes the people, objects, places, and other contextual details
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associated with the event. These event features must be embedded within a coherent relational
framework that represents the associations among them, producing a unified personal
experience. As discussed before, and in relation to pattern separation, the medial temporal lobe
regions are required for providing precise detail to object (HIP/LEC/PRC) or spatial
(HIP/MEC/POC) features. In contrast, the binding of features and the multi-dimensionality of
event representations appear to be dependent on the complex interactions between the MTL, the
parietal lobe and mPFC, where the PMC, especially the RSC, acts as an important anatomical
and functional hub (Figure 10) (Andrews-Hanna et al., 2010; Rugg and Vilberg, 2013;
Kaboodvand et al., 2018; Cooper and Ritchey, 2019; Ritchey and Cooper; 2020).
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Figure 10. Interregional functional connections whose connectivity strength positively tracks the quality (total
amount and precision of detail) of episodic retrieval. This was determined through a series of independent seed-to-
target psychophysiological interaction (PPI) analyses in an analysis by Cooper and Ritchey, 2019. AG: angular
gyrus; prec: precuneus;, PCC: posterior cingulate cortex; RSC: retrosplenial cortex; pHipp: posterior
hippocampus; aHipp: anterior hippocampus, PRC: perirhinal cortex; PHC: parahippocampal cortex; fus: fusiform
gyrus; ITC: inferior temporal cortex; OFC: orbital frontal cortex; amyg: amygdala. Adapted from Ritchey and
Cooper, 2020.
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Thus, paradigms that tax the ability to associate independent features may be susceptible to the
reduced connectivity of the PMC, as seen in resting state evaluations of preclinical AD. This
specific susceptibility of associative memory was robustly identified by one study that performed
a neuropsychological battery testing of associative and non-associative memory, attention,
language, visuospatial and executive functions. They showed that asymptomatic carriers of FAD
mutations performed significantly worse than healthy controls in the feature binding condition

only (Parra et al., 2010).

One common and simple associative memory task is the “face-cued word recall”, where a person
has to remember an association of a face to a random word (like “pencil” or “beach”). This task
is shown to be heavily reliant on PMC-MTL communication, as transcranial stimulation of the
parietal lobe increases functional connectivity of these regions which correlates improved task
performance (Wang et al., 2014, Warren et al., 2019). A similar task to the “face-cued word
recall” task is the “face-name” task, where the person must associate a face to a name rather than
any random word. This task is favored because it is less sensitive to increases in cognitive
reserve. This is because a name comes with fewer a priori connections than a random word
(pencil - wood, school, writing vs. Tanya - who?) that may help strengthen remembering in
those who have a greater semantic knowledge. This theory is supported by research that showed
it easier to remember “Baker” when it is presented as a profession than when it is presented as a
proper name (James et al., 2008). Indeed decreased performance in the face-name task correlated
with increased amyloid load in the PMC, and frontal cortex in cognitively healthy individuals
(Rentz et al., 2011) and correlated specifically with increased PCC amyloid in individuals with
SCD (Sanabria et al., 2018). In both cases, the face-name task performed better than a face-
occupation (associating a face to an occupation, e.g.”teacher”), and better than word list learning
paradigms (tasks semantic verbal memory and are more reliant on prefrontal and lateral temporal
communication) at predicting amyloid load. These studies highlight associative memory loss as

an effective cognitive marker for preclinical AD.
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8. Pre-aggregate effects of AD soluble proteins

Thus far I have described functional and behavioral markers of preclinical-AD that associate
with early biomarkers according to PET or CSF. However even these biomarkers represent a
relatively late stage of preclinical AD, appearing after decades of preceding soluble protein form
based pathologies. Research in rodents has shown that soluble protein forms preceding aggregate
formation impact cognitive processing and have an even more detrimental effect on brain
physiology. In the following section, I will highlight the advances made in the understanding of
the physiological effects of soluble amyloid and tau pathologies which are most probably
involved in the initial alteration of brain functions during preclinical stages of AD. This
knowledge was mainly obtained in cell cultures and in mouse models of AD using genetic
manipulations to express human mutated forms of APP and/or tau proteins. Mouse models of

AD will be presented more in depth after this section.

A. Amyloid precursor protein and non-amyloidogenic processing

1. The amyloid precursor protein (APP)

The App gene coding for APP is on the human chromosome 21 and the mouse chromosome 16.
Full length APP is a transmembrane glycoprotein with its amino terminus within the
lumen/extracellular space and its carboxyl terminus within the cytosol (Haass et al., 2012). As
shown in Figure 11, this large protein has the characteristics of a cell surface receptor that
interacts with extracellular matrix proteins (Beher et al., 1996; Caceres and Brandan, 1997) and
cell surface proteins, including Reelin (Hoe et al. 2009), Notch2 (Chen et al. 2006), and Netrin
(Lourenco et al. 2009). This makes APP an important component of cell migration and synapse
formation, and thus essential for CNS development (L6ffler and Huber, 1992; Young-Pearse et
al., 2007; Tyan et al., 2012). The APP carboxyl terminus interacts with a variety of intracellular
proteins, with functional implications including signal transduction, axonal transport and
cytoskeletal formation (van der Kant and Galdstein, 2015). APP is part of the APP family of
proteins, which also includes APP-like proteins 1 and 2 (APLP1 and APLP2) (Shariati and De
Strooper, 2013). Despite the apparent functional importance of APP, APP KO mice are viable

31



Pre-aggregate effects of AD soluble proteins

and fertile thanks to the compensatory effects of APLP1 and APLP2 (Zheng and Koo, 2006).
Indeed, KO mice for both APP, APLP1 and APLP2 die early after birth (Heber et al., 2000).

Extracellular
name location
Alcadein Cell Surface
F-spondin Cell Surface
Reelin Cell Surface
LRP1 Cell Surface
sorL1/LR11 Cell Surface
Nogo-66 receptor Cell Surface
Notch2 Cell Surface
Netrin Cell Surface
collagen Extracellular Matrix
laminin Extracellular Matrix
heparin sulfate proteoglycans  |Extracellular Matrix
pancortin glycoproteins Extracellular Matrix

Intracellular
name function
Pin1 APP C-terminal conformation
Go-protein neuronal migration
GRB2 signal transduction
ShcA signal transduction
FEG5 neuronal migration
DAB1 neuronal migration
X11/Mint sorting
Jip1b and Jip2 | transport
AP-4 complex | sorting
Kinesin transport
Dynein transport
Myosin transport

Figure 11. APP interactomics showing its main interaction with extracellular and intracellular proteins. Adapted
from van der Kant and Galdstein., 2015.

1. APP metabolism

APP has multiple sites for cleavage by different secretases, including a, B3, v, and n secretases.

APP thus has many downstream metabolites, with vast and varying impacts to physiology. There

are three main metabolic pathways which occur in tandem under normal conditions, the non-

amyloidogenic a-secretase and n-secretase pathways and the amyloidogenic B-secretase pathway

(Figure 12). In the following section, I will discuss their impacts on cellular function.
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Figure 12. Metabolic pathways of APP. Full length APP is processed through three main naturally occurring
pathways which depend on the interplay of four identified secretases: the a-secretase, the p-secretase, the y-
secretase and/or the n-secretase. There is one amyloidogenic pathway producing AP peptides and two non-
amyloidogenic pathways excluding the production of Ap peptides. Reproduced from Sasaguri et al., 2017.

iil. Non-amyloidogenic cleavage of APP

Cleavage of APP by a-secretase leads to the release of an extracellular soluble APPa fragment
(sAPPa), and a transmembrane fragment called the a-terminal carboxy fragment (a-CTF). The a-
CTF is then cleaved in its transmembrane domain by the y-secretase complex consisting mainly
of four proteins: presenilin 1 or 2 (PS1 or PS2) which carries the catalytic activity, APH-1
(Anterior Pharynx-Defective 1) necessary for proteolytic activity, nicastrin which intervenes in
intracellular trafficking and stabilizes the complex, and PEN-2 (Presenilin Enhancer 2) also
necessary for the stabilization of the enzyme complex (Wolfe, 2011). Cleavage of a-CTF by v-

secretase gives rise to the extracellular p3 peptide and an APP intracellular domain (AICD).

Given that it interacts with several extracellular proteins in common with full-length APP,
sAPPa has similar important role in CNS development: it acts as a growth factor (Herzog et al.,
2004), and regulates cell proliferation (Guillot-Sestier et al., 2012), neurite growth and
synaptogenesis (Milward et al., 1992; Mattson, 1997; Gakhar-Koppole et al., 2008). sAPPa is
also involved in synaptic signaling as it facilitates long-term potentiation (LTP) (Ishida et al.,
1997) and regulates synaptic activity (Furukawa et al., 1996) through combined interactions with
NMDA (Taylor et al., 2008), GABAgRIla (Rice et al., 2019) and K’ synaptic receptors
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(Furukawa et al., 1996). With this role in synaptic plasticity, it is no surprise that sAPPa also
contributes strongly to learning and memory (Meziane et al, 1998; Xiong et al., 2017; Taylor et
al., 2008). It is suggested that sSAPPa may play a central role as part of an activity-dependent
negative-feedback loop to suppress synaptic release and maintain proper homeostatic control of
neural circuits (Mattson et al., 1993), a possible mechanism for the neuroprotective effect of
sAPPa against excitotoxicity. Indeed, the neuroprotective property of sAPPa is found against
many forms of cellular stress including proteasomal stress (Copanaki et al., 2010), oxidative
stress (Goodman and Mattson, 1994) and ischemic injury (Smith-Swintosky et al., 1994). In APP
deficient mice, application of sAPPa was sufficient to rescue synaptic defects and reduced spine
density (Weyer et al, 2007), long-term potentiation (LTP; a form of synaptic plasticity
contributing to learning and memory) (Hick et al., 2015), and spatial learning (Ring et al., 2007),
indicating that the extracellular domain of APP drives many of these functions. Interestingly,
sAPPa has been shown to directly combat AD pathology. It inhibits the activity of cyclin-
dependent protein kinase 5 (Cdk5), which is partly responsible for the abnormal
hyperphosphorylation of tau (Han et al., 2005). It is also a direct inhibitor of B-secretase, and
thus regulates the production of AP (Peters-Libeu et al., 2015). In a transgenic mouse model of
AD, inhibition of the activity of sAPPa promotes the amyloidogenic cleavage of APP, further
suggesting that inadequate levels of SAPPa may increase susceptibility to amyloid pathology

(Obregon et al., 2012).

Besides the AP peptide, the p3 peptide also exhibits some neurotoxic effects. It is a major
constituent of diffuse amyloid deposits present in the brain of AD patients (Gowing et al., 1994).
In cell culture, p3 induces apoptosis, although this neurotoxicity is less than that of the peptide
AP (Wei et al., 2002). In addition, this peptide promotes inflammatory responses in several cell
types by producing pro-inflammatory cytokines and chemokines (Szczepanik et al., 2001).
However, since the p3 peptide does not contain the entire sequence of AP and its oligomers are
unstable, it is generally considered as a relatively harmless fragment (Dulin et al., 2008). The

physiological roles of the a-CTF are poorly known to date.

The AICD intracellular fragment is known to be involved in nuclear signaling (Gao and
Pimplikar, 2001), transcriptional regulation (Hebert et al., 2006), cell death (Nakayama et al.,
2008, Ohkawara et al., 2011), and DNA repair (Minopoli et al., 2007). The protein is quickly
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degraded (Pardossi-Piquard and Checler, 2012), though its stability can be enhanced through
protein interactions (Kimberly et al., 2001) or through site dependent phosphorylation (Farris et
al., 2003). Site dependent phosphorylation also affects its interaction with other signaling

proteins and downstream function (Tamayev et al., 2009).

Recently a new n-secretase proteolytic pathway was discovered that cleaves APP into n-CTF and
sAPPn. Cleavage of n-CTF by a-secretase forms a short extracellular An-a fragment which

reduces long-term potentiation and attenuates neuronal activity (Willem et al., 2015).

B. Amyloidopathy and peripheral effects

1. Amyloidogenic cleavage of APP

The amyloidogenic proteolytic pathway is initiated through cleavage by the -secretase, the most
common being the beta-site APP cleaving enzyme 1 (BACE!1). This leads to formation of the
sAPPp and the B-CTF proteins. Cleavage of B-CTF by y-secretase releases AICD (identical to
the non-amyloidogenic product) and Ap.

The soluble fragment sAPPJ shares the same sequence as the fragment sAPPa, except it does not
contain last 16 amino acids of the C-terminal (Chasseigneaux and Allinquant, 2012).
Interestingly, many of the neuroprotective and synaptoplastic properties of sAPPa are not
conserved in sAPPf, suggesting a particular importance to these 16 absent residues. For
example, SAPPB is 50 to 100 times less powerful than sAPPa in combatting excitotoxicity and
AP induced toxicity (Furukawa et al., 1996; Barger and Harmon, 1997). In addition, at similar
doses to sAPPa it is not neuroprotective against proteasomal stress (Copanaki et al., 2010) and
does not facilitate hippocampal LTP (Taylor et al., 2008, Hick et al., 2015). This functional
divergence of sAPPa and sAPPP suggests a possible loss of function of sAPPa which could play
a role in AD deficits. In certain cases sAPP is even shown to be neurotoxic: sAPPP can be
cleaved to generate a cytotoxic derivative interacting with the death receptor 6 (DR6) that
activates caspase 6 responsible for cell death (Nikolaev et al., 2009). On the other hand, sAPPf3
does support developmental processes, such as neurite growth (Chasseigneaux et al., 2011) and

cellular proliferation (Freude et al., 2011).
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The B-CTF, the direct precursor to AP, is considered to be neurotoxic and may initiate early
deficits in AD. In transgenic mice, intraneuronal staining of B-CTF occurs before accumulation
of AP, and coincides with decreases in LTP (Lauritzen et al., 2012) and increased inflammatory
responses (Lauritzen et al., 2016). B-CTF affects calcium homeostasis by forming pores and ion
channels in the cell membrane (Fraser et al., 1997), increasing excitotoxicity (Kim et al., 2000).
It also migrates towards the cell nucleus influence the transcription of genes such as glycogen
synthase kinase-3B (GSK-3f) which promotes the production of DNFs (Lauritzen et al., 2016).
In addition, it is involved in mitochondrial alteration that results in the release of cytochrome C
and activation of caspase 3 responsible for apoptosis (Chang and Suh, 2005). Early in vitro
studies showed that B-CTF application was generally more neurotoxic than A in terms of free
radical generation (Rah et al., 2001), and triggering inflammation (Chong et al., 2001). The
toxicity of B-CTF has implications when considering therapies targeted at y-secretase. Treatment
with y-secretase inhibitors induces B-CTF accumulation along with synaptic and memory deficits
in mice (Mitani et al., 2012; Tamayev and D’ Adamio, 2012), and accelerates cognitive decline in
humans (Doody et al., 2013). The many deleterious effects of B-CTF are summarized in Figure
13.
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Figure 13. Deleterious effects of the B-CTF fragment. [-CTF can lead to endoplasmic reticulum (ER) stress,
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ii. Amyloid hypothesis

Before moving on to the next section devoted to the AP peptide, it seems necessary to evoke the
amyloid hypothesis (or so-called amyloid cascade hypothesis) that dominated the research on
AD for more over 25 years. It was first proposed by Hardy and Allsop (1991) and clearly named
as so by Hardy and Higgins (1992). This hypothesis posits that Ap deposition plays a central role
in the pathogenesis and is responsible of memory deficits in AD. The discovery of the FAD
mutation strongly supported this hypothesis because their main effect was to increase
dramatically the production of AB. It was further reinforced by the fact that Down’s syndrome
characterised by trisomy 21 (associated to three exemplars of the App gene) also showed A
deposition (Kolata, 1985). The hypothesis was slightly adapted later (Selkoe and Hardy, 2016),
integrating the role of soluble forms of A when it became quite evident that amyloid plaques
were probably not the most toxic form of AP (see below). In addition, other products of the
amyloidogenic pathways such as C-terminal fragments also showed neurotoxic properties,
facilitates pathogenesis in sporadic AD and FAD, and could even induced their own deleterious
effects of memory (Svedruzi¢ et al, 2015; Hamm et al., 2017). Moreover, neuronal loss and
amyloid deposition seem to be unrelated (Chételat, 2013). These findings and many others call
into question the amyloid hypothesis, sometimes into favor of an even older cholinergic

hypothesis (Daly et al., 2020).
il AP monomers

The AP peptide is an extracellular cleavage product of the amyloid precursor protein (APP). AB
is produced inside and, to a lesser extent, outside the CNS. It is present in CSF and blood
(Seubert et al., 1993). Normally, AP is found at picomolar concentrations. As the concentration
levels of the peptide increase to above 0.1 micromolar, it will aggregate to form soluble
oligomers (Novo et al, 2018), then fibrils and finally amyloid plaques. Post-translational
modifications of AP, such as phosphorylation and nitritation, can also increase aggregation

(Kumar et al., 2011; Kummer et al., 2011).

At physiologically normal picomolar concentrations, AP positively modulates synaptic plasticity
and memory by facilitating LTP (Puzzo et al., 2008), and increasing synaptic vesicle recycling
(Lazerevic et al., 2017). Inhibition of AP production induces deficits in memory acquisition and

consolidation which can be rescued through application of picomolar levels of exogenous AP
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(Garcia-Osta and Alberini, 2009). These neuroplastic effects are largely mediated through the
strong interaction of AP with the a7 nicotinic acetylcholine receptor (a7nAChR) receptor (Wang
et al., 2000, Puzzo et al., 2011), which provides one explanation to the particular susceptibility of
the cholinergic system in AD. AP also positively regulates neuronal activity, where even small 2-
fold increases in physiological concentrations positively regulate presynaptic release probability
and induce hyper-activity in hippocampal slices (Abramov et al., 2009). At higher nanomolar
concentrations, AP inhibits LTP through increased internalization or desensitization of
postsynaptic glutamate receptors (Walsh et al, 2002), and perturbation of presynaptic vesicle
trafficking (Park et al., 2013). However, at nanomolar concentrations AP begins to aggregate
(Novo et al., 2018), making these deleterious effects likely oligomer- rather than monomer-

dependent (Figure 14).

The size of AP can range from 39-43 residues long, but it is most present in two major forms in
the brain: AP and AP4,. These 2 differentiating amino acids are found on the “gamma side” of
AP, and the resulting form depends largely on y-secretase activity (DeStrooper et al., 2012). In
non-pathological basal conditions, 90% are of the APy type, and 10% of the AP4, type. APaz
more readily aggregates, likely due to its increased hydrophobicity (Burdick et al., 1992; Pike et
al., 1995; Selkoe, 2001), and is the predominant component of amyloid plaques in AD
(Cummings et al., 1996). In fact, AP is capable of inhibiting the oligomerization of AP,
(Murray et al., 2009) and can reduce amyloid deposition (Kim et al., 2007). It follows that the
total APs2/AP4o ratio in CSF or plasma is a reliable clinical predictor of amyloid deposition
(Fandos et al., 2017; Doecke et al., 2020). In cell cultures, specifically AP is shown to
contribute to neuronal development; even at high micromolar levels it promotes neurogenesis of
neuronal progenitor cells (Chen and Dong, 2009) and interacts with components of the

extracellular matrix to promote neurite proliferation (Koo et al., 1993).
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iv. AP oligomers

Soluble oligomeric forms of AP are generally considered to be its most toxic state (Walsh and
Selkoe, 2007; Crews and Masliah, 2010; Lublin and Gandy, 2010). The severity of the cognitive
deficits encountered in AD correlates with the level of oligomers in the brain, and not amyloid
load (Lue et al., 1999; McLean et al., 1999). AP oligomers are shown to interact with a variety of
cell surface receptors (Chen et al., 2017), with downstream impacts on cell death (Mark et al.,
1995), neuroinflammation (Perini et al., 2002), oxidative stress (White et al., 2005), and vascular
stress (Zlokovic et al., 2005) (Figure 14). On brain slice preparations, the dimeric and trimeric

forms of AP are synaptotoxic (Walsh et al., 2002; Klyubin et al., 2008). Treatment with dimers
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of AP4, inhibits LTP, increases long-term depression (LTD) and reduces the density of dendritic
spines in rodent hippocampal neurons (Shankar et al., 2008). Oligomers of AP, can increase the
permeability of the plasma membrane, by altering ion channels and by forming pores (Demuro et
al., 2005, 2011). In terms of neuroinflammation and oxidative stress, oligomers, but not fibrillar
Abeta, induce high levels of iNOS, NO, and TNF-alpha (White et al, 2005). Moreover,
oligomeric dependent increases in oxidative stress lead to capillary constriction, resulting in
reduced blood flow and neuronal damage (Nortley et al., 2019). With all these damaging effects,

AP oligomers are currently considered as one of the most detrimental amyloid-related species.
V. AP clearance

In sporadic forms of AD, the development of amyloid pathology is thought to be related to AB
accumulation in the brain. The increase in amyloid load could be related to a decrease in the
mechanisms of AP degradation and clearance. Although we focused on brain AB up to now,
there is also a circulating pool of AP produced by peripheral tissues. Its concentration in the
brain is about six times higher than in the plasma (Bates et al, 2009). This suggests that there is
an active regulation of brain AP concentration at the level of the blood brain barrier. For
example, the Receptor for Advanced Glycation End products (RAGE) is involved in A influx
whereas the low-density Lipoprotein Receptor-related Protein-1 (LRP-1) is involved in AP efflux
(Bates et al, 2009). Thus, RAGE could participate to the development of amyloid pathology
through a vicious circle because the presence of AP increases RAGE’s activity which induces
oxidative stress, cell death, microglial activation and increased AP production as well as other
AD-like pathological events such as tau hyperphosphorylation and LTP impairment (Lue et al.,
2001). LRP-1 may have a dual involvement in AD pathology as it is more efficient in removing
AB4o than AB4, through the blood brain barrier (Shibata et al, 2000; Monro et al., 2002). Among
many other AB-binding proteins, Apolipoproteins E and J also participate in the clearance of Af,
especially the most toxic form AB4,. Among the three APOE alleles, the AD risk factor APOE &4
was shown to decrease the clearance of AP4,. Recent genome wide association studies have
identified additional risk loci that involve lipid processes similar to APOE &4. Within the brain,
several proteases participate to the enzymatic clearance of AP such as neprilysin (NEP) and
insulin-degrading enzyme (IDE) (Yoon et al, 2012). As an exemple, deletion of NEP gene and

brain infusion of NEP inhibitors increase brain contents in Ap and affect memory performance in
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mouse models of AD (Klein et al., 2018; Huang et al., 2006). Moreover, introduction of a human
NEP gene in such models improve spatial memory performance and reduces amyloid load,
oxidative stress and neuroinflammation (Marr et al., 2004; El-Amouri et al., 2008). The
mechanisms of AP clearance and degradation have stimulated much interest with the hope of

finding a new avenue for the treatment of AD.

C. Tauopathy

L Tau

Tau is coded by the microtubule-associated protein tau gene, named MAPT, which is located on
chromosome 17 in humans and chromosome 11 in mice. The tau protein contains an acidic N-
terminal domain, a basic mid-domain rich in proline (P), and repetitive regions on its C-terminal
side (Figure 15). Tau can bind microtubules through these repetitive regions, making them part
of the microtubule associated protein (MAP) family. Tau proteins promote microtubule assembly
through tubulin polymerization (Cleveland et al., 1977), and are involved in neurite growth
(Kosik and McConlogue, 1994), establishment of cell polarity (Drewes et al., 1998) and axonal
growth in adult neurogenesis (Llorens-Martin et al., 2012), especially in the hippocampus (Hong
et al., 2010). The size of the N-terminal domain of MAPs regulates the spacing between
microtubules. For tau, this domain is relatively small and allows for tight binding of
microtubules (Felgner et al., 1997). Transgenic mice that do not express tau do not show major

deficits, possibly due to compensation by other MAPs (Harada et al., 1994).

In the human CNS, there are 6 isoforms of tau, depending on the number of inserts at the N-
terminal part (either ON, 1N, or 2N), and the number of repetitive regions (R) at the C-terminal
part (either 3R, or 4R) (Figure 15). 4R isoforms are more efficient at promoting microtubule
assembly (Goedert et al.,, 1990), and have faster turnover rates (Sato et al., 2018). The 2N
isoforms may trigger toxic mechanisms that impair axonal sorting and facilitate neuronal

dysfunction and death (Liu et al., 2016).
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Figure 15. Subdomains of the tau protein. The N-terminal projection domain plays a role in signal transduction and
the C-terminal microtubule binding domain is needed for microtubule polymerization and stabilization. Adapted
from Buée et al.,2000.

il. Hyperphosphorylation of tau

Under normal condition, tau undergoes a regulated balance of phosphorylation by kinases (such
as glycogen synthase kinase-3f: GSK3p) and de-phosphorylation by phosphatases (Maccioni,
2011). In pathological conditions, this balance 1is perturbed and tau becomes
hyperphosphorylated (ptau). Overexpression of tau can lead to neurodegeneration, behavioral
abnormalities and synaptic dysfunction before NFT formation (Wittmann et al., 2001;
Yoshiyama et al., 2007; Cowan et al., 2010), indicating the hyperphosphorylated soluble forms
of tau have a direct effect on the observed dysfunction. Tau contains 85 potential serine (S),
threonine (T), and tyrosine (Y) phosphorylation sites. Many of the phosphorylated residues are
found in the proline-rich domain, flanking the microtubule-binding domain. Phosphorylation is
thus often found to have a disruptive effect on microtubule binding (Mandelkow et al., 1995a;
Trojanowski and Lee, 1995; Delacourte and Buée, 1997). A, first induces phosphorylation of
tau at few specific sites: Ser396, Ser404, Thr231, and Ser235 (Montdragon-Rodriguez et al.,
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2012). The Ser396/Ser404 and Thr231 sites sites were both reported as some of the earliest
phosphorylation events during AD development. A4, induced phosphorylation of tau is
mediated by activation of GSK3p which leads to caspase cleavage, followed by increased
aggregation of tau (Cho and Johnson, 2004). Restoration of basal activity of GSK-3f reduces
abnormal tau hyperphosphorylation, reactive gliosis and neuronal death, and restores spatial
memory deficits in mice (Engel et al., 2006). Therefore, GSK3f3 seems to play a key role in the
A4, related neurotoxicity (Mondragon-Rodriguez et al., 2020). This is also in agreement with
early studies showing that elevated A increases the severity of tau pathology (Gotz et al., 2001,
Lewis et al., 2001). Abnormal activation of the kinase cdk$ is associated with neurodegeneration
of hippocampal cells (Alvarez et al., 2001). Because phosphorylation of tau by cdk5 potentiates
the phosphorylation of tau by GSK-3p, this could represent a vicious cycle involved in the build-
up of tau pathology (Sengupta et al., 1997).

1il. Tau oligomers

When hyperphosphorylated tau aggregates, it first forms soluble oligomers. Onset of clinical
symptoms in AD correlate with elevated levels of tau oligomer (Maeda et al., 2006; Lasagna-
Reeves et al., 2012), and sporadic formation of tau oligomers potentiate neuronal damage in
traumatic brain injury (Gerson et al., 2016). When tau oligomers, rather than tau monomers or
fibrils, are injected into the brain of wild-type mice, cognitive, synaptic, and mitochondrial

abnormalities follow (Lasagna-Reeves et al., 2011; Castillo-Carranza et al., 2014b).

Tau oligomers inhibit anterograde fast axonal transport (Kanaan et al., 2011, Patterson et al.,
2011), induce mitochondrial damage (Lasagna-Reeves et al., 2011), and reduce membrane
integrity (Flach et al ., 2012). Extracellular tau monomers and oligomers, but not PHFs, act on
M1 and M2 muscarinic receptors to increase intracellular calcium levels and induce cell death in
neurons (Goémez-Ramos et al., 2006; Gomez-Ramos et al., 2008). Tau oligomers also show the
capacity to seed the spreading of tau pathology in the brains of mice expressing human tau
(Gerson et al., 2016). This leads me to expose in the next paragraph an emerging hypothesis for

the spreading of AD neuropathology in the brain.
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D. The prion-like hypothesis for neurodegenerative disease

The concept of the “prion paradigm” suggests that most neurodegenerative diseases are so-called
proteinopathies. Such diseases are characterized by the aggregation of proteins seem to arise
from misfolded proteins that corrupt and impose their anomalous structure to naive proteins
which favors aggregation and self propagation of misfolded species (Jucker and Walker, 2013).
Such a Prion-like mechanism has been proposed for amyloid deposits, NFTs and a-synuclein
inclusion in Parkinson’s disease and Lewy body dementia. This proposition was supported by the
induction of amyloid deposition by injecting AP aggregates or AD brain extracts to rodents
expressing human AP (Kane et al., 2000; Meyer-Luehmann et al., 2006). Moreover, deposits can
eventually appear in axonally coupled regions as time passes (Hamaguchi et al., 2012). This
phenomenon could explain the progressive spreading-like appearance of brain lesions which
seem to propagate through connected regions. Such a mechanism has also been proposed for tau
pathology (Mohamed et al, 2013), and supported by similar experiences using brain extracts
injections or human tau expression in the brains of rodents (Clavaguera et al., 2009; Liu et al.,
2017). Interestingly, tau pathology induced by pre-aggregated AP injections was shown to spread
to functionally connected brain areas which suggests a mechanism for AB-induced propagation
of tau pathology (Vasconcelos et al., 2016). The prion-like hypothesis has gained credibility over
years of researches and the concept of self-propagation is now considered as a key process in the

progression of AD neuropathology.
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9. Animal Models of AD

A. Before Transgenic mice

In the early 1980’s, the first mouse models of AD were developed. Before gene editing
techniques were commonplace, rodent models were produced pharmacologically through the
modulation of neurotranmitter systems or the stereotaxic lesioning of brain structures. The initial
rodent models of AD were based primarily on the cholinergic hypothesis, and were developed
through the pharmacological reduction of cholinergic system activity (Bartus et al. 1982). These
would play an integral role in the advancement of cholinometics based drugs, which are still in
use today for treating symptomatic features of AD. These initial AD models would prove
invaluable in elucidating the underpinnings of the symptomatic changes seen in AD.
Nonetheless, further breakthroughs were needed to untangle the origin of the disease and

understand the impact of its amyloid and tau proteinopathies.

In the meantime, in 1982 it was shown for the first time that through the pronuclear injection of
modified DNA into fertilized zygotes one could develop mice to specifically express proteins of
interest (Palmiter et al., 1982, Gurumurthy and Lloyd, 2019). This would be the first instance of

the transgenic mouse, a technological innovation that would revolutionize animal research.

B. Transgenic Mouse Models

1. Single transgenic APP

Over a decade later, the first transgenic mouse models for AD would come to fruition. This
initial set of transgenic mice overexpressed humanized APP with single or multiple FAD
mutation(s) found in early onset AD. The two FAD mutations most commonly used are the
Indiana mutation (V717F) and the Swedish double mutation (KM670/671NL). The Indiana
mutation is found at the y cleavage site of APP and leads to an elevated Aa2/Aao ratio (Suzuki
et al., 1994; Tamaoka et al., 1994). The Swedish mutation is found at the  cleavage site and

leads to an overall increased production of AB (Citron et al., 1992).

The first transgenic model of AD is the PDAPP mouse, which expresses humanized APP with

the Indiana (V717F) mutation. It presents amyloid deposition as soon as 6 months in the
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neocortex and hippocampus, along with associated gliosis (Games et al., 1995). There are two
early transgenic models that express humanized APP with the Swedish double mutation
(KM670/67INL), but under different promoters and with different backgrounds. These are the
APP23 (under the Thy-1.2 promoter on the C57BL/6 background) and the Tg2576 (under the
hamster prion promoter on the B6; SIL mixed background) lines. APP23 mice display a similar
neuropathological timeline to PDAPP mice, developing neocortical and hippocampal amyloid
deposits as soon as 6 months (Sturchler-Pierrat et al., 1997; Dodart et al., 2000). Tg2576 mice,
the most commonly used AD mouse model, display a less severe phenotype with amyloid
deposition at only around 9 months preceded by gliosis at 8 months (Hsiao et al., 1996). This late
onset of AD pathology and the absence of some critical hallmarks of AD such as extensive
neuronal loss and absences of NFTs led to the creation of new mouse models cumulating

different FAD mutations.
ii. Multiple transgenic APP

Multiple FAD mutations were combined to obtain a more aggressive phenotype. The TgCRNDS
model combines the expression of both the Swedish and the Indiana mutations on a humanized
APP. Understandably, this leads to an accelerated neuropathology, with amyloid deposits
appearing as soon as 3 months in the subiculum, amygdala and frontal cortex, and is
accompanied by reactive gliosis (Chishti et al. 2001). These mice also show
hyperphosphorylation of tau and the formation of tau oligomers in the hippocampus and the

neocortex, but no NFTs (Belluci et al., 2007).

FAD mutations found in the PSENI or PSEN2 genes affect y-secretase activity and increase the
AP42/AB4o ratio. When expressed alone in mice they increase levels of AP, but do not lead to
amyloid deposition and the phenotype is quite subtle (Duff et al., 1996; Borchelt et al. 1996).
The APPgwr/PS14p9 mouse model combines the Swedish mutation on APP with mutated PSEN1
and presents amyloid pathology at 6 months of age (Jankowsky et al., 2004). Among the early
onset models, this mouse line is now at least as popular as the Tg2576 model. In the 5xFAD
mouse model many different FAD mutations are combined, with 3 separate mutations on APP
and 2 mutations on PSENT. It displays a very aggressive neuropathology with amyloid deposits
appearing in the subiculum and cortex as early as 2 months (Oakley et al., 2006).

46



Animal Models of AD

iil. Transgenic Tau

Unlike in the human condition, mouse models only expressing FAD mutations do not develop
NFTs, although they do sometimes display increased levels of ptau. This is likely due to the
limited expression of only the three 4R isoforms of tau in mouse rather than a complete set of six
isoforms (three 3R and three 4R) found in humans. In order to induce NFT formation, new
transgenic mice expressing mutated forms of humanized tau were developed. The most prevalent
mutation of tau used to induce NFTs is the taupsp;. mutation found in frontal temporal lobe
dementia, but not in AD. Tau P301L mice expressing this mutation display tangle formation
anatomically dissimilar to the Braak stages seen in AD, with NFTs first appearing in the
hindbrain and spinal cord at 8 months instead of the entorhinal region, preceded by gliosis at 7
months (Lewis et al., 2000). Several years later, the Thy-Tau22 mouse model was engineered to
express human 4-repeat tau mutated at sites G272V and P301S under a Thyl.2-promoter with no
motor dysfunction (Schindowski et al, 2005). It shows hyperphosphorylation at AD-relevant
epitopes (including Ser396, Ser202/Thr205 and Thr212/Ser214) and NFTs at an early stage
around 3-6 months, as well as a decrease in synaptic transmission and neurodegeneration in the
hippocampus around 10 months when Thy-Tau22 mice show spatial memory deficits in the
Morris water maze task. Interestingly, Thy-Tau22 mice show an important loss of medial septum
cholinergic neurons, an AD characteristic rarely observed in mouse models of AD (Belarbi et al.,

2011).

The hTau transgenic mouse, which overexpresses all 6 isoforms of non-mutated tau without the
presence of mouse endogenous tau, is much less common but nonetheless interesting. Since it
contains no tau mutations, it represents a closer neuropathological profile to human AD. hTau
mice display CP13 positive ptau in the soma of hippocampal pyramidal cells at 3 months
followed by NFTs at 8 months, similar to Braak stage development (Andorfer et al., 2003). Still,
this contrasts with the human condition where NFTs do not normally form without tau mutations
or accompanying amyloid pathology. This can be largely explained by tau overexpression and by
the imbalanced ratio of tau isoforms, with protein levels of the common species 3R isoforms
significantly exceeding that of the human 4R isoforms in hTau mice. When the 3R to 4R ratio is
rectified using in-vivo trans-splicing of the transgene, the number of pyramidal cells displaying

NFTs is significantly reduced (Espindola et al., 2018). Moreover, hTau mice that co-express
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endogenous mouse tau, and thus overexpress vast amounts of 4R tau and inverse the 3R/4R ratio,

do not form NFTs (Duff et al., 2000).
iv. Combining Transgenic APP and Tau

In order to produce a more complete model of AD, with concurrent amyloid and tau pathologies,
mouse lines were developed to overexpress humanized APP with FAD mutations along with
mutated humanized tau. The 3xTg mouse model is one of the most commonly used mouse
models of AD, and combines the Swedish mutation of APP, the PS1y14¢v and taupso;. mutations.
3xTg mice display amyloid deposits at 6 months in the frontal cortex and tangle formation more
similar to Braak stage development, with hyperphosphorylated tau aggregates appearing as soon
as 6 months in the hippocampus (Oddo et al., 2004) followed by NFTs at 12 months (Oddo et al.,
2003) .
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10. Evaluating memory in rodents

In the following section, I will discuss a variety of memory forms as evaluated in rodents. Each
will be discussed in two parts. The first part will overview the structural networks required for
the task. The second will report deficits seen in AD mice and how they may relate to
pathophysiological changes previously mentioned. Most of the memory tasks presented are
derived from the spontaneous object exploration paradigm. These tasks are depicted in Figure

16, which will be referenced throughout this section.
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Figure 16. Spontaneous object exploration tasks. OR : object recognition, OL : object location, OP: object-in-place,
OiC: object-in-context, WWWhen: what where when, WWWhich : what where which. Adapted from Chantal Mathis.
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A. Recognition Memory

1. Background and anatomy

Mice are innately curious. The spontaneous object recognition paradigm, first described by
Ennaceur and Delacour in 1988, makes use of this trait by using increases in novelty exploration
as a measure of memory retention. It consists first of an acquisition phase, where a mouse is
placed in an open field to explore a set of two identical objects. This is followed by the inter-
trial-interval (ITI) phase, where the mouse is left for a defined amount of time in its home cage
away from the aforementioned objects and open field. Finally, testing ends with the retention
phase where the mouse is shown a new set of objects, one copy of the familiar object and a new
object (Figure 16A). The experimenter may then evaluate novel object recognition as an increase
in exploration of the novel object as compared to the unchanged object. Short- and long-term
recognition memory can be evaluated by varying the length of the ITI from several minutes to

hours or even days.

The most consistent region implicated with OR at any length of ITI is the PRC. The PRC,
especially its most caudal part, was shown to play a key role in OR performance for ITIs of 5
min to 24 h using various experimental approaches (Ennaceur et al. 1996; Wan et al. 1999;
Norman and Eacott, 2004; Winters et al. 2004; Barker et al. 2007; Albasser at al, 2010). It must
be noted that the contribution of PRC may also be influenced by object complexity given its

involvement in the processing of perceptual properties of objects (Norman and Eacott, 2005;

Bartko et al. 2007).

Many studies have reported spared OR on a wide range of retention delays in hippocampal
lesioned rats and mice (Mumby et al. 2002; Save et al. 1992; Winters et al. 2004; Oliveira et al.
2010; Barker and Warburton, 2011; Sannino et al. 2012). In some cases, the involvement of the
hippocampus was shown to depend on lesion size, access to spatial cues (i.e., transparent walls),
mutliple trials for arena habituation or sampling, or a large number of objects (Broadbent et al.
2004; Ainge et al. 2006; Oliveira et al. 2010; Dees and Kesner, 2013; Sannino et al. 2012).
Modulating hippocampal activity by local infusion of pharmacological treatments could either
improve or reduce long-term OR memory (Hammond et al. 2004; Oliveira et al. 2010;

Melichercik et al. 2012; Cohen et al. 2013). Therefore, one might propose that the contribution
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of hippocampus may depend on whether performance efficiency in a given task requires the
establishment and recall of specific spatial representations or complex item binding, and/or the
formation of an enduring memory trace. This contribution to long-term OR memory is known to
depend crucially on the interplay between the PFC and the hippocampus (Preston and
Eichenbaum, 2013).

The mPFC and the RSC appear to be important for sustaining long-term consolidation of OR
memory (Warburton and Brown, 2015), as disrupting either is shown to specifically perturb OR
performance after a 24-h ITI (Akirav and Maroun, 2006, de Landeta et al., 2020). The
involvement of the LEC and the MEC does not seem to be essential for OR memory (Wilson et

al., 2013a; Rodo et al., 2017)
1i. In AD mouse models

Single transgenic APP-Tg (PDAPP, APP23 and Tg2576) and APPswgr/PS14e9 mice exhibit initial
deficits in OR at around 6 months with ITIs ranging from 1h to 48h (Dodart et al., 1999; Huang
et al.,, 2006; Mouri et al., 2007; Frye and Walf., 2008). Multiple transgenic APP-Tg mice
(TgCRNDS, 5xFAD) display an accelerated progression with initial deficits appearing around 4
months with shorter ITIs from 5 minutes to 24 hours (Tohda et al., 2012; Richter et al., 2008).
When multiple ITIs are tested in the same study, performances on longer retention delays tend to
be affected before those on shorter delays (Kubota et al., 2016; Sierksma et al., 2014). In other

words, long-term memory seems highly sensitive to AD pathology.

Induction of tauopathy appears to have a less severe impact on recognition memory. hTau mice
display deficits with a 24hour ITI at 12 months but not 4 months (Polydoro et al., 2009), but are
cognitively normal when the 3R/4R imbalance is rectified (Espindola et al., 2018). Tau P301L
mice display no OR deficits even at 17 months (Kent et al., 2017). In fact, 9 week old Tau P301L
mice present improved OR performance with a 3.5h ITI, which was attributed to improved long-
term potentiation in the hippocampus precluding tau hyper-phosphorylation (Boekhoorn et al.,
2006). The 3xTg-AD mice are impaired in the OR task from the age of 6 months onwards with
ITIs ranging from 15 min to 24 h.

The interpretation of OR deficits in App-Tg mice is quite complicated by the fact that one of the

key region involved in encoding object identity is the PRC which is nearly never explored for
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neuropathology or neuronal activity. When long-term OR performance are selectively affected,
then it is possible that functional disturbance in the hippocampus could have been involved in

this deficit given its role in OR consolidation.

B. Spatial Memory

1. Background and anatomy

The spontaneous object exploration paradigm can be adjusted to evaluate spatial recognition
memory, by displacing an object instead of changing it you get an object location (OL) task
(Figure 16B). This task is highly dependent on the hippocampus as almost all spatial memory
tasks. Thus, in this section I will relate findings from OL to those found using the most common
techniques for evaluating spatial navigation learning and memory. The Morris Water Maze,
developed by Richard Morris (Morris, 1981), is very popular. It usually involves a 1-meter
diameter circular tub filled with non-transparent water, with a hidden platform located under the
water somewhere in the maze. When a mouse or rat is placed in the water it is naturally inclined
to search for the platform due to its aversion to water (mice) or cold water (rats). Through several
days of swimming and searching, and trial and error, the animal learns the location of the
platform. Memory retention can be tested after training by giving the animal a probe trial, where
the platform is removed and the experimenter records how much time the animal spends in the
correct quadrant of the maze where the platform was previously located. The probe trial can be
given just after or from several hours to several weeks after training, to test short-term, long-term
and even remote memory, respectively. The task is robust and reliable, but induces high levels of
stress in mice their natural tendency to avoid water as opposed to rats. For this reason, the task is

more readily used in rats, who are natural swimmers.

In its classical form, the animal is placed in different locations of the maze to start each training
session, meaning that it has to process and orient itself according to the arrangement of distal
spatial cues for spatial navigation. This type of spatial processing is termed allocentric and is
dependent on the hippocampus. In contrast, egocentric processing requires the animal to find it
way in relation to its own position, irrespective of spatial cues. For goal directed tasks, this is

connected to procedural memory where the mouse can find its goal by always taking the same
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path (“turn left then turn right”). Egocentric spatial navigation can be acquired by always placing
the animal in the same location for each trial so that they learn to take an identical path to the

goal (always “turn left then turn right”).

The Y-maze spontaneous alternation task is another spatial memory task closer to the OL task
because it relies on the animal’s innate curiosity and inclination to visit areas (arms) that has not
been recently visited. This task can require both allocentric (if walls are transparent and distal
spatial cues are present) and egocentric spatial processing (if walls are opaque and no spatial
cues available). More importantly, this task relies on working memory which relies on the
capacity of the animal to retain and use information gathered during the trial (i.e., which arm was

most recently visited).

The hippocampus is the most consistent region to be implicated in allocentric spatial navigation,
working memory and detection of spatial novelty. Interfering with hippocampal function through
a variety of methods leads to severe learning deficits in spatial navigation task, in the MWM for
example (Morris et al., 1982; Morris et al., 1990; McDonald and White, 1994). Performance is
also affected in a working memory tasks such as the Y-maze spontaneous alternation task.
Moreover, there is also a general agreement on the critical involvement of hippocampus in
spatial object recognition task, OL, on a wide range of ITIs (Save et al. 1992; Wan et al. 1999;
Mumby et al. 2002; Assini et al. 2009; Oliveira et al. 2010; Burke et al. 2011). The importance
of the hippocampus in spatial learning and memory is unsurprising, given the abundance of place
cells in the CA1 and CA3, where each place cell will fire preferentially at a specific location in

the open field (Manns and Eichenbaum, 2009).

The MEC is another putative region, given the presence of grid cells, whose firing pattern
generates virtual maps of the surroundings that resemble grids of repeating triangles (Weber and
Sprekeler, 2018). The MEC-hippocampus network is critical for spatial navigation as grid cells
are involved in processing self-motion information and maintaining stable hippocampal place-
cell mapping (Jacob et al, 2020). Lesioning the MEC leads to stark spatial learning and retention
deficits in the MWM close to those resulting from a hippocampal lesion (Van Cauter et al., 2013;
Hales et al., 2014). Interestingly, these two studies found contradicting results with parallel OL
experiments. Hales and colleagues found no deficit, while Van Cauter and colleagues did. Thus,

spatial navigation and spatial novelty detection may not necessarily rely on the same entorhinal-
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hippocampal subnetworks. In a complementary work of the Save group (Rodo et al., 2017)
showed that the involvement of the MEC in OL memory increased with the complexity of the
environment (object number and diversity). Interestingly, the same relationship was true for the
involvement of the LEC in the object recognition task. The MEC and the LEC are not connected
exactly to the same hippocampal subregions and each of their layers have preferential
interactions with different hippocampal areas. This strongly suggests that the entorhinal-
hippocampal system is able to process a wide variety of information, each one being conveyed

by one of these specific routes.

Concerning the LEC and the MEC, electrophysiological and lesion data suggest that there is a
graded involvement of both structures in object and spatial information, with preferential object-
related processing in the lateral region and contextual/spatial processing in the medial region
(Deshmukh and Knierim, 2011; Hunsaker et al. 2013). Thus, lateral entorhinal cortex seems to
integrate some spatial information to the purely nonspatial representations elaborated in the PRC
(Deshmukh et al. 2012; Tsao et al. 2013). On the other hand, the POC (parahippocampal cortex
in primates) is considered as part of the spatial/contextual information processing pathway

(Aminoff et al., 2013, Norman and Eacott, 2005).

The RSC, primarily the dysgranular part, contains a variety of spatial orientation cells, including
place cells similar to those of the hippocampus, and local landmark dependent head direction
cells (Mao et al., 2017, Jacob et al., 2017). Lesioning the RSC leads to deficits in allocentric
spatial processing, particularly when visual cues are needed for orientation (Mitchell et al.,
2018), as tested with the MWM (Sutherland et al., 1988; Whishaw et al., 2001). The RSC is not
needed for egocentric processing (Vann and Aggleton, 2002) and unlike the hippocampus, is not
needed for intact Y-maze performance (Nelson et al.,, 2015). The anterior thalamic nucleus
exhibits strong connections to the RSC, the mPFC and the subiculum, and also contains place,
head direction, and border cells. Lesioning this region leads to deficits in a multitude tasks
related to allocentric spatial memory processing, such as in the MWM and the radial arm maze

(Aggleton and Nelson, 2015).

The dorsal striatum is shown to be essential for egocentric but not allocentric spatial memory

(Cook and Kesner, 1988). Integrity of other medial temporal lobe regions, such as the PRC or the
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LEC, does not seem to be necessary for spatial learning in the MWM or OL (Barker et al. 2007,
Wilson et al., 2013a; Van Cauter et al., 2013).

1i. In AD mouse models

A longitudinal analysis of over 250 mice revealed that Tg2576 mice have deficits in the MWM
within 6-11 months (Reed et al., 2010). In multiple APP-Tg mice, MWM deficits appear sooner,
by around 4 months (Chishti et al., 2001). Tau pathology also affects spatial memory as hTau
mice show deficits at 12 months but not 4 months (Polydoro et al., 2009). 3xTg-AD mice also
show deficits in spatial memory at 4 months (Billings et al., 2005). Interestingly, results are
similar in the OL task, with deficits seen in Tg2576 and APP23 at 7-8 months (Ognibene et al.,
2005; Middei et al., 2006; Yassine et al., 2013), in TgCRNDS8 mice at 2 months (Hamm et al.,
2017), and in 5xFAD at 5 months (Park et al., 2016).

Contrarily to the PRC poorly investigated in mouse models of AD, the hippocampus has always
been under the spotlight throughout the transgenic adventure. Therefore, it is well known that the
hippocampus was systematically shown to be one of the first regions affected by AD-like
neuropathology in all these models. Given the clear involvement of the hippocampus in spatial
navigation and OL tasks, deficits were clearly expected and generally obtained in these tasks

whatever the model, at least at advanced stages of their pathology.

C. Fine mnemonic discrimination (pattern separation)

1. Background and anatomy

Fine mnemonic discrimination tasks used in humans has been translated to the spontaneous
object exploration paradigm in mice (Bolz et al., 2015; Cés et al, 2018). In the fine
discrimination object recognition task, small changes in object identity can be controlled through
the use of lego objects, where the only change is pattern of the legos used to construct the
changed object (only the pattern of the blocks changes, not the shape or the composition). In the
fine discrimination object location task, small changes in object location are induced by
displacing the object a smaller distance (20 cm vs 50 cm). Both tasks could detect deficits in old

but not young mice, and in the absence of deficits from the traditional OR and OL tasks (Cés et
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al., 2018). This deficit could be rescued by D-serine treatment, which increased neurogenesis in
the dentate gyrus, illustrating a possible link of an age dependent reduction in dentate gyrus
neurogenesis to disrupted pattern separation. These results confirm the hypothesis of an
involvement of DG neurogenesis in pattern separation function (Bolz et al., 2015; Clelland et al.,

2009).
1i. In AD mouse models

Very surprisingly, despite many reports on fine discrimination deficits in MCI and AD patients,
not much has been done in AD mouse models. There is an elegant study from Zhu and
colleagues (2017) showing spatial fine discrimination deficits in Tg2576 mice. This deficit was
related to degeneration of the cholinergic input to the DG and associated reduction in local
neurogenesis (Zhu et al., 2017). Within our team, we showed that this deficit appears at the age
of 4 month in this mouse line, in the absence of deficits in other recognition tasks (manuscript in

preparation).

D. Associative Memory

1. Background and anatomy

Several variants of the object exploration paradigm were designed to evaluate different forms of
associative memory. The first variant, often called the object-in-place (OP) task (Figure 16C),
tests the ability of the animal to detect the intrusion of a familiar object in the position previously
occupied by a different familiar object (Dix and Aggleton, 1999). In other words, this task
probes the specific association of object identity and place. Intact PRC, mPFC, RSC, anterior
thalamic nucleus and hippocampus as well as the dual interactions PRC-hippocampus, PRC-
mPFC are necessary to perform the 4-object version of the OP task (Nelson and Vann., 2014;
Parron and Save., 2004; Barker et al, 2007; Barker and Warburton, 2015; DeVito and
Eichenbaum, 2010). Only a few studies have evaluated the simple two-object version of the task,
and have shown the involvement of the LEC and the LEC-mPFC pathway up to now (Wilson et
al., 2013a; Chao et al., 2016). The network underlying novelty detection in the OP task may vary
with the number of object and/or access to an allocentric (versus egocentric) spatial frame.

Indeed, “allocentric” 2-object OP tasks seemed to rely mainly on the LEC and the hippocampus,
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but not PRC and POC (Eacott and Norman, 2004; Langston and Wood, 2010; Wilson et al.,
2013a)

The object-in-context (OiC) task was designed to test the ability of the animal to detect, which
familiar object has never been presented in a specific, familiar context (Dix and Aggleton, 1999).
The integrity of POC and its interaction with the PRC are mandatory in sustaining context-
guided object recognition performance in the OiC task (Figure /16D) (Norman and Eacott, 2005;
Heimer-McGinn et al., 2017). It was proposed that a spatial layout of objects was first integrated
in the POC through its reciprocal connections with the PRC (Furtak et al., 2012). Downstream,
an intact LEC and its interaction with mPFC are also necessary for OiC performance (Wilson et
al., 2013b; Chao et al., 2016). Additionally, the LEC extends its involvement to the detection of
mismatches in place to context and OP to context combinations (tasks not shown), which
suggests that this structure is necessary for further integration of object locations and/or to add
OP associations to the contextual layout (Wilson et al., 2013b). Note that one or the other role
could be held by other(s) region(s), such as the hippocampus (Hunsaker et al., 2013; but see
Langston and Wood, 2010).

While the existence of episodic memory in animals is still an open question, recognition tasks
based on the object exploration paradigm are frequently considered as evaluating “episodic-like”
memory in rodents. This is most probably related to the poor knowledge in the critical difference
between familiarity guided recognition (“non contextual feeling that”) and recollection guided
recognition (contextually remembering the whole event) (see Ennaceur, 2010). In most tasks
evoked above, the animal may simply detect that he is more familiar with one object than
another one (OR tasks) or one position previously occupied or not (OL tasks). OP and OiC tasks
are taxing associative memory binding two environmental stimuli, but successful performance
does not ensure that the rodent proceeded through complete remembrance of the past event
where it first encountered the objects. In other word, he might express familiarity but not
necessarily remembered what happened where and when. This recollection/familiarity debate is
still a main issue in the domain of recognition memory research. Thus, two tasks were designed
to evaluate some form of recollection of past experience which is based on an associative
memory of i) what happened, where and when (Figure 16F) (WW Where task; Dere et al., 2005)
or ii) what happened, where in which context (Figure 16G) (WWWhich; Eacott and Norman,
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2004). As expected from the role of the hippocampus in context-rich memories, the ability to
perform successfully WWWhen and WWWhich tasks on all three components requires an intact
hippocampus, but not necessarily the integrity of other individual regions of medial temporal
lobe such as the PRC or the POC (Eacott and Norman, 2004; Langston and Wood, 2010; De Vito
and Eichenbaum, 2010). Similarly to the OP and OiC tasks, an intact interaction between LEC
and mPFC is necessary to succeed in the WWWhen task (Chao et al., 2016). When considering
the memory for temporal order separately within these tasks or in a dedicated task, it is
noteworthy that the hippocampus, the PRC, the RSC and the mPFC have all been reported to
play a role in detecting object recency (Figure 16E) (Mitchell and Laiacona, 1998; Barker et al.,
2007; DeVito and Eichenbaum, 2010; Powell et al., 2017).

1i. In AD mouse models

Tg2576 mice are deeply impaired OL component of a WW Where task from the age of 4 months
(Lanté et al., 2013). This single-domain deficit may question the episodic-like nature of their
deficits. APPswg/PS14r9 mice showed deficits in the WWWhere task at the age of 3 months, in
the absence of thioflavin stained plaques (Ramos-Rodriguez et al., 2013). Another study found
deficits in the 4-object version of OP task at the age of 5 months with no concurrent deficits in
OR or object recency, but concurrent AP, stained plaque formation (Bonardi et al., 2016). Two-
month old TgCRNDS8 mice also showed deficits in the allocentric 2-object version of the OP task
along with deficits in the OL task but not the OR task, and in the absence of plaques (Hamm et
al., 2017). Their early deficit in OP was rescued by inhibiting - but not y-cleavage, indicating
that it was not caused by an increase in AP, but rather by an increase in toxic B-CTF or a

decrease in neuroprotective sAPPa.

All these 2- to 3-domain associative tasks depend on the integrity of the hippocampus. Thus, as
suggested for spatial memory, it is not surprising that nearly all classical models have been tested
in these task and showed performance deficits. This is also in accordance with the crucial role of
the hippocampus in human episodic memory. Associative memory also requires communication
between the LEC and the PFC (Wilson et al., 2013a; Chao et al., 2016). This is particularly
interesting as there is increasing evidence for specific and early pathological alterations in the

frontal cortex and LEC in many of these mouse models (Zhuo et al., 2008; Xu et al., 2015).
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11.Drawbacks of Transgenic Mouse Models

For the past 20 years, transgenic mouse models allowed us to understand the physiological
impact of amyloid and tau pathologies in a more precise manner than what could have been
achieved in the clinic. However, these models do come with a series of drawbacks that contribute

to artificial phenotypes and limit the capacity of these models to represent the disease.

First, transgenes are overexpressed, as they are controlled through artificial promoters and often
have multiple insertion sites (Figure 17A4). Overexpression is especially critical for APP, with its
many proteolytic fragments encompassing a vast array of biological functions (Muller et al.,
2017), such as APP in CNS development (Nicolas et al., 2014), sAPP in cell signaling (Rice et
al., 2019), AICD in transcription regulation (Konietzko et al., 2012) to name a few. Not
surprisingly, several studies indicate that overproduced APP and non-Ap APP fragments altered
brain region development (Dodart et al., 2000) and may function unphysiologically within
cellular processes (Willem et al., 2015; Kerridge et al., 2015; Nahn et al., 2015). This makes it
difficult to determine if the origin of deficits seen in APP-Tg mice are only related to the

accumulation of AP or augmented amyloidogenic processing.

Second, transgenic mice co-express the murine version of the transgene (Figure 17B), unless
they are crossed with a knock-out model. Note that even in this case the endogenous promoter of
the homologous gene does not control the inserted gene (e.g., App or MAPT). Co-expressed
endogenous proteins may interfere with pathological processes induced by AD proteins. This is
exemplified by the impact of endogenous tau co-expression in hTau mice, which completely
halters tangle formation (Andorfer et al., 2003). Certain APP fragments are shown to have a
beneficial effect on synaptic plasticity and cognition, including sAPPa (Meziane et al., 1998,
Ishida et al., 1997) which would be deregulated by increases in B cleavage. Loss of function
effects that may arise from elevated amyloidogenic cleavage may therefore be compensated for

by endogenous co-expression.
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Figure 17. Examples of protein co-expression or overexpression in transgenic mice. (A) Overexpression of APP-
derived fragments in transgenic (APP23) mice compared to wt and knock-in mice. (B) Co-expression of endogenous
4R tau in WT and the transgenic model 8C (hTau without the endogenous MAPT gene knocked out). Adapted from
Andorfer et al., 2003 and Saito et al., 2014.

Third, variability arises from the random nature in which transgenes are inserted, and the use of
different artificial promoters. This is underlined with a recent study that presents differences in
expression level and brain regional patterning of exogenous APP among different APP-Tg
mouse lines (Hofling et al,, 2016). Depending on the insertion location of the transgene,
endogenous loci can be severely disrupted or destroyed (Verret et al., 2012; Saito et al., 2016).
Artificial promoters compete with endogenous promoters for transcription factors, and can lead

to expression of the transgene in cell types that do not normally express it.
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12.Knock In Mouse Models

The drawbacks seen in transgenic mice can be largely accounted for by using knock-in (KI)
technology. Knocked in genes are directly inserted under the mouse locus, replacing endogenous
gene expression. As a result, the inserted gene is not over-expressed nor is there co-expression of
the endogenous mouse gene. Since the gene insertion is targeted, there should be no disruption of
other endogenous loci. Any problems that arise from artificial promoter insertion, such erroneous

cell type expression, are bypassed.

In 2014, Saito and colleagues presented a novel set of homozygous KI mice expressing
humanized AP with FAD mutations (Saito et al., 2014). Three KI models were created: the
App"™* with the Swedish mutation (KM670/671NL), the App™"" with both the Swedish and the
with the Swedish, the
Beyreuther/Iberian and the Arctic (E693G) mutations (Figure 18A4). The Swedish mutation has

Beyreuther/Iberian  (I716F) mutations, and the App™"“"

been described previously, it affects B cleavage of APP increasing the overall production of Ap.
The Beyreuther/Iberian mutation works like the Indiana mutation, it affects y cleavage elevating
the APB42/APao ratio (Figure 18B) (Guardia-Laguarta et al., 2010). The Arctic mutation is found
in the middle of the AP sequence and is shown to increase the AP aggregation rate and the

quantity of large AP oligomers (Nilsberth et al., 2001).

The App™" mice do not accumulate any amyloid deposits, but show minor microgliosis in the
NL-F

hippocampus (Masuda et al., 2016). App™ " mice display initial sparse hippocampal and cortical

NL-G-F

amyloid deposits at 6 months along with reactive gliosis. In App mice amyloid deposition is

accelerated, with initial deposits appearing at 2 months in the cortex. As expected none of the KI

NL-F

models form NFTs, but 4App NL-G-F

and App mice do present elevated levels of ptau in

dystrophic dendrites surrounding plaques (Saito et al., 2014).
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Figure 18. Knock in mice created by Saito and colleagues (2014). (A) Humanized Af sequence with inserted FAD
mutations. (B) Focus on the App"** mouse. Left: compared to other models, the homozygous App™"* mouse shows
an increase in Af/APy as a primary neuropathological marker induced by the F mutation. Middle: It also shows
an increase in B-CTF, and a decrease in a-CTF, due to the increase in f cleavage as induced by the NL mutation.
Both figures highlight the lack of overexpression as compared to the transgenic APP23 mouse model. Right: Initial
plaque formation is reported to start at 6 months, though even at 9 months plaques are still very sparse. Adapted
from Saito et al., 2014.

From now on, I will mainly focus on the homozygous App™"" mouse because it was used as a

parental mouse line to produce the model of my thesis work. 4pp™"

mice showed impaired
performance at the age of 18 months in the Y-maze spontaneous alternation task, but not in the
Morris water maze spatial memory task (Saito et al., 2014). In another study (Shah et al., 2018),
intact spatial navigation learning was confirmed at earlier ages (3 and 7 months). Interestingly,
the 3-month old mice demonstrated impaired cognitive flexibility in reversal learning which
accompanied resting state hippocampal-PFC and hippocampal-RSC functional connectivity
alterations. At the same time, a pharmacological study reported that App™"* mice display deficits
at 12 months, but not 9 months, in a long-term OR task (Izumi et al., 2018). This is also
reminiscent of impaired dialog between the hippocampus and the PFC. These results prompted

us to integrate the 24h retention delay OR task in our battery of recognition tasks.

62



Knock In Mouse Models

Saito and his team also developed a novel KI mouse model for humanized MAPT, the gene that
expresses tau (Saito et al., 2019; Hashimoto et al., 2019). The MAPT KI mice express all 6
isoforms of tau (Figure 19A4), with the level of 4R mRNA approximately 70 percent that of 3R
mRNA (Figure 19B). They do not form NFTs, but did show an accelerated propagation of
pathological tau (ATS8-immunoreactive) species after AD-derived tau was injected into the
NL-G-F

mouse brain. The MAPT KI mouse has been crossed with the App™"" and the App
create the App™"XMAPT and the App""“"xMAPT double knock in (dKI) mouse lines

mice to

respectively. These dKI mice do not show any overt changes from the original single KI mice.
Neither dKI displays NFTs but they do show increased levels of ptau compared to the single KI
MAPT (Saito et al., 2019) (Figure 19C). To the best of our present knowledge, the App™"

FMAPT dKI mouse line has never been evaluated in behavioral tasks.
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Figure 19: Tau pathology in MAPT and App™™ " xMAPT dKI mice. (A) Representative PCR electrophoresis gel
performed to B) compare levels of 4R-tau and 3R-tau in MAPT KI mice. C) Crossing the MAPT KI with App™* KI
increases the amount of ptau at 24 months of age. Adapted from Hashimoto et al., 2019 and Saito et al., 2019.
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13. My project

The main goal of my project was to detect the first impairment of recognition memory in dKI
mice and then unravel the origin of this early memory disorder in the dKI model. My first aim
was to characterize extensively recognition memory performances in search of the most
precocious deficit using a battery of tasks based on the object exploration paradigm. The second
aim was to perform task-related ex vivo imaging of neuronal activation in WT and dKI mice in
order to identify the earliest region affected in dKI mice. Witht the help of Demian Battaglia,
regional activity levels and functional networks were evaluated to assess perturbations well
described in human studies of preclinical AD. The third aim was to decipher the origin of the
functional disturbances in this cerebral region. To achieve this aim, we planned to use two
approaches. In collaboration with Céline Héraud, I would first determine the relative importance
of amyloid and tau pathologies using western blot focusing on a set of brain regions potentially
involved in the impaired memory task, including the region of interest. This region was expected
to show exacerbated pathology. Finally, functional perturbations of the affected regions would
be more precisely evaluated using electrophysiological techniques with the aid of Romain

Goutagny.
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Materials and Methods
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1. Animals

My thesis work consists in characterizing a new, doubly humanized model resulting from the
cross of two knock-in (KI) mouse lines for the App™*™" (Beyreuther/Iberian and Swedish FAD
APP mutations, Saito et al., 2014)) and for the MAPT (Hashimoto et al, 2019) which were both
produced by T Saido and T Saito (RIKEN Brain Science Institute, JAPAN) and sent to us by the
RIKEN BioResource Center. The App"*" KI mouse has mutations on the p and y cleavage sites
of APP, which lead to a direct increase in production of A4, without the overexpression of
APP. The MAPT KI mouse expresses all 6 isoforms of tau under physiologically normal levels
(Hashimoto et al., 2019). Through combining the mouse promoter-controlled expression of APP
with two FAD mutations and of all normal human tau isoforms in absence of their equivalent
murine proteins, the App™""/MAPT double knock in (dKI) model should favor the development
of AD-like pathology closer to the human condition. All experiments were performed on male

dKI and wild type (WT) mice.

For a separate aging study, 3-month and 18-month old C57BL/6J mice were obtained from
Charles River Laboratories (France). These mice were maintained in the same conditions than

dKI and wt mice and they were aged in our laboratory.

Procedures were in compliance with rules of the European Community Council Directive 2010-
63 and French Department of Agriculture Directive 2013-118 and approved by the local review
board (CREMEAS) and authorized by the “Ministere de [’Education Nationale, de
[’Enseignement Supérieur et de la Recherche” (APAFIS #9848 and APAFIS #21562 for dKI and
WT mice; APAFiS #2154 for comparing young and old mice). Animal facilities at the LNCA
were approved for animal experimentation (H 67-482-13). Mice were group-housed with food
and water ad libitum, nesting material, and additional food pellets on bedding to promote natural
behavioral patterns. The animal room was under controlled temperature (23 °C + 1 °C) and a
12/12-hour light/dark cycle (lights on at 8.00 AM). Behavioral testing took place during the light
phase.
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The dKI breeding strategy

2. The dKI breeding strategy

The App and MAPT genes are located on different autosomal chromosomes, 16 and 11,
respectively. This led to a complicated breeding strategy to obtain dKI mice and their WT
controls, to maintain these mice on an acceptable C57BL/6J derived background and to produce
experimental groups. Parental App™*" KI and MAPT KI mice obtained from the RIKEN
BioResource Center were heterozygous for their KI insertion. Thus, the first step (stepl) upon
arrival was to produce sufficient homozygous KI mice and WT mice to reach a second step
(step2) to create the dKI mice (Figure 20). It consisted in crossing homozygous App™** KI or
MAPT KI mice in order to produce double heterozygous mice (heterozygous for App"*™" KI
AND the MAPT KI). The third step (step 3) consisted in crossing these mice to produce a large
number of mice because only a limited number would bear interesting genotypes, i.e., 1/16 of
WT mice, homozygous single KI for the App™* " KI or the MAPT KI, and homozygous dKI
mice. Two types of breeding was used to produce enough founders of each mouse line: step 4a
was the main one, used to produce founders and then maintain each mouse line, and step 4b only
used to produce more founders using as much as possible the numerous animals produced in step
3 (comply to the “reduction” rule and avoid one more breeding step). The great advantage of this
breeding strategy was that founders of the WT and the KI lines were littermates, thereby
ensuring as much as possible similar genetic background to all mouse lines. Mouse lines were
maintained with homozygous breeding for only 3 generations to avoid a genetic drift which
would hamper the use of the “WT” line as a control for KI lines. After 3 generations WT and
dKI mouse lines were each backcrossed to male and female C57BL/6J mice (Janvier Labs, Le
Genest St Isle, France) to produce again double heterozygous mice and these mice were bred
following step 3 to found new backcrossed WT and dKI mouse lines. Note that single KI lines
were only maintained for 1 generation as these mice were not used much in the present work.

Mice were genotyped at least once at each breeding step.
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Figure 20. Breeding strategies to produce homozygous App"*"xMAPT (dKI) mice. Color code: magenta for

NL-F

homozygous dKI, green for WT, dark blue for homozygous App™~~, red for homozygous humanized MAPT (termed
MAPT? here), light brown for double heterozygous KI, light beige for heterozygous App™* KI, light blue for
heterozygous MAPT KI, yellow for homozygous App™"* KI/ heterozygous MAPT KI, and orange homozygous MAPT

KI/ heterozygous App™"* KI. For details on each step, see the text.

3. Actigraphy

A. Purpose

Animals follow a circadian rhythm where they organize their behavior over a 24 hour day/night
cycle in a regular and constant fashion especially in our animal facility set on a 12/12-hour
light/dark cycle. Mice are mainly active during the dark phase. Though the most obvious
resulting behavior is the regulation of animal’s activity, the circadian rhythm has implications
with physiological indices such as core body temperature, brain oscillatory activity,
cardiovascular and respiratory function, and immunity (Logan and McClung, 2019). Alzheimer’s
disease is largely shown to affect and/or be affected by changes in the circadian rhythm.
Numerous studies have shown that sleep-wake activity is disturbed in individuals with dementia

due to AD (Lim et al., 2014). Moreover, levels of Af and ptau can be exacerbated with
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decreased sleep due to lowered metabolism and clearance processes (Homolak et al., 2018).
Recent studies coupling PET imaging and EEG have shown that AD protein deposition can
correlate with abnormal sleep brain wave activity, such as an increase of tau-PET correlating to
decreases in non rapid eye movement (non-REM) sleep (Lucey et al., 2019). In their recent
review, Wang and Holtzman (2020) state that sleep disturbance appears in early stages of AD
and that there is a “bidirectional relationship” between sleep/wake rhythms and both A
pathologies.

B. Protocol

Given its connection to AD, and evidence for early circadian disturbances in AD pathology, we
decided to test the circadian activity in dKI mice. This was accomplished using an actigraphy
setup. The mice were placed into 11.5cmx29.5cmx13cm cage with a small amount of litter. Two
infrared light beams coupled to photocells passed through the opposite ends of each cage (Figure
21). The home made actigraphy software counted a cage crossing for each time a mouse crossed
both lasers consecutively. The mice were left in the actigraphy undisturbed for 3 nights starting
on Friday evening. Testing during the weekend permitted the least amount of disturbance. The
number of cage crossings was considered as a measure of locomotor activity counted every 15

minutes.

Figure 21. Actigraphy set up. Cage and location of two lasers at each end.
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Recognition Memory Tasks

4. Recognition Memory Tasks

A. Purpose

Recognition memory dysfunction is one of the earliest behavioral changes seen in AD. Human
studies have shown that some tasks evaluating subtle forms of recognition memory, such as
object-place associative memory and fine discrimination abilities, are able to detect impairments
during early cognitively normal preclinical stages of the disease during and even preceding the

aMCI condition (Stark et al., 2013; Yeung et al., 2019).

Mice are innately curious. They show a spontaneous tendency to explore a new object or an
object that moved to a new position. The two-trial object exploration paradigm, first described by
Ennaceur and Delacour in 1988, makes use of this trait by taking increases in novelty exploration
as a measure of memory retention. The object exploration paradigm has proven flexible,
allowing the experimenter to evaluate various types of recognition memory simply by
manipulating the environment or the testing protocol. As an example, one can test object
recognition memory by changing the identity of the object, or spatial memory by changing the
location of an object. To increase the difficulty of the task, the inter-trial-interval (ITI) may be
increased to test the more difficult long-term memory (ITI = several hours) or the less difficult
short-term memory (ITI = a few minutes; Dodart et al, 1997, Bour et al, 2004). The SOR task
can be made more sensitive by increasing the subtlety of the changes. Small changes in the
object’s features or location evaluate fine discrimination object recognition and spatial
recognition respectively. These tasks are able to detect memory impairments that would not be
detected by the more traditional tasks. Aged mice are shown to be deficient in fine discrimination
memory (Ces et al., 2018), while they show no deficits in the more traditional OR and OL tasks.
The tg2576 (or APPswr) AD mouse model also shows specific fine discrimination deficits as

soon as 4 months of age (manuscript in preparation; Zhu et al, 2017).

Another way to increase the difficulty of the task is to test associative memory. The task that
probes for “what and where” associative memory is termed the object-in-place (OP) task. In the
two-object version of this task, the mouse is shown two different objects during the acquisition
phase. During the retention phase the mouse is shown two identical objects in the same positions

as during acquisition, where one of the previous objects has been replaced by a copy of the other.
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Here, it is not the identity of the object that is novel, nor is it the position within the open field,
but the association of that specific object to its position. Using this task with a 3 hour delay,
CRNDS8 mice were shown to have memory deficits as soon as 2 months of age (Hamm et al.,

2017).

B. Optimization with single KI mice
Behavioral protocols were optimized with single KI mice (WT n =7, MAPT n =8, App""" n=
7) before the dKI mice had been developed. For this many different protocols (test order, object
identity/location per task, luminosity) were used and optimized based on the results. Some
essential optimizations consisted in limiting the number of consecutive testing days to 4 (to
reduce stress), and transferring the mice into a quiet room next to the testing room at least one
week before testing and for the whole duration of the testing period. The OP protocol was
massively optimized with essential parameters including finding the right objects, placing them
on the diagonal further apart to accentuate their “place”, and increasing the luminosity to 15 lux
so that mice can more easily see distal spatial cues. Initially, we intended to test the mice every
two months until the first deficits would appear. However, we noticed quite rapidly that with
only two months between testing periods, results of the third period were not satisfactory. Thus

from that moment, each mouse was only tested twice and we balanced as much as possible the

three testing periods (2-4, 2-6 and 4-6 months) for each cohort of 6 to 12 mice.
C. Set Up and General Testing Protocol

The mice were tested in a 100cmx100cmx50cm open field with dark grey plexiglass walls and a
metal floor (Ugo Basile, Italy). The open field was homogeneously lit by 3 fluorescent lamps
evenly distributed in the room. The luminosity was set to 13-15 lux in the center of the open field
and around 6-8 lux in the corners. The background noise was set to 48+2 dB from the center of

the open field, as adjusted from a radio situated near a corner of the open field.

Before each test the mouse was left in the testing room for at least 15 minutes. Each test
consisted of an acquisition phase, the ITI phase and the retention phase. Before each trial, the
objects were cleaned with 35% alcohol and the open field was wiped with a water soaked paper
towel. During OL and fine discrimination OL the objects were not cleaned with alcohol to limit

novelty to the location of the object.
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D. Isolation

Fighting between male C57BL/6J mice, especially during adverse and novel conditions, is well
documented and can lead to variations in brain function and behavior (e.g., Greenberg et al.,
2014). In addition, ex vivo brain activity imaging was already planned as the next step of the
thesis project, so keeping each mouse alone to minimize external stimulation would then be an
absolute necessity. Therefore, mice were isolated two weeks before the start of testing. The mice
were then placed into a room situated between the testing room and the corridor, termed the sas.
The sas was lit by a halogen lamp, which was set to a luminosity of 15 lux as measured from the
mouse cages. The volume was set to around 47 decibels, as adjusted through a radio situated in

the corner of the room.
E. Habituation to Tubes

During testing, tubes were used to facilitate transportation of the mice between their homecage
and the open field (Gouveia and Hurst, 2013). A semi-opaque garden hose (4-cm ) was
sectioned in 15-cm long tubes. A tube was present in the cage since the mice were singly housed.
One week after isolation the mice were habituated to being moved in and out of their home cage
with the tube. This consisted of placing a mouse into an empty cage for 2 minutes, after which a
tube was placed against a wall of the cage until the mouse entered it. The mouse was then
transported smoothly in the tube back to its home cage. This process was repeated once more at

least 30 minutes later. The whole process was repeated again two days later.
F. Memory index

Memory retention is evaluated using the memory index, the ratio of time a mouse spends
exploring the novel object more than the fixed object. The memory index is 0 at chance level,
when a mouse explores both objects equally. Mice that explored less than 2 seconds were

removed from the analysis in comparing memory index between groups.

Time at novel object
Time at both objects

Memory index =
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5. Detecting Earliest Object Recognition Deficits

A. Purpose

We expected that the dKI mouse model would have a slowly evolving neuropathology based on
the initial characterization of the single 4pp™"" mice (Saito et al., 2014). Thus, we decided to
begin the phenotyping at the age of 2 months and to first evaluate them using tasks that are able
to detect subtle deficits. The dKI mice were therefore tested with a barrage of especially sensitive
object exploration tasks. The testing consisted of long-term object recognition with a 24 hour ITI
(OR24), fine discrimination object recognition (FDORS’), fine discrimination object location
(FDOLS5’) and finally object in place (OP5”). By determining which task reveals initial deficits
we would have a clue as to which structural networks are affected first in the dKI mice. Different
cohorts of mice ended up being tested at two of 3 different ages, 2 (WT n= 10, dKIn=10), 4
(WTn=12,dKkIn=9)and 6 (WT n= 8, dKI n=11 ) months, and not at later ages since the first

deficits were found as early as 4 months in the first cohorts of male mice.

There was no habituation day for this initial set, since previous experiments showed that 6 days
of testing was too stressful for the mice. Testing started gently with the OR24 task which is quite
robust and requires limited manipulations with one trial per day instead of two for subsequent

tasks (see Figure 22).
B. Day 1 and 2 — Long-term Object Recognition (OR24)

This test evaluates long-term recognition memory (Ennaceur and Delacour, 1988). For the
acquisition phase, the mice were first placed into the open field containing two identical objects,
and are left to explore for 10’. The mice were then transported back to their home cage and left
in the sas overnight for an ITI of 24 hours. During the retention phase, one of the objects was
replaced by another object of different shape, color and material in sharp contrast with the
familiar object and mice were left to explore for 8. The mice were then placed back into their

homecage and placed back into the sas as each time a mouse completed a daily session.

Two sets of very different objects were selected after preliminary experiments to ensure that 1)
control animals displayed high levels of OR performances after 24h, and that the two objects

were equally attractive to the mice. To minimize any possible bias, the role of familiar and new
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object and the position of the new object were pseudorandomly distributed among genotypes and
time of the day. Similar precautions were taken for all following tasks dealing with object

identity.
C. Day 3 - Fine Discrimination Short-term Object Recognition (FDORS”)

This test evaluates recognition memory for subtle changes in object identity (Ces et al, 2018).
The set of objects are made of legos. Each different object within the set is made of the same set
of lego block colors but the organization of the blocks changes. The objects were made to have a
very different composition, giving normal object recognition, or very similar composition, giving
fine discrimination object recognition. The very similar compositions were previously tested
with older mice of 18 months, who were unable detect a change in the very similar composition
of these objects after a 5’delay. The protocol was identical to that of the OR above, except an ITI
of 5°.

D. Day 4 - Fine Discrimination Short-term Object Location (FDOLS5”)

This test evaluates fine discrimination spatial memory (C¢s et al., 2018). During the retention
phase an object is displaced a distance of 20 cm instead of the more evident displacement of 40
cm used in the normal object location task. The displacement of 20 cm revealed fine

discrimination deficits in 18 month old mice that were still able to detect a 40cm change.

For the acquisition phase, the mice were first placed into the open field containing two identical
objects, and were left to explore for as long as 12 minutes because this task is particularly
difficult. The mice were then transported back to their home cage and left for and ITI of 5
minutes. During the retention phase, one of the objects was displaced 20 cm and mice were left

to explore for 8 minutes.
E. Day 5 — Short-term Object in Place (OP5’)

This test evaluates object in place associative memory (Wilson et al., 2013a). For the acquisition
phase, the mice were first placed into the open field containing two different objects, and were
left to explore for 10°. The mice were then transported back to their home cage and left for and
ITI of 5°. During the retention phase one of the objects was replaced by a copy of the other

object and mice were left in to explore for 8’.
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Figure 22. Phenotyping earliest deficits in young 2, 4 and 6 month old dKI mice.
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6. Short-term Object in Place for Ex-Vivo c-Fos Imaging

A. Purpose

It was determined that the earliest and most pronounced deficit in male dKI mice was found as
soon as 4 months of age in the OP5’ task. To elucidate the physiological underpinnings of this
deficit we aimed to assess which brain regions showed altered activity during the task. Here we
adopted one of the most widely used ex-vivo imaging technique based on c-Fos expression
which has been successfully applied to object recognition tasks (Belblidia et al., 2018;
Kinnavane et al., 2015). The protein c-Fos is coded by the immediate early gene c-fos. The
expression of c-fos and its c-Fos protein product is triggered by the calcium signal transduction
cascades associated to neuronal activation. The peak expression of c-Fos occurs from 60 to 90
minutes after neuronal activation. In order to have a snapshot of neuronal activation elicited by
object in place memory, the mouse brains were perfused 90 minutes after the mice had finished
the retention phase of the task (WT n = 11, dKI n = 11). Under the supervision of Céline
Héraud, brains were sectioned and marked for c-Fos using immunohistochemistry techniques,
and marked sections were subsequently analysed to determine which brain regions show
differential c-Fos expression. The whole process from brain harvesting to quantification of c-Fos
expression will be explained in further detail in the Immunohistochemistry section. Across-
subjects correlations of activity regulated immediate early genes (IEG; c-fos, Egrl) levels have
been successful exploring functional networks directly related to memory (Tanimizu et al., 2017,
Wheeler et al., 2013; Vetere et al., 2017). Thus, this analytical approach was also carried out on

c-Fos expression data of this study.

To insure the cleanest performances in the difficult object in place task, we wanted to give the
mice 3 days of habituation to the open field and objects. Moreover we also wanted to test the
mice in more traditional OR and OL tasks to verify that at 4 months of age the dKI mice did not
show deficits in more easy recognition tasks. We therefore chose to use a 4 day protocol
consisting of a habituation, ORS5’, OL5’ and finally the OP5’ task, in that order. The OR and OL
testing days served not only as additional reinforcing habituation to testing conditions but also as
controls to verify the conservation of simple object recognition and spatial memory in dKI mice

(see Figure 23).
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A. Day 1 - Habituation

The mice were tested in a 100cmx100cmx50cm open field with dark grey plexiglass walls and a
metal floor. The luminosity was set to 13-15 lux in the center and around 6-8 lux in the corners.
The volume was set to 47 decibels from the center of the openfield. Behavioral testing took place
on 4 consecutive days. Before each test the mouse was left in the room on the table for at least 15
minutes prior to testing. On the first day of testing the mouse was habituated to the open field
and objects. This consisted of placing the mouse into the open field containing two identical
objects and allowing the mouse to explore for 10 minutes. The mice were then transported back
into their homecage using the tube and placed back into the sas. This first day of testing also
played an important role in habituating the mouse to being transported to and from the open field

with the tube.
B. Day 2 — Short-term Object Recognition (ORS5”)

This test evaluates short-term recognition memory. It follows mostly the same procedure as the
Day 1 and 2 — Long-term Object Recognition under the Detecting Earliest Object Recognition
Deficits experiment. The only change is during the ITI phase were the mice are left for an ITI of

5 minutes in the testing room instead of 24 hours in the sas.
C. Day 3 — Short-term Object Location (OLS”)

This test evaluates short-term spatial memory. It follows mostly the same procedure as the Day 4
- Fine Discrimination Short-term Object Location under the Detecting Earliest Object
Recognition Deficits experiment. The only change is during the retention phase, where the

displaced object is moved 40 cm rather than 20 cm.
D. Day 4- Short-term Object in Place (OP5’)

This test follows the same procedure as explained in the Day 5-Short-term Object in Place under
the Detecting Earliest Object Recognition Deficits experiment. After the retention phase mice

were placed into the quiet sas. After 90 minutes they were taken for perfusion.
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Figure 23. Evaluating c-Fos expression in the OP5 'task while also assessing performance in OR5’ and OL’5 tasks.
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7. Three-hour delay Object in Place for Ex-Vivo Imaging

A. Purpose

In the previous experiment, brain activation measured through c-Fos expression resulted from a
combined effect of the acquisition phase, the ITI and the retention phase. Although were able to
detect genotype dependent changes, the interpretation of the results in respect to the phasing of
OP memory was unclear. Moreover as our interest in functional connectivity had increased, we
realized that the mixture of both test-phases in the c-Fos signal brought along some detrimental
drawbacks in terms of interpreting functional connectivity. These will be discussed in the results
of OP5’ (Study n°2). In order to remedy this, we decided to increase the ITI to 3h, the shortest
ITI delay that would ensure good OP3h performance in WT mice and proper isolation between
the acquisition and retention phases in respect to c-Fos expression. This protocol would allow us
to detect genotype dependent changes in brain activity with respect to each phase, acquisition
(WT n =12, dKI n = 12) and retention (WT n = 14, dKI n = 14). A 3-hour ITI object location
task (OL3h) was included the day before the OP3h task. This preliminary task served not only as
additional reinforcing habituation to testing conditions but also as a control to verify the
conservation of simple spatial recognition with a 3-hour ITI. This control is necessary to ensure

that the OP3h deficit is purely due to associative dysfunction (see Figure 24).
B. Day 1 - Habituation

This follows the same procedure as explained in the Day I - Habituation under the Short-term

Object in Place for Ex-Vivo c-Fos Imaging experiment.
C. Day 2 — Three-hour delay Object Location (OL3h)

This test evaluates 3-h spatial memory. This follows mostly the same procedure as the Day 3 —
Short-term Object Location under the Short-term Object in Place for Ex-Vivo c-Fos Imaging
experiment. The only change is during the ITI phase were the mice are left for an ITI of 3 hours

in the sas instead of 5 minutes in the testing room.
D. Day 3 — Three-hour delay Object in Place (OP3h)

This test follows mostly the same procedure as the Day 5 — Short-term Object in Place under the
Detecting Earliest Object Recognition Deficits experiment. The only change is during the ITI
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phase were the mice are left for an ITI of 3 hours in the sas instead of 5 minutes in the testing
room. One cohort was only tested in the acquisition phase (WT n = 12, dKI n = 12), and the
other for both phases including retention (WT n = 14, dKI n = 14). After the task was finished,

mice were placed into the sas. After 90 minutes they were taken for perfusion.
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Figure 24. Evaluating c-Fos expression in the OP3h task while also assessing performance in the OL3h task.
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8. Object in Context

A. Purpose

Considering their specific deficit in OP task, we were interested in evaluating dKI mice with a
similar form of associative memory in the object in context (OiC) task (Dix and Aggleton, 1999).
The mouse has to associate an object with a context (incorporating changes in smell, feel, color,
a completely different environment) rather than a place. Although I did not test the dKI mice, I
developed and set up the initial protocol, and evaluated it on WT mice (n = 10, 4 months of age)
with the help of an M1 student, Julien Caillette. This student was also involved in helping in c-
Fos imaging analysis during his internship with me. The results highlighted some important

considerations involving temporal aspects of the task.
B. Object in Context (01C24)

In this test the mice have to remember the association of an object to a context. The two contexts
used were two different open fields, Context A and Context B (Figure 25). Context A was a
52x52x40 cm open field with black walls covered with big, white (Christmas) stickers, and a
white floor. Context B was a 50x30x35 cm plastic tub with clear green walls covered with
smaller (Christmas) stickers and a dark burgundy floor. One the first day, the mice are given an
8-minute habituation trial to each context, separated by a 5-minute delay. On the second day,
they are given two acquisition trials, separated by a 5-minute delay. During the first acquisition
trial, the mice left to explore two identical objects in one context for 8 minutes. Then for the
second acquisition trial, they were placed into the other context containing a different set of two
identical objects, again for 8 minutes. On the third day after a 24-hour ITI, during the retention
phase, the mice were placed in one of the contexts (A or B) containing a set of two different
objects, again for 8 minutes. The mice should show increased exploration of the object that has
not already appeared in the given context. The two contexts were presented in the same order on
the first and second day. Each of the four possible order of context presentation over the 3 days

(e.g., AB, AB, A; BA, BA, A; AB, AB, B; BA, BA, B) were balance among groups.
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Figure 25. Long-term object in context task (OiC24) (the second presentation is the reverse order)
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9. Light Dark

A. Purpose

Many of the behavioral tests used in my thesis can be affected by anxiety in mice (Bourin and
Hascoét, 2003). During the object recognition tasks for example, anxious mice may exhibit
neophobia which could reduce exploration of the novel object. The implications of anxiety on

these tests necessitated testing anxiety levels of the dKI mice using the light dark test.

As they are nocturnal animals, mice avoid bright light and are naturally more at ease resting in
the dark spaces, where they are able to avoid the eyes of predators. At the same time they are
also curious foraging animals who benefit from exploring new environments. These two
contrasting behaviors may balance differently in individual mice based on their anxiety level,

and this balance can be tested using the light dark test.

In the light dark test the mouse is placed in an environment consisting of a completely dark box
that is connected to a brightly lit box. Mice with anxiogenic tendencies will be more hesitant to

enter and explore the light box.
B. Protocol

The light dark test was evaluated on female and male WT (n = 8 per sex) and dKI (n = 8 per sex)
mice of 4 months of age. The set up used consisted of two 19x19x14.5cm covered plexiglass
cages connected by a 7x5x10cm corridor. The “light box™ was a cage with transparent walls and
cover, and was brightly lit to 1200 lux by an incandescent bulb situated 15 cm above the cover.
The “dark box” had dark gray non-transparent walls and cover. At the start of the test the mice
were placed into the dark box and left to explore both cages for 5°. The latency to enter the light
box, the number of passages between the light and dark boxes and the total time spent in the light
box were recorded. Between each trial, the cages were wiped with 35% alcohol, and cleaned of

urine and excrement.
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10.Western blotting for neuropathology

Four-month-old male mice were sacrificed by cervical dislocation (n = 8 per group), and their
brains were carefully dissected on ice. Hippocampi and medial temporal cortex were quickly
removed, frozen in liquid nitrogen and then stored at —80°C until their use. Tissues were
homogenized in 10 volumes of ice-cold radioimmunoprecipitation assay buffer containing
protease inhibitor cocktail (Sigma-Aldrich), phosphatase inhibitor cocktail (PhosStop, Roche
Life Science), and 1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich). After centrifugation at
20,000g for 20 min at 4°C, supernatants were aliquoted for immunoblot analysis. Brains extracts
of Tg2576 and Thy-tau22 mice were homogeneized and separated in parallel to our samples as a
positive control for APP proteins and cleaved fragments and for tau proteins, respectively.
Protein concentration was measured using the Bio-Rad Protein Assay (Bio-Rad). Thirty or 20
microgramms were respectively loaded on 4-20% precast gel (Mini-Protean TGX precast gels,
Bio-Rad) for APP and tau proteins. After electrophoresis and transfer to nitrocellulose
membranes using the Trans-Blot Turbo System (Bio-Rad), membranes were incubated with 5%
skimmed milk for 1 hour at room temperature and then with primary antibodies diluted in 2%
bovine serum albumin (Sigma) in tris-buffered saline 0.05% Tween 20 (Sigma-Aldrich)
overnight at 4°C. After washes, membranes were incubated with anti-mouse or anti-rabbit
immunoglobulins conjugated to horseradish peroxidase (Jackson Immunoresearch) for
development with enhanced ECL chemiluminescence detection kit (Thermo Fisher Scientific).
After detection, all membranes were reprobed with anti-actin antibody for normalization of total
protein. The primary antibodies used were the rabbit polyclonal anti-APP, C terminus (Sigma-
Aldrich), the rabbit polyclonal anti-tau (B19, generously gifted by JP Brion, ULB, Belgium), the
mouse monoclonal anti-phopho-Tau Thr181 (AT270, ThermoScientific), the mouse monoclonal
anti-actin (Sigma-Aldrich) and the rabbit polyclonal anti-actin (Sigma-Aldrich). The secondary
antibodies used were the peroxidase-conjugated AffiniPure goat anti-mouse and goat anti-rabbit
(Jackson Immunoresearch). The quantification of the band intensity acquired with the ChemiDoc
Imaging system (Bio-Rad) was performed by densitometry analysis using the ImageJ] program.
For each mouse, the phosphorylation degree was calculated as the ratio of total phosphorylated
Thr181 tau proteins on total tau proteins. The ratio of APP-cleaved fragments was calculated as

the total of APP B-CTF on o-CTF fragments.
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11.Immunohistochemistry for Ex-Vivo c-Fos Imaging

A. Protocol optimization with young and aged mice

The protocols, from brain sectioning to c-Fos quantification, was optimized using brains from 3
month old and 18 month old C57BL/6J male mice that were previously Behaviorly tested and
perfused. Groups of 8 animal per age, except one of 9 youngs, were each tested in one of the
following tests by Anais Robert, a Master 1 student supervised by Chantal Mathis: OR5’ (young
n=9,o0ld n= 7), OL5’ (young n = 8, old n = 8), FDORS5’ (young n = 6, old n = 8), FDOLS’
(young n =5, old n = 6), and OP5’ (young n = 7, old n = 8). Performances of some animals were
ruined by maintenance-related noisy works, especially during testing of the FDOLS5’ groups.
Nevertheless, Anais Robert showed that aged mice were significantly impaired compared to
young ones only in the FDORS’ task as reported by Cées et al. (2018). While I was waiting for
experimental dKI mice to be produced by the complex breeding protocol, I cut many brains from
this study and then focused my efforts on those tested in the OP5’ task. The results of these
preliminary analyses will be presented in Study n°2. This experiment informed me for the
optimization of many experimental parameters. Some of the most essential insights include
increasing the sample size for future c-Fos experiments, improving testing conditions to
minimize environmental interference (i.e., use the quiet sas next to the testing room), developing
the most effective c-Fos quantification method and taking several Z-planes per NanoZoomer

scan.
B. Perfusion

Ninety minutes after the end of testing the mice were taken for transcardial perfusion. The cages
were covered with a dark towel during transportation to the surgery room to prevent visual
stimuli. To induce anesthesia, the mice were first injected IP with 364.6 mg/kg/ml of euthasol
(pentobarbital) in 0.9% NaCl and left for around 3 minutes. After ensuring that the mice showed
no pupil response and no response to a foot pinch, they were placed for dissection. The mice
were transcardially perfused with PBS containing 0.1% heparin for 5 minutes in order to purge
the body of blood. This was followed by a 10 minute perfusion with 4% paraformaldehyde in 0.1
M of phosphate buffer for brain fixation. The brains underwent post-fixation in 4%

paraformaldehyde for 24 hours. They were then left in 20% sucrose in 0.1 M of phosphate buffer
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for 48 hours. Finally they were frozen by being immersed in isopentane at -37°C for one minute.

The frozen brains were stored in a freezer at -80°C.
C. Sectioning

The brains were sectioned at -20°C using a Thermo Scientific Microm HM 560 cryostat. The
sections of 40 um thickness were taken on the coronal plane and stored in a cryoprotectant

solution at -20°C until use. At least 3 sections were taken per region.
D. c-Fos immunohistochemistry

The brain sections were transferred from the cryoprotectant to a petri dish containing PBS before
being placed into the immunohistochemistry plate containing PBS. The sections were placed into
the plate in a manner which the dKI mice and WT mice were equally distributed. The sections
were first given three 10-minute washes in PBS, followed by an incubation in 3% H202 for 30
minutes at room temperature in order to neutralize endogenous peroxidases that could react with
3,3-diaminobenzidine (DAB). They were washed for 5 minutes with ultra-pure water and again
two times for 10 min in PBS to remove residual H202. This was followed by a 1-hour blocking
incubation in a solution containing 5% normal goat serum (NGS) diluted in a “diluant” solution
consisting of 1M PBS, and 0.5% Triton X100. The sections were then incubated at room
temperature for 24 hours in a 1/1500 dilution of a polyclonal rabbit-anti-cFos primary antibody
(Synaptic System) in diluant containing 2% NGS. The following day the sections were first
given three 10-minute washes in PBS, and then incubated for 2 hours at room temperature in a
1/500 dilution of biotinylated goat-anti-rabbit (Vector) secondary antibody solution in diluant
containing 2% NGS. Just before the end of secondary antibody incubation, avidin and biotin
(ABC kit) were diluted 1/500 each in diluant and the solution was left to incubate for at least 30
minutes at 4°c. Following the secondary antibody incubation, the sections were given three 10-
minute washes in PBS, followed by a 45-minute incubation in the avidin/biotin solution at room
temperature. After the avidin/biotin incubation the sections were washed with two 10-minute
washes in PBS and a 10-minute wash in Tris buffer. The sections were finally reveled with DAB
(Vector Labs) for 9 minutes while being closely observed under a light microscope. The
revelation was quenched with three 10-minute PBS washes. The sections were mounted on

gelatin covered slides and left overnight to dry. A table of all antibodies used is shown in 7Table 1.

86



Immunohistochemistry for Ex-Vivo c-Fos Imaging

The slides were mounted with coverslips which first consisted of giving the slides consecutive
one minute washes in 70%, 95%, 95%, 100% and 100% alcohol. These were followed by an
incubation in Clearify Clearsolv Clearing Agent for 5 minutes. Excess Clearify solution was
removed and the slides were mounted with coverslips using diamount and left overnight to dry.

The slides were wiped clean with 70% alcohol.

Antigen Host species Dilution Supplier
Synaptic systems
c-Fos (Aging) Rabbit (polyclonal) 1/20000 ref:2260003
10t:226003/16
Synaptic systems
c-Fos (OP5") Rabbit (polyclonal) 1/15000 ref:2260003
10t:226003/16
Synaptic systems
c-Fos (OP 3h) Rabbit (polyclonal) 1/15000 ref:2260003
10t:226003/466
.. . Vector Labs
Rabt(’i “.nmugggslf)’bms Goat 1/500 ref: BA1000
ne. lot: ZA 520
.. . Vector Labs
Rabbit ’gg?‘;;ggk’bms Goat 1/500 ref: BA1000
lot: ZB 1007
. gifted by JP Brion,
Tau (B19) Rabbit (polyclonal) 1/30000 ULB, Belgium
ThermoScientific
phopho-Tau Thr181 Mouse (monoclonal) 1/2000 MN1050
Sigma-Aldrich
APP, C terminus Rabbit (polyclonal) 1/4000 ref : A8717
lot: 081M4870
Sigma-Aldrich
Actin Rabbit (polyclonal) 1/10000 ref: A3853
lot: 102M4771
Sigma-Aldrich
Actin Mouse (polyclonal) 1/10000 ref: A2066
lot: 118K846
Goat Jackson Immunoresearch
Rabbit immunoglobins | (horse raddish Peroxidase- 1/5000 ref: 111-035-003
conjuagated) lot: 101844
Goat Jackson Immunoresearch
Mouse immunogobins | (horse raddish Peroxidase- 1/5000 ref: 115-035-003
conjuagated) lot: 101698

Table I. .

Antibodies used for western blotting and c-Fos immunohistochemistry.




Immunohistochemistry for Ex-Vivo c-Fos Imaging

E. Nanozoomer

Whole slides were imaged at 20x using a NanoZoomer S60 Digital slide scanner (Hamamatsu
photonics) (Figure 26). At least 6 focus points were used per section for the Nanozoomer to
detect the focus plane. Three different images were taken at three different focus planes, one
image at the detected focus plane, one image 4 pum above the detected focus plane and the final
image 8 um above the detected focus plane. This image organization was chosen because the
NanoZoomer focus errors tended to bias towards the slide, downwards rather than upwards. This
was likely due to some focus points being placed close to ventricles, such as for the

hippocampus, or close to the exterior, as for the cortex.

The .ndp files from the NanoZoomer contained the three whole slide images that could only be
accessed with the NDPView program. In order to use ImageJ for image processing, smaller
images of the individual sections needed to be extracted. To achieve this, individual brain
sections were extracted at 20x resolution, where the image from the sharpest focus plane was
taken. Individual brain section images were saved into .jpg format and the filenames contained
the experiment name, the date of image extraction, the mouse ID, the Region set, and the anterior
posterior absolute position in relation to bregma removing the decimal (-1.8 from bregma would

be represented as 18), e.g. “19-02-13 OPdKI4momale m13 DH 18”.

N /-\
anaZuumzr

Figure 26. NanoZoomer S60 Digital slide scanner. (Hamamatsu photonics).
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F. c-Fos quantification

The c-Fos expression was analyzed in 22 regions of interest (ROIs), including sub-regions of the
medial prefrontal cortex, claustrum, dorsal hippocampus, retrosplenial cortex,
perirhinal/postrhinal cortex, and the entorhinal cortex. Image processing was done using ImageJ
(National Institute of Health, Bethesda, MD). ROIs were anatomically defined according to the
atlas of Paxinos and Franklin (2019). For c-Fos quantification, the images were transformed into
8-bit grayscale. A grayscale threshold for was set at a consistent level for each region by an
experimenter blind to group condition. Only c-Fos positive nuclei with a grayscale intensity

below the threshold and an area between 25-300 pm”® were counted.
G. Additional information about ROI selection

Regions relevant to recognition memory and/or early AD pathology were chosen for c-Fos
quantification. The medial temporal lobe regions, including the dorsal hippocampal (DH) and
para-hippocampal regions, were chosen given their prominence in the early stages of AD in
relation to eary tau, as well as their importance towards a variety of memory modalities
according to Mathis (2018), including object recognition (perirhinal cortex: PRC), associative
and spatial memory (dentate gyrus: DG, CA1, CA3, regions of the DH, medial entorhinal cortex:
MEC, postrhinal cortex: POC), and object-in-place association (lateral entorhinal cortex: LEC).
The prefrontal cortex (PFC) was evaluated due to its association to early amyloid staging, as well
as its documented role in associative memory (Barker et al., 2007; Chao et al., 2016). The
retrosplenial cortex (RSC) was chosen due to its association to early amyloid staging, and its
importance in spatial and associative memory (Parron and Save, 2004; Poirier et al., 2011). Since
many cortical regions across the rostral-caudal axis were to be quantified, we chose to also
evaluate the claustrum (CLA), a region that exhibits ubiquitous cortical connectivity. Regions
were further split into anatomically relevant sub-regions along the dorsal-ventral or rostral-
caudal axis. Regions were anatomically defined according to the atlas of Paxinos and Franklin

(2019).
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L Prefrontal Cortex

The medial prefrontal cortex (mPFC) was separated into anterior cingulate (CG1, A24b in
Paxinos and Franklin., 2019), prelimbic (PRL, A32 in Paxinos and Franklin., 2019), and
infralimbic (IL, A25 in Paxinos and Franklin., 2019) (from AP +2.4 to +1.3 in relation to
bregma).

1i. Claustrum

Early tracing studies showed the claustrum (CLA) to have a highly topographical organization of
cortical connectivity along the rostral-caudal axis, with the more caudal claustrum connecting
more strongly with the caudal cortical structures (Kitanishi and Matsuo, 2017). The claustrum
was thus separated in half along the raustral-caudal axis, into the rCLA (from AP 1.53 to 0.87)
and the cCLA (from AP 0.87 to 0.01).

1il. Dorsal Hippocampus

The dorsal hippocampus (DH) was separated into CA1, CA3 and dentate gyrus (DG) (from AP -
1.3 to -2.1). The DG was separated into suprapyramidal (DG _sp) and infrapyramidal (DG _ip)
blades.

1v. Perirhinal/Postrhinal Cortex

The perirhinal cortex (PRC) was considered as a potential hub region between the rostral
PFC/DH and the caudal medial temporal cortex (MTC). It was therefore separated along the
rostral-caudal axis into an rPRC (from AP -2.3 to -2.9) and cPRC (from AP -2.9 to -3.9). The
rPRC lies at the intersection between the PFC/DH and the MTC, while the cPRC appears with
the LEC and thus the MTC. This repartition is shown to have functional importance in regard to
novel object detection. It was shown that in the caudal portion of the PRC there is increased
activation when encountering novel objects, but not in the rostral portion (Albasser et al., 2010).
We were largely interested in how the PFC and DH would differentially correlate with the PRC
and thus wanted to remove any same section bias that may occur in the PRC-DH but not the
PRC-PFC. For this reason, only the rPRC that appears after the DH along the rostral-caudal axis
is considered. The PRC was further divided into dorsal (dPRC, “Area 36” Ect in Paxinos and
Franklin., 2019) and ventral parts (VPRC, “Area 35” PRh in Paxinos and Franklin, 2019). The
postrhinal cortex (POC, Ect/Prh in Paxinos and Franklin, 2019) is the very caudal extension of
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the PRC after AP -4.3 (from AP -4.3 to -4.7). The PRC/POC cutoff and the demarcation of the
PRC/POC in general was aided based on indications from Beaudin et al. (2013).

V. Retrosplenial Cortex

Like the PRC, the retrosplenial cortex (RSC) was considered as a potential hub region between
the rostral PFC/DH and the caudal MTC. It was therefore separated along the rostral-caudal axis
into an rRSC (from AP -2.3 to -2.9) and cRSC (from AP -2.9 to -3.9). Moreover, this repartition
may hold functional relevance. For example, lesioning only the rostral portion of RSC was
sufficient enough to affect long-term object recognition in rats (de Landeta et al., 2020). For the
same reason as for PRC, only rRSC that appears after the DH was considered. The RSC was
further separated into dysgranular (RSCd) and granular (RSCg) parts.

Vi. Lateral Entorhinal Cortex

The lateral entorhinal cortex (LEC) was separated along the rostral-caudal into the rLEC (from
AP -2.9 to -3.8), and cLEC (from AP -3.8 to -4.4) which follows the appearance of the MEC. A
similar repartition has been used previously to evaluate functional differences between the rLEC

and cLEC for novel object recognition (Kinnavane et al., 2016).
vii.  Medial Entorhinal Cortex

The medial entorhinal cortex was separated into the medial entorhinal cortex proper (MEC,
MEnt in Paxinos and Franklin., 2019) (from AP -3.9 to -4.8), and the caudal medial entorhinal
cortex (CMEC, CEnt in Paxinos and Franklin., 2019) (from AP -4.2 to -5.1) according to borders
described in the atlas of Paxinos and Franklin (2019). Functional differences between the MEC
subregions have been suggested, with some studies indicating a more involved role of the CMEC

in recognition memory without a spatial component (Sauvage et al., 2010).
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12. c-Fos density

Mean c-Fos density was calculated for each ROI as the quantity of c-Fos marked nuclei per mm?,
normalized to the WT-Acquisition group. For Study n°2 the c-Fos density values were not
normalized. The cell density was defined by the total number of c-Fos marked nuclei divided by
the total area across all sections of the region. The cell density for each region was compared
between genotypes. ROIs were grouped into region subfields whenever anatomically and
functionally justified. These groupings reduced the number of comparisons and, thereby,
restricted Type 1 errors. Three-way ANOV As compared test-phases (acquisition or retention),
genotypes (WT or dKI) and subregions for each subfield. When an interaction was significant,

the simple effects were examined.

13. Functional Connectivity

A. Preamble

Many of the methods presented here were developed on the latest OP3h study with the arrival
and help of Demian Battaglia. On the two preceding c-Fos experiments, the aging experiment
and the OP5’ experiment; I had developed my own functional connectivity analyses inspired by
the study of Tanimizu et al., 2017. These simpler, more straight-forward analytical methods will
be presented in tandem with the results of those experiments under Study n°2. There, I will also
describe some problems concerning these methods and why we felt they needed to be changed in
favor of those that will be described here, when it came to the OP3h study. Moreover, we have
chosen not to carry out the updated analysis on the aging or OP5’ c-Fos data due to some
problematic considerations related to the 5-minute ITI and c-Fos derived functional connectivity.

This will also be discussed under Study n°2.

B. Generating functional networks as fully connected weighted graphs

From the c-Fos signals, functional connectivity was assessed by computing the across mice inter-
regional Spearman correlations (see Figure 27A4) (Wheeler et al., 2013) for each Genotype-Phase
group. Spearman correlations, rather than Pearson correlations, were used to account for
potential outlier effects and the relatively small sample sizes. Correlation matrices were used to

visualize all possible pairwise inter-regional correlations within each group. To assess global
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functional connectivity strength, the mean r value was computed from each matrix. This was
computed from matrices with conserved negative correlation coefficients, near-zeroed negative
correlation coefficients and absolute correlation coefficients. In the near-zeroed case, the
negative correlations were transformed into a value of .006 the smallest positive value observed.

This interprets negative correlations as very weak but possible avenues for information transfer.

From each correlation matrix, a functional network was generated as a fully connected weighted
graph. The edge weights of the graph reflect inter-regional correlation strengths and the nodes
reflect regions. Negative correlations can be interesting, but are unfortunately very difficult to
interpret and implement with many graph theory analyses. For our analysis, negative
correlations were interpreted as open but difficult paths for information transfer, in essence
similar to a very weak positive correlation. Therefore, in the construction of functional networks,
all negative correlations were given a small edge weight of .006, the smallest positive correlation
that was observed. All graph construction and graph analysis was done through the igraph
(Csardi G and Nepusz T, 2006) package on R (R Core Team, 2017), unless otherwise noted.

C. Bootstrapping confidence intervals

For all network metrics, 95 % confidence intervals were computed by bootstrapping (Figure
27A4) (Wheeler et al., 2013, Epskamp et al., 2017). Bootstrapping involves resampling subjects
with replacement 10000 times and each time regenerating a functional network, then
recalculating the measure of interest. Confidence intervals for the differences between network
metrics were also bootstrapped to evaluate differences between groups. Groups were considered
different to a P<.05 if the 95 % confidence interval for the difference > 0, and to a P<.01 if the 99
% confidence interval for the difference > 0. The bootstrapping workflow is demonstrated in

Figure 27B.
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Figure 27. Bootstrapping functional networks. (A) Generate a functional network through across-mice inter-
regional correlations. (B) Evaluate the accuracy of network estimates based on variance across mice through
bootstrapping.
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D. Community Analysis

Communities were detected through modularity maximization across all possible community
partitions. Networks with high modularity have strong connections between the nodes within
communities and relatively weaker connections between nodes in different communities.
Allegiance matrices were used to assess community stability across bootstraps, by depicting the

percentage of bootstraps that contain any given pair of regions within the same community.

E. Information Flow Concepts

Functional networks may be viewed as models of information flow between and across regions.
We can consider information flow across the network at large, in essence how efficiently can
information from any random point of the network reach any other point. This can be computed
as a network’s global efficiency. It is important to note that even if a network has reduced global
functional connectivity strength (as computed from mean r), its global efficiency may rest un-

affected if there are well placed “hub” regions to facilitate indirect communication.

To evaluate information flow at the regional level, node strength and nodal efficiency metrics
may be used. Node strength measures the degree to which a region can exchange information
directly with all other regions of the network. A region with low strength may still be able to
communicate with its network indirectly, again through hub regions. This indirect
communication can be measured using nodal efficiency. Organization of information flow in a
network can be examined through strength and efficiency distributions. Regions with higher
strength and efficiency can be considered to contribute more to their network. High strength is
also shown to describe potential hub regions (Vetere et al., 2017) which, as we have described,
are needed to facilitate indirect information flow and maintain global efficiency. These concepts

are visualized in Figure 28.

95



Functional Connectivity

Information flow in fully connected weighted networks

Direct
Nodal strength =How strongly is a region directly connected with all other regions

Global FC strength = The general functional connectivity strength of the network

Indirect
Nodal efficiency = How strongly is a region directly and/or indirectly connected with all other regions
Global efficiency = How effectively can information traverse a network through direct or indirect paths

Line widths indicates edge weights .
Stronger edges are shorter paths gt <ol B)
----- Slow and direct path Strength =Low
_____ Fast and indirect path *  Weakly connected to A and D
Efficiency = Medium-High
Aor D) « Considers indirect path

Strength = Low through Cto get to Aand D

*  Weakly connected to B
Efficiency = Medium
* Considers indirect path

0
Strength = High
*  High strength indicates putative hub

through Cto getto B Efficiency=High
« Same as strength
Global FC strength (meanr) = Low Global Efficiency = High
« Does not consider indirect paths through C « Considers indirect paths through C

Even if a network has a low global FC strength, global efficiency rests intact if there are hubs (C) to facilitate indirect communication
The same goes for nodes that are connected to these hubs, even if their strength is low their efficiency may rest intact
Regions strongly connected to hubs benifit more, B is more efficient than A/D due to its strong connection to C
One property of hubs is their high strength, as we can see here with C

Figure 28. Information flow in a fully connected network. FC: functional connectivity
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F. Information Flow Quantification

Global efficiency was calculated as the average inverse shortest path length. Edge lengths were
calculated as the inversed edge weights. Node strength measures the degree to which a region is
directly connected to all other regions of the network. This is traditionally calculated as the sum
of its edge weights. In a fully connected graph this is directly proportional to the mean of its
edge weights. The mean was used in our case for better comparison with nodal efficiency. Nodal
efficiency measures the ease of information exchange between a region and its network, whether
through direct or indirect routes. It is calculated as the average inverse shortest path length
between the region and all other regions of the network. These calculations are visualized in

Figure 29.

Information flow calculations (if interested)

Direct
Nodal strength = Average edge weight of a node (only considers direct paths to all other nodes)
Global FC strength = Average edge weight of the network (only considers direct paths between all nodes)

Indirect
Nodal efficiency = Essentially like strength but considers faster indirect paths over slower direct paths in its calculation

Global efficiency = Essentially like global FC strength but considers faster indirect paths over slower direct paths in its calculation

In evaluating efficiency measures, edge weights are first inversed to tranform them into edge lengths
Stronger edges weights translate to shorter edge lengths
We can now identify the shortest path between a pairs of nodes as the one with the smallest sum of edge lengths
For example to go from A to B it is faster to pass by C (path length = .53) then to go directly (path length = 1)
Efficiency calculations will then "re"-inverse the shortest path lengths to give a final value again in terms of edge weight

Edge weights are in bold
Edge lengths are in italics
----- Slow and direct path

B)

Strength =2.33

e« (1+5+1)/3
Efficiency=2.93

o (1.88 +5+1.88)/3

----- Fast and indirect path
"Re"-inverse path length ...1/.53=1.88

¢

Strength = 3.66

e (3+5+3)/3
Efficiency=3.66

. (3+5+3)/3

AorD)

Strength =2.33

e (1+3+3)/3
Efficiency = 2.64

« (1.88 +3+3)/3

Global FC (meanr)= 2.62 Global Efficiency = 2.97
e (3+3+3+5+1+1)/6 e (3+3+3+5+1.88+1.88)/6

Figure 29. Information flow calculations. FC: functional connectivity
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G. Assessing the impact of network efficiency on memory deficits

Finally, we were curious if a reduction in network efficiency could directly account for the
reduction of OP memory performance in dKI mice. Our aim was thus to determine if a
relationship could be found between global efficiency and memory index in the WT and be used
to predict dKI memory loss. This relationship was assessed through correlation testing across
sub-sampled WT populations, where each sub-sample corresponded to the removal of one
mouse. Sub-samples were generated from each retention group by resampling n-1 mice without
replacement (Figure 30). This procedure generates a set of sub-samples of size n-1, where the
number of sub-samples equals the number of mice. From each subsample, the average memory
index and the resulting network global efficiency were computed. Correlation significance
between memory index and global efficiency was computed through both Pearson and Spearman

correlation coefficients.

Subsample of n-1 without replacement
Hypothetical population remove one mouse

Memory index =.06 Memory index =.2 eyt e— Memory index =.2

s ® L @ ®

Memory index =.18 Memory index =.18
a

10 P Memgr,y.mdé'i =.16

o

Memory. indéx =.16

Memory index =.16 o

- 8 Memory index =.16 .
6 Mgmory'index =.35 . Mgmory'index =.35
~ Memory index =.25 .. ® ~ Memory index =.25 ...+ ®

Memory index =.01

, o Memory index =.01
* o @

structure 1 (cells/mm?)
structure 1 (cells/mm?

2 Memory index =.00 2 Memory index =.00
@ @
Memory index =.05 0 Memory index =.05
2 4 6 8 8

10 0 2 4 6 10

structure 2 (cells/mm?) structure 2 (cells/mm?)
In this hypothetical population, we see that the mice with In order to evaluate the contribution of memory index to FC, we
higher memory indices lie closer to the line of best fit. They remove one mouse. We calculate the average memory index
contribute more to this correlation and may contribute more to and global efficiency from the resulting subsample. Then we
the functional network at large. assess the relationship between the memory index and global

efficiency across all possible n-1 sized subsamples.

Figure 30. Assessing the relationship between network efficiency and memory through n-1 subsampling.
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Later, we noticed that maybe an object exploration dependent disruptive effect exists on memory
driven network efficiency. To evaluate this, we computed an exploration adjusted memory index.
To compute the exploration adjusted memory index, first the exploration index was computed for

each mouse as total time exploring both objects normalized to the group average.

Time exploring both objects

Exploration Index (EI) =
xploration Index (EI) Average time exploring both objects

The exploration adjusted memory index was then defined as the memory index divided by the

exploration index.

Memory Index (MI)
Exploration Index (EI)

Exploration adjusted memory index (MI/EI) =

To assess the significance of the intersection of the WT linear fit with the dKI subsample
population, 1000 randomly fit linear models to the WT were generated by permuting the y labels
of the WT subsample population and recalculating the best fit line each time. The mean absolute
error to the dKI subsamples was calculated for each random model and their distribution is
presented as a histogram. The bias corrected and accelerated confidence interval (DiCiccio et al.,
1996) was computed from this distribution, and compared to the dKI mean absolute error to the

original WT fit.
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14. Electrophysiological interrogation of CLA->PFC projections

A. Purpose

Across both OP c-Fos studies, Study n°2 with the 5-minute I'TI and Study n°3 and 3-hour ITI, we
detected hyper-activity in the CLA. Another consistent result across the two OP c-Fos studies is
the functional perturbation of the mPFC (hyperconnective in OP5’, hypoconnective in the OP3h
retention phase). The consistent functional perturbation of this region pair led us to consider
evaluating the CLA->mPFC connection more closely. The CLA induces feed forward inhibition
on the mPFC through direct glutamatergic action on mPFC interneurons (Jackson et al., 2017).
Early stage network abnormalities in AD are shown to be linked to interneuron dysfunction
(Palop and Mucke., 2016). Through investigating the CLA to PFC circuit we may also
investigate how interneruron dysfunction directly affects interregional communication in early
AD. We decided to interrogate the CLA->mPFC circuit using viral targeting and in-vivo
electrophysiological recording of anesthetized mice. Male and female dKI and WT mice were

tested in order to evaluate genotype and gender effects.
B. Viral Injections

Anesthesia was induced in mice with 3’ of 4% isofluorane exposure. The mice were attached to
the stereological apparatus and anesthesia was maintained with isofluorane exposure held
between 1 and 1.5%. The head was shaved with scissors and the scalp was wiped with 70%
alcohol. The scalp was injected subcutaneaously with 2mg/kg of lurocaine to induce local
anesthesia, and subcutaneously with 0.5mg/ml-0.07ml per mouse metacam to reduce
inflammatory responses. The eyes were covered with a Dulcis cream (vitamin A) to keep them
hydrated. The skin was incised with a sterile scalpel and the skull was wiped with 70% alcohol,
and then 0.9% NaCl solution.

The CLA->mPFC circuit was targeted through the injection of two viruses. The viruses were
injected using Hamilton syringes (Hamilton syringe 85 RN) with a 33 gauge needle (.21 mm
diameter). An AAVretro-syn-Cre was injected into the PFC at coordinates (AP: +1.75mm, ML:
+0.50, DV: 0.70 in respect to bregma). A pAAVS5-Efla-DIO-ChETA-EYFP was injected into
the CLA at coordinates (AP: +1.25mm, ML: +2.50, DV: 2.50 in respect to bregma).
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C. Electrophysiological Recordings

All steps leading up to incision of scalp were identical to those of the viral injections. A four
shank silicon probe (NeuroNexus, model A4x4.3mm-50-125-177) was lowered to 0.25mm
above the injection site of the PFC (AP : +1.75mm , ML : +0.50, DV : 0.50 in respect to bregma)
and the optical fiber (specs, diameter power) was lowered to 0.10mm above the injection site of
the CLA (AP : +1.25mm , ML : +2.50, DV : 2.40 in respect to bregma). After the probe and
optical probe were in place the isofluorane flow was reduced to .9%. During a light pulse train
(473 nm) the CLA was stimulated with S5ms long light pulses every 5 seconds for 200 seconds
(protocol adapted from the study of Jackson et al., 2017), during which the mPFC was recorded
at 20 kHz sampling rate. After each light pulse train the electrical probe was descended another
0.3 to 0.5 mm or until more active neurons were detected, and another pulse train was recorded.
The PFC was recorded between DV 0.50mm and 1.70mm from bregma, corresponding to the
anterior cingulate cortex, prelimbic cortex and infralimbic cortex. If neuronal activity was
sparce the probe was removed and its position was changed along the anterior-posterior and/or

medial-lateral axis.
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1. Scientific context and objectives

Fine mnemonic discrimination (pattern separation) and associative memories, are shown to be
affected during preclinical stages of AD (Parra et al., 2010; Sinha et al., 2018), and occur in
tandem with the early apparition of amyloid and tau biomarkers (Rentz et al., 2011, Sanabria et

al., 2018; Berron et al., 2019; Maass et al., 2019).

The first objective of my thesis was to characterize early recognition memory loss in the dKI
mouse model of AD. This mouse model expresses humanized FAD mutated App™" and
humanized MAPT genes under endogenous promoters. These gene inserts lead to an increased
APa2/APao ratio and the expression of all six human isoforms of tau, respectively. Sensitive
recognition memory performance was assessed in mice using versions of the spontaneous object
exploration paradigm. Before the dKI had been developed, a rough characterization of a limited

number of 6 and 10 month old mice from the App™""

and MAPT single KI lines was carried out
to detect potential memory decline specific to isolated amyloid or tau pathologies. These animals
were the surplus produced at different steps during the breeding process to obtain the dKI mice
(see Material and Methods, Figure 20). A preliminary phenotyping of dKI mice was carried out
across 3 ages (2, 4, and 6 months) and across 4 different sensitive recognition memory tasks
(long-term object recognition 24h ITI, fine discrimination object recognition 5-minute ITI,
object-place association 5-minute ITI, fine discrimination object location 5-minute ITI). The
earliest and most robust deficit (combination of age and task) was then validated with a second
cohort. This second cohort was also perfused for c-Fos immunohistochemical staining to
evaluate task-dependent changes in neural activity. This c-Fos analysis will be presented in
Study n°2. Finally a third cohort was tested at the same age and in the same task, except with a
3-hour ITI. This was done to increase the specificity of c-Fos imaging for a more careful
assessment of test-phase specific changes in neural activity and functional connectivity. This last

c-Fos analysis will be presented in Study n°3.

In addition to recognition memory, dKI mice were also tested with actigraphy and the light-dark
box, to assess locomotor/sleep-wake activity which is known to be affected in AD (Wang and
Holtzman, 2020) and anxiety like behaviors which can interfere with object exploration,
respectively. Finally, an object in context task taxing another form of associative memory was

developed and validated on WT mice for future behavioral assessment with the dKI mice.
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A. Phenotyping of single KI mice wih sensitive recognition memory tasks

WT, App™" and MAPT single KI mice were tested at 6 months in the object recognition task
(ORY’), the fine discrimination object recognition (FDORS’), the object-place task (OP5’), the
object location task (OL5’) and the fine discrimination object location (FDORS5’) task across two
cohorts. When both objects were explored less than 2 seconds during the test trial, data were
removed from the analysis because duration of exploration for each object was considered to
small to be relevant (see Table IT). At 6 months of age, WT mice did not have a good
performance in the OR task (not significantly different from chance level). In both spatial tasks,
OL and FDOL, neither single KI line explored above chance level, but they had highly variable
performance (Figure 314) (one sample t-test, against chance (0): WT-ORS’ t(6) = 2.03, P =
0.09; MAPT-OLS’ t(7) = 1.457, P = 0.19; App™"-OLS5’ t(6)=1.511, P = 0.18; MAPT- FDOLS’
t(7)=2.079, P = 0.08; App"**- FDOLS5’ t(6)=0.3885, P = 0.71). At 10 months of age, the number
of tasks was reduced as we noticed that the mice became stressed after too many testing days.
Only the FDORS5’, OP5’, and a new long-term object recognition with a 24-h delay (OR24) tasks
were performed on both cohorts. The App™” presented a consistent deficit, not exploring above
chance level on any of the three tasks (Figure 31B) (one sample t-test, against chance (0): App™
"-FDORS5’ t(6)=1.151, P = 0.29; App""-OP5’ t(6)=1.664, P = 0.154pp""-OR24 t(6)=1.831, P =
0.12). Significance was assessed without taking into account multiple comparisons corrections.

No between group differences were detected with one way ANOV As.
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Figure 31. Phenotyping of single KI mice at (A) 6 and (B) 10 months in the object recognition (ORS’), fine
discrimination object recognition (FDORS’), object place association (OP5’), fine discrimination object location
(FDOLS’), and long-term object recognition (OR24) tasks. Bar graphs represent the mean (£ SEM). * p<0.05, **
p<0.01, *** p<0.001 (one sample t-test against 0, no multiple comparisons corrections).
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Cohort Geno Age (mo) Souris
1 wT 6 4001
1 wT 6 2008
1 wrT 6 4006
1 wrT 6 4015
1 w1 6 37
1 MAPT 6 2001
1 MAPT 6 4020
1 MAPT 6 4021
1 APPMF 6 4004
1 App™t 6 4000
1 wWT 10 4001
1 w1 10 2008
1 WT 10 4006
1 wr 10 4015
1 w1 10 37
1 MAPT 10 2001
1 MAPT 10 4020
1 MAPT 10 4021
1 App™* 10 4004
1 App™* 10 4000
2 wT 6 an
2 wT 6 a7
2 wT 6 4195
2 wT 6 4197
2 MAPT 6 an
2 MAPT 6 2175
2 MAPT 6 4195
2 MAPT 6 4197
2 MAPT 6 4198
2 App™* 6 4129
2 App™* 6 4159
2 App™’ 6 4162
2 App™* 6 4208
2 App™* 6 4226
2 wrT 10 4127
2 w1 10 4134
2 w1 10 an
2 wT 10 4205
2 MAPT 10 an
2 MAPT 10 4195
2 MAPT 10 4197
2 MAPT 10 4198
2 App™* 10 4129
2 App™* 10 4159
2 App™F 10 4162
2 App™” 10 4208
2 App™* 10 4226

ORS*
NA
0.0663105
0.25882705
NA
0.18264014
0.0279299
0.25290897
0.16695577
0.20938023
0.37381703
0.5
0.23934426
0.13839286
0.12365591
0.09843546
0.26201244
0.27287066
0.20819672
0.29324895
0.18514056
0.00520548
0.25197722
0.04482531
-0.09431138
0.07081729
0.2495919
0.23143351
0.28745098
0.12004405
0.27990654
0.17589679
0.22047108
0.01851852
0.28
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

FDORS'
NA
0.12021858
NA
0.32969432
0.21268657
0.04796512
0.04957905
0.1981383

0.31990521

0.24887892 -

0.14984227
0.05403868
0.0997807
-0.01714286
0.15065502
0.19933185
0.01051304
0.05445545
0.00706215
0.01420176
0.24871355
0.09011628

-0.0083089
0.2349481
0.34574231
0.03435732
0.21109083
0.19383416
0.14032567
0.05621845
-0.09758551
0.22020725
-0.05154251
0.25916749

oP5'
03221437
0.09430605
o.m(
0.11125561
0.22691934
0.0959596

J

0.23076923
0.19729454
0.23831776
0.20723307
-0.02427184
-0.03887114
0.00165798
0.09861407
0.21847247
0.18596352
-0.10099133
0.00455063
-0.00135062
0.37118084
-0.01275168
0.19430625

oLs'
0.08482143
05
0.25241158
05
0.1288209
-0.10902256
033151635
037990762
0.232665
0.2979798
0.08198381
0.18310727
03940754
0.24846626
0.19338959
0.15716487
0.25747283
0.08671171
-0.03478964
0.0503212

2 -0.01932203

0.08294931
0.07295374

4 035514834
| 0.27388535

-0.12249208

38 0.35096154
| -0.2397351

0.15764448

-0.06418384

0.41794872
0.2672956
-0.14273601
-0.10423453
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

FDOLS'
NA
0.26715686
0.23245614
0.5
-0.02397661
-0.144081
0.17509728
-0.07962697
-0.0995
NA
0.17281106
0.24010327
0.31980602
-0.06587615
0.33297414
-0.23340708
-0.00979592
0.18831169
0.1961367
0.05947955
0.05416013

-0.07638889
0.1173913
-0.09
0.34751204
-0.03672986
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

OR24

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
0.10520095
0.26853933
0.27104606
0.05715219
0.31199539
0.19798658
0.15491302
-0.0078219
0.02064516
0.19350474

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
0.12043344
0.00193611
0.11632948
0.17653352
0.29136691
0.04354047
0.00921659
0.2080854
-0.0758226
0.24982382
0.21398155
-0.05154251
0.08706697

Studyn 1

Table II. Identities of single KI mice that were tested at 6 months and 10 months in the object recognition (ORS5’),
fine discrimination object recognition (FDORS’), object place association (OP5’), fine discrimination object
location (FDOLS’), and long-term object recognition (OR24) tasks across two cohorts. The numbers indicated in
the task columns are the memory indices for each mouse. The various objects that were tested for different
paradigms are indicated by the color code. The 10 month old mice in the second cohort were only tested on 3 tasks
as we noticed that too many tasks was stressful to the mice. Mice that explored both objects less than 2 seconds
during the retention trial were excluded from the analysis.
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B. Preliminary phenotyping of the dKI with sensitive recognition memory tasks

Sensitive object recognition paradigms were carried out at 2 months (WT n= 11, dKI N = 10), at
4 months (WT n= 12, dKI n =9) and at 6 months (WT n =8, dKI n= 11). Mice were removed
from the analysis if they explored both objects less than 2 seconds. In the OR24 task, dKI mice
showed no deficits (Figure 32A4). In the FDORS’ task the dKI mice were highly variable
making it so that they were not significant against chance at any age (one sample #-test, against
chance: all dKI ts<.996, ps>0.055) (Figure 32B). However, between group significance was
only obtained at 6 months of age (WT vs. dKI: t(17) = 2.364, P = 0.03). This variability may
represent a variety of factors including perhaps affected DG neurogenesis (Scopa et al., 2020).
The earliest significant deficit in dKI mice appeared at 4 months in the OP5’ task (two sample #-
test, WT_4mo vs. dKI_4mo: t(20) = 2.325, P = 0.03; one sample #-test, against chance: dKI t(8)
=0.2086, P = 0.84) (Figure 32C). This deficit which was conserved at 6 months (two sample z-
test, WT _6mo vs. dKI _6mo: t(17) = 2.132, P = 0.047; one sample ¢-test, against chance: dKI
t(10) = 0.7196, P = 0.49). Although the reduced performance of dKI mice in the FDOR may be
interesting, dKI’s performance showed too much variability. Therefore, we chose to continue our
study with the more robust OP5’ deficit. As shown in Figure 32D, all groups including WT’s
were highly variable in the FDOLS’, and the results were largely inconclusive with only the 2
month old WT mice exploring above chance level (one sample #-test no multiple comparisons

correction, against chance (0): WT-2mo t(9)=2.608, P = 0.028).
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Figure 32. Preliminary phenotyping of young dKI mice in the (4) long-term object recognition (OR24), (B) fine
discrimination object recognition (FDORS’),(C) the object place association (OP5’), and the fine discrimination
object location (FDOLYS’) tasks at 2 months (WT n = 11, dKI n = 10), 4 months (WT'n = 12, dKI n = 9) and at 6
months (WT n = 8, dKI n = 11). Mice were removed from the analysis if they explored both objects less than 2
seconds. Bar graphs represent the mean density (£ SEM). difference between genotypes *p<.05 (two sample t-test);
difference from chance, #p<.05 (one sample t-test). No multiple comparisons corrections were performed for these

preliminary comparisons.
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C. Validating the OP5’ deficit for c-Fos analysis, in tandem with OR5’ and OLS’

A second cohort of young dKI mice (WT n = 11, dKI n = 11) was tested in the object-place
association task (OP5’) task at 4 months of age to validate the potential deficit seen during
preliminary phenotyping and for evaluation of OP5’ dependent c-Fos expression. Short-term
object recognition (OR5’) and object location (OLS5’) tasks were evaluated in parallel. We
confirmed that dKI mice were unable to detect a new OP association at 4 months of age (Figure
33A4) (two sample t-test, WT vs. dKI: t(20) = 2.85, P = 0.0098; one sample t-test, against chance:
dKI t(10)=0.3095, p = 0.763). On the other hand, 4-month-old mice did not show any deficits in
ORS’ (Figure 33B) (two sample t-test, WT vs. dKI: t(19) =.0934, P = 0.9265; one sample t-test,
against chance: all ts>3.94, ps<0.003) or OL5’ (Figure 33C) (two sample t-test, WT vs. dKI:
t(20) = 1.052, P = 0.9173; one sample t-test, against chance: all ts>3.03, ps<0.013). These
results confirmed that the OP deficit was due to specific perturbations in associative memory

rather than any separate impairments in the object recognition or spatial recognition.
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Figure 33. Behavioral results of the second cohort (WT n = 11, dKI n = 11) tested in the (4) object-place
association (OP5’), (B) object recognition (OR5’) and (C) object location (OL5’) tasks. Bar graphs represent the
mean (£ SEM). difference between genotypes *p<.01 (two sample t-test); difference from chance, #p<.05 (one
sample t-test).
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D. Validating an OP3h deficit for c-Fos analysis, in tandem with OL3h

A final cohort of young dKI mice were tested in the object-place association task with a 3 hour
ITI task (OP3h) to conduct a more careful assessment of OP dependent c-Fos expression during
each test-phase, acquisition (WT n = 12, dKI n = 12) and retention (WT n = 14, dKI n = 14).
The object location task with a 3 hour ITI (OL3h) was evaluated in parallel, and worked as a pre-
OP3h habituation to both test-phase groups (OP3h acquisition and retention combined, WT n =
26, dKI n = 26). As with a 5-min ITI, dKI mice that underwent the retention phase after a 3-h
ITI were likewise unable to detect the novel OP association (Figure 44) (two sample t-test, WT
vs. dKI: t(26) = 3.14, P = 0.004; one sample t-test, against chance: WT t(13) = 3.93, P = 0.002;
dKI t(13) = 0.139, P = 0.891). The dKI group did not have any deficit in the OL3h task,
indicating that spatial recognition memory after a 3 hour ITI was still intact (Figure 4B) (two
sample t-test, WT vs. dKI: t(49) = .0882, P = 0.9297; one sample t-test, against chance: all
ts>3.24, ps<0.002).
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Figure 34. Behavioral results of the third cohort tested in the object-place association with a 3 hour ITI (OP3h)
(WT n = 14, dKI n = 14) and object location with a 3 hour ITI (OL3h) (WT n = 26, dKI n = 26) tasks. Bar graphs
represent the mean (x SEM). difference between genotypes **p<.01 (two sample t-test); difference from chance,
#p<.05 (one sample t-test).

111



E. Actigraphy

Study n 1

A common symptom AD is sleep disturbance (Wang and Holtzman, 2020). We evaluated the

sleep wake cycle and general locomotor activity in male WT (n = 8) and dKI (n = 8) mice using

actigraphy. No differences were seen in male dKI mice compared to WT mice in any aspect of

the sleep wake cycle (Figure 354). The closest change that could be noted is the very slight

tendency of increased locomotor activity during the night cycle (Figure 35B,C), though this is

not significant.
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Figure 35. Actigraphy of 4 month old male WT (n = 8) and dKI (n = 8) mice to evaluate locomotor activity. (4) The
line plot depicts the average number of crossing per hour during 2 light cycles (white background) and 2 night

cycles (grey background). A

crossing was counted every time a mouse crossed both lasers consecutively (located at

each end of the cage). An initial examination reveals a potential increase in locomotion in dKI mice during the night
cycle. The total number of crossings was compared (B) during both night cycles combined and (C) during only the
second night cycle. No significant difference was found in either case (two sample t-test). Bar graphs represent the

mean (+ SEM).
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F. Light-dark test

Anxiety like behaviors were evaluated in male and female WT (n = 8 for each gender) and dKI
(n = 8 for each gender) mice using the light-dark box. Data were analyzed using two way
ANOVAs for genotype and gender effects. Simple effects were considered if an interaction was
significant. Transitions were evaluated as a measure of locomotion. A transition was counted
every time the mouse transitioned between boxes. There was no change in transitions between
genotypes or genders (Figure 36A4). Time in the light box was used a measure of anxiety (or lack
of). The dKI mice spent more time in the light box regardless of gender, indicating an anxiolytic
phenotype (Figure 36B) (two way ANOVA, genotype effect: F (1, 32) = 6.484, P=0.0159;
gender effect: F (1, 32) = 3.818, P=0.0595; interaction genotype x gender effect: F (1, 32) =
0.8035, P=0.3768). Latency to enter the light box was used as another measure of anxiety, or as a
measure of impulsivity. There as a significantly lower latency in female mice regardless of
genotype (Figure 36C) (two way ANOVA , genotype effect: F (1, 32) = 0.2357, P=0.6306;
gender effect: F (1, 32) = 6.037, P=0.0196; interaction genotype x gender effect: F (1, 32) =
0.8774, P=0.3559).
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Figure 36. Anxiety like behaviors were evaluated in male and female WT (n = 8 for each gender) and dKI (n = 8 for
each gender) mice using the light-dark box. (A) Transitions were evaluated as a measure of locomotion. A transition
was counted every time the mouse transitioned between boxes. There was no change between genotypes or genders.
(B) Time in the light box was used a measure of anxiety (or lack of). The dKI mice spent more time in the light box
regardless of gender (C) Latency to enter the light box was used as another measure of anxiety, or as a measure of
impulsivity. There as a significantly lower latency in female mice across both genotypes. Bar graphs represent the
mean (£ SEM). * p<0.05, (two way ANOVA major effects, F)
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G. Object in context

Another task that evaluates associative memory is the object-in-context task (OiC). This task is
shown to rely on similar structures to the object-place task, including the LEC and mPFC
(Wilson et al. 2013a, 2013b; Chao et al., 2016). There are a few papers that have utilized this
task, with varying protocols (Spanswick and Dyck, 2012; Lesburguéres et al., 2017; Wilson et al.
2013a, 2013b; Chao et al., 2016). There is no real consensus as to the optimal “inter acquisition
phase interval” or the “before retrieval interval” length to use. The main consideration for this is
the aspect of temporal novelty, since one of the objects will appear before the other in time, in
the acquisition phase order. This object will be more interesting to the mouse in terms of
temporal novelty. In our preliminary study we wanted to reduce the effect of temporal novelty as
much as possible. For this reason, a large disparity between the inter acquisition phase interval (5
minutes) and the before retrieval interval (24 hours) was chosen. This would also allow us to
assess more long-term associative memory retention. Regardless, we wanted to verify that there
was indeed a negligible effect of temporality. To this end, the group of ten mice was split into
two subgroups. Half of the mice (n = 5) were exposed to a “novel object” that was also novel in
time; exhibiting cumulative novelty of context and temporality. The other half (n = 5) were
exposed to a “novel object” that was competing against the other object that itself was novel in

time; what is termed here as competitive novelty.

In general, WT mice (n = 10) had robust performances, and the group as a whole explored the
“novel object” linked to the novel object-context association comfortably above chance level
(Figure 37A4) (one sample t-test, against chance (0): WT t(9)=4.749, P = 0.001). When the group
was split in half into cumulative and competitive novelty subgroups, the cumulative novelty
group was revealed to explore significantly above chance level, but not the competitive novelty
group (Figure 37B) (one sample t-test, against chance (0): cumulative t(4)=4.45, P = 0.0112;
competitive t(4)=2.589, P = 0.0608). This could reflect the small n = 5. Neither group was
significant against chance with the non-parametric Wilcoxon signed-rank test, due to the
insufficiently large n = 5. There was no significance between subgroups as evaluated with the

two sample t-test or the Mann Whitney U test.
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Figure 37. The object in context (OiC24) was mise en place on WT mice (n = 10) in preparation for testing with dKI
mice. (A) WT mice had generally strong memory performances, exploring the “novel object” linked to the novel
object-context association comfortably above chance level. The group of ten mice was split into two conditions. (B)
Half of the mice (n = 5) were exposed to a “novel object” that was also novel in time; the object had cumulative
novelty in context and temporality. The other half (n = 5) were exposed to a “novel object” that was competing
against the other object that itself was novel in time, what is termed here as competitive novelty. According to the
on sample t-test against 0, the cumulative group explored significantly above chance level, but not the competitive
group. This lack of significance could be a reflection of the small n = 5. Neither group was significant against
chance with the non-parametric Wilcoxon signed-rank test, due to the insufficiently large n = 5. There was no
significance between groups when evaluated with the two sample t-test or the Mann Whitney U test. Scatter plots
represent the mean (£ SEM). * p<0.05, ** p<0,01 (one sample t-test against 0).
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2. Discussion

Single KI mice did not have any deficits in the FDORS5’ and OP5’ tasks at 6 months, suggesting
that the deficits of these tasks in young dKI mice is likely due to the combination of amyloid and
tau pathologies. The FDOLS5’ task may be the most sensitive to early AD memory loss, but
unfortunately the task is highly variable making it difficult to make any robust statistical

inferences in comparison to the WT.

The App™" mice did not explore above chance level for any task at 10 months of age. This
follows previous results reporting that 12 month old App™*" were deficient in the OR24 task
(Izumi et al., 2018). This is also around the age that the AP4»/APs ratio starts to increase
substantially from basal levels (Saito et al., 2014). The more severe memory loss in the App™*"
compared to the MAPT is expected, as the MAPT are not shown to have any significant
physiological disturbances, even compared to WT mice. All effects of the MAPT mouse line thus

far have been reported in conjunction with other pathological changes (e.g. cross with App™* or

App™°*, introduction of tau protein seeds) (Saito et al., 2019). This pathological phenotype is

NL-F

almost negligible when compared to the App™ " that already displays sparse plaques throughout

the cortex at this age.

The dKI mice show specific deficits in the OP task at 5-minute and 3-hour ITIs as soon as 4
months of age. The FDORS’ task showed high variability, which may indicate that affected
processes, such as DG pattern separation computation or neurogenesis (C¢s et al., 2019), may be
more individually dependent. The deficit in OP was specifically due to a reduced capacity for
binding/associating object and place modalities and not due to reduced processing of the
modalities themselves, as the dKI showed good performances in the uni-modal OR5’ and OLS’

tasks. At the age of 4 months, single KI App™*™"

already present similar functional perturbations
to those seen in preclinical AD, hyper-activity in the MTL (Petrache et al., 2019) and resting
state functional hyper-connectivity in the MTL-DMN (Shah et al., 2018), which may contribute
to associative memory dysfunction (Wilson et al., 2013a; Chao et al., 2016; Yeung et al., 2018;

Cooper and Ritchey, 2019). However, our rough evaluation of the App™"" in the OP5’ task did
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not reveal any deficits, suggesting that an addition of tau/ptau pathology to these functional

perturbations is needed to induce memory loss.

The increase in light box exploration in the light-dark box task resembles the results of multiple

NL-G-F

studies that that have assessed anxiety like behaviors in 6 to 8§ month old App single knock

in mice. These studies have consistently reported that App™" "

mice spend significantly more
time in the open arms during the elevated plus maze (EPM) task (Pervolaraki et al., 2019; Latif-
Hernandez et al., 2017; Sakakibara et al., 2018), indicating an anxiolytic phenotype similar to
ours. However evaluations of anxiety through the open field exploration task are largely

inconclusive. One study found that 8 month old App™ "

mice spent significantly less center
time during an open field (OF) exploration task, indicating a paradoxically anxiogenic phenotype
(Pervolaraki et al., 2019). In 6 month old App™ " mice, other studies have reported an increase
in OF center time (Latif-Hernandez et al., 2017) or no difference(Whyte et al., 2018) , suggesting
that age or the OF set up (e.g. luminosity) play a large role in mediating anxiety like behaviors of
these mice. Pervolaraki et al, 2019 found that this anxiolytic profile was accompanied by
reductions in white matter integrity in the hippocampus and in the PFC, as measured through
diffusion tensor imaging (DTI) fractional anisotropy. They also found concurrent perturbations
in NMDA dependent gamma oscillations in the PFC. No physiological disturbances were
detected in the amygdala. Both the amygdala and the PFC play a role in anxiety (Davidson,
2002; Davis, 1992; Davis et al., 1994; Etkin et al., 2011), but the PFC has a specific role in
decision making (Dias et al., 1996), which could potentially explain the anxiolytic behavior of
these mice. The authors hypothesized that the paradoxical phenotype of these mice was thus
more likely related to “disinhibition” of decision making, which is manifested as a failure to
inhibit the choice to enter the open arm of the elevated plus maze. The fact that our dKI mice
exhibit a similar anxiolytic profile in the light dark task, indicates a potential perturbation of the

mPFC and resulting disinhibition as reported by Pervolaraki et al., 2019.

We have shown that the OiC24 task can be used to robustly evaluate long-term associative
memory in WT mice. The task has since been used by others for the successful evaluation of
dKI mice. However, our results also suggest a potential effect of temporal novelty even with a

large disparity between the length of the “inter acquisition phase interval” and the “before
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retrieval interval”. Future experimenters will have to take this into account when using and
analyzing this task. For example, if mostly the competitive novelty condition is used, a condition
(e.g. WT or dKI) may have a worse performance simply because they react more to temporal
novelty (and not because they respond less to contextual novelty). The inverse is true in using
predominantly the cumulative novelty condition. 1 suggest using the protocol as tested here,
splitting each condition into equal parts competitive novelty and cumulative novelty subgroups.
First, the two conditions will cancel each other out in terms of the final result and its
representation of object-context association detection. Second, one may even evaluate temporal
novelty detection by comparing the cumulative novelty and competitive novelty subgroups within
each condition. If the subgroups are significantly different, then we can say that temporal novelty
is significantly detected, and if there is no difference then there is no significant effect of
temporal novelty (e.g. “in the WT there was a significant difference in competitive vs.
cumulative subgroups indicating that they detected temporal novelty; in the dKI no significant
effect of temporal novelty was detected”). Of course, a sufficiently large sample size would be
needed for this kind of analysis, ideally at least n = 14 per condition (to give n = 7 per subgroup).
In conclusion, this OiC24 test as set up here may be used to evaluate object-context associative

memory, and even perhaps object-temporal associative memory.
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1. Scientific context and objectives

In the previous study, we detected an OP5’ task deficit in 4 month old dKI mice, similar to
associative memory loss seen in preclinical and prodromal stages of AD. Yeung et al. (2019)
showed that anterolateral EC and parahippocampal volume predicted OP memory performance
in older adults. Cognitively healthy elderly are also commonly affected by sensitive recognition
memory loss, including fine mnemonic discrimination (Reagh et al.,, 2016) and associative
memory (Naveh-Benjamin, 2000). As reported in our introduction section, both forms of
recognition memory were shown to rely on activity of regions in the MTL, mPFC and PMC, and
perturbation of their activity may explain memory dysfunction. Thus, our next goal was to
determine neuronal activity in a large set of 22 regions of interest (including the MTL, the mPFC
and the RSC) in 4 month old dKI mice tested in the OP5’ task. In mice undergoing spontaneous
object exploration tasks, task-dependent activity of brain regions can be assessed through the

marking of c-Fos, an activity regulated immediate early gene (Kinnavane et al., 2015).

The following section will present two experiments. The first experiment looks at c-Fos
expression in young (3 month) and old (18 month) mice that underwent the ORS’, OL5’, and
OP5’ tasks. The second experiment looks at c-Fos expression in 4 month old WT and dKI mice
that underwent the OP5’ task (behavior presented in Study n°l). Our initial goal was to simply
detect regionally specific changes in neural activity in order to identify which region(s) was
(were) the most affected in dKI mice. I soon found an interest in pushing the analyses further to
evaluate functional connectivity between regions of interest. Functional connectivity can be
assessed in c-Fos studies through across-mice inter-regional correlations of c-Fos expression.
The functional connectivity analyses presented here were based on the study of Tanimizu et al.,
2017 (Figure 38), and were developed by me without outside guidance. These analyses are not
without their problems, as was made understood to me with the arrival and help of Demian
Battaglia. In the end, the most important aspect of these experiments was what I learned about
the optimizations and considerations needed to best carry out the OP3h c-Fos experiment
presented in Study n°3. These optimizations and considerations will be discussed in depth at the
end of the section. Methodological optimizations were also identified and have already been

described in the Materials and Methods.
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Figure 38. Example functional connectivity analyses from Tanimizu et al, 2017. (4) Correlation matrices depict all
possible pairwise inter-regional correlations in three group conditions. The color code indicates correlation
strength (Pearson’s r), red is a positive correlation, blue is a negative correlation. (B) The authors compared
hippocampal functional connectivity strength, by computing the mean correlation strength (Mean r) of the
hippocampus with the rest of the network. This was compared between group conditions where the statistical
variance arises from the relevant r values of each matrix. This type of analysis was carried out on both experiments
and is explained more in depth there. (C) Finally, a functional network was generated by removing “non-
significant” connections with a pre-defined threshold. Communities and community hubs of the network were then
assessed using graph theory. This final technique was carried out on my OP5’ experiment and will be explained
more in depth there.
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A. Aging experiment

Several groups of young (3 month) and old (18 month) old mice were tested in a series of object
recognition tasks by Anais Robert (M1 student, 2017), and were later evaluated for c-Fos
expression by me. For the sake of brevity, only c-Fos data from the ORS’ (Figure 394) (young n
=8, old n=7), OL5’ (Figure 39B) (young n = 8, old n = 7), and OP5’ (Figure 39C) (young n =
7, old n = 7) tasks will be presented and discussed here. These tasks gave the most cohesive
results due to their larger sample sizes and are closer tied to my main study, evaluating object-
place association in the dKI. No groups presented memory deficits in any of the three tasks. We
decided to focus our evaluation on regions of the medial temporal lobe (MTL) , including
regions of the dorsal hippocampus (DH; CA1,CA3, DG ub “upper blade” and DG 1b “lower
blade”) and regions of the medial temporal cortex (MTC; LEC layers 2,3 5, dorsal and ventral
PRC, MEC, POC). No significant differences were found between ages in any region for any
task (Figure 39). This gave us a first hint that the sample size of around 7 was not sufficient
enough to evaluate c-Fos derived neural activity in spontaneous object exploration paradigms, as

would be the case for more intense experiments (e.g. MWM).
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Figure 39. Young (3 months) and old (18 months) mice were tested in 3 separate cohorts in the (4) object
recognition, (B) object location, and (C) object-place tasks. Young and old mice performed all tasks sufficiently well
(figure not shown). The mice were perfused 90 minutes after the retention phase of each task, and the brains were
later sectioned and immunostained for c-Fos. There were no age dependent differences in any region or task. Bar
plots represent the mean (+ SEM).
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I was then interested in evaluating age and task dependent changes in functional connectivity
within the MTL. Object-place associative memory should require strong communication
between groups of structures processing spatial information (DH, MEC), processing object
information (PRC, LEC) and associating the two modalities (LEC, POC). A simple hypothesis
was put forth that the OP task would illicit stronger communication between DH and the MTC
subfields for the efficient association of object and place modalities. We may also evaluate age-
dependent changes in DH-MTL functional connectivity in parallel. Functional connectivity was
assessed through the computation of across mice interregional Pearson’s correlations (Pearson’s
r). Correlation matrices are used to visualize all possible pairwise correlations for each task-age
group (Figure 40A). The functional connectivity strength between the DH and the MTC was
assessed through taking the mean correlation strength (mean r) between the two subfields (see
the green dotted boxes of Figure 40A4). The mean r was calculated from absolute values; we
chose to consider negative correlations as equal to positive ones. Two-way ANOVA was used to
evaluate task- and age-dependent changes in DH-MTC functional connectivity. Young mice
were shown to have significantly stronger DH-MTC connectivity than older mice irrespective of
the task. The OP task exhibited stronger DH-MTC functional connectivity compared to the OR
and OL tasks regardless of age (Figure 40B) (two way ANOVA, age effect: F(1, 162) =7.924, P
= 0.006; task effect: F(2, 162) = 17.25, P<0.0001; interaction task x age effect: F(2, 162) =
0.1957, P = 0.82; Tukey post hoc: OR vs. OL P = 0.13, OR vs. OP P = 0.0005, OL vs. OP p =
0.0001).
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Figure 40. (4) Functional connectivity is depicted in correlation matrices showing across subjects inter-regional
Pearson correlations of c-Fos expression for the object recognition (OR), object location (OL) and object- place
(OP) tasks. Colors reflect correlation strength. Please note that here blue represents positive correlations and red
represents negative correlations. We were interested in evaluating functional connectivity between the dorsal
hippocampus (DH; CAI, CA3, DG Ib, DG _ub) and the medial temporal cortex (MTC; LEC layers, PRCd, PRCv,
MEC,POC). We thus calculated the functional connectivity strength of this cross subfield communication by taking
the mean r of areas depicted by the green dotted boxes. The mean r was calculated from absolute values; we chose
to consider negative correlations as equal to positive ones(B) Two-way ANOVA was used to evaluate task and age
dependent changes in DH-MTC functional connectivity. Young mice were shown to have significantly stronger DH-
MTC connectivity than older mice across all tasks. ** p<0.01 (two way ANOVA major effect, F). The OP task
exhibited stronger DH-MTC functional connectivity compared to both the OR and OL tasks regardless of age. Bar
plots represent the mean r (+ SEM). *** p<0.0001 (Tukey post hoc).
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B. OP 5’ experiment

The object-place association task with a 5° delay was carried out on WT (n = 11) and dKI mice
(n = 11). Reproducing the preliminary phenotyping results, the dKI mice did not explore the
novel object above chance and had a memory index significantly reduced compared to the wild
type (see Study n°l, Figure 33C) (two sample #-test, WT vs. dKI: t(20) = 2.85, P = 0.01; against
chance: WT t(10)=5.489, P = 0.0003; dKI t(10)=0.3095, P = 0.76) . ### p<0,001 (one sample z-
test against 0); ** p<0,01 (two sample #-test). The caudal claustrum (cCLA) was significantly
hyperactive in the dKI (Figure 41) (two tample z-test Bonferroni corrected: WT vs. dKI: t(20) =
-4.3313, P = 0.004), and the caudal perirhinal cortex (cPRC) showed a tendency for hyper-
activity (two tample #-test Bonferroni corrected , WT vs. dKI: t(20) = -3.15, P = 0.06).
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Figure 41. The object-place task with a 5-minute ITI was carried out on WT (n = 11) and dKI mice (n = 11). Mice
were perfused 90 minutes after the retention phase, and the brains were later processed for c-Fos analysis. The dKI
mice did not explore the novel object above chance and had a memory index significantly reduced compared to the
wild type. (C) The caudal claustrum (cCLA) was significantly hyperactive in the dKI, and the caudal perirhinal

cortex (cPRC) showed a tendency for hyper-activity. Bar plots represent the mean (£ SEM). ** p<0.01 (two sample
t-test, Bonferroni corrected).
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Functional connectivity was calculated by computing the inter-regional Pearson correlations of
c-Fos expression. All possible pairwise correlations are depicted in the color coded correlation
matrix (Figure 42A4). Possitive correlations are in red, and negative correlations are in blue. We
assessed functional connectivity strength of a region subfield with the rest of the network by
computing the mean absolute r value (Figure 42B). Absolute r values were used as negative
correlations were considered as contributing equally to the network. There was a significant
increase in functional connectivity of the mPFC (Mann-Whitney test Bonferroni corrected, U
= 1252, p=0.0008) and of the PRC (Mann-Whitney test Bonferroni corrected , U = 1302,
p=0.002) with the rest of the network in dKI mice.

Functional networks were computed by removing all correlations that were not significant to a p
<.05 (for n= 11 mice this is equivalent to r >.60). From this, a functional network was created as
a graph with regions as nodes (circles) and significant correlations as edges (Figure 43A4).
Communities were detected through modularity optimization, which finds communities of
regions that are more connected with each other compared to the rest of the
network. Community hubs were analyzed through Within community Z score and Partition
coefficient metrics. The Within community Z score evaluates how strongly a region is connected
with other regions of its community. Partition coefficient evaluates how well a region is
connected to other communities (Figure 43B). Strong putative community hubs regions that
facilitate communication within and between communities are expected to exhibit both strong
intra-community and inter-community hub strength. This can be visualized in a scatter plot with
the within community Z score on the y axis and the partition coefficient on the x axis. Regions
that have high values in both measures will be found in the top right of the plot and can be
considered as candidate community hub regions. In the dKI, the top right corner appears to be
mostly populated by the mPFC and PRC subregions, revealing these regions as candidate

community hubs.
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Figure 42. (4) Functional connectivity is depicted in a correlation matrix showing across subjects inter-regional
Pearson correlations of c-Fos expression. Colors reflect correlation strength. (B) We assessed functional
connectivity strength of a region subfield with the rest of the network by computing the mean absolute r value.
Absolute r values were used as negative correlations were considered as contributing equally to the
network. Example values used to compute the mean r are depicted for the mPFC subfield (PFCA24a, PFCA24b,
PFCA32, PFCA25) and LEC subfield (rLEC,cLEC). There was a significant increase in functional connectivity of
the mPFC and PRC with the rest of the network. Subfields; the mPFC (PFCA24a, PFCA24b, PFCA32, PFCA25),
LEC (rLEC,cLEC), PRC (rPRCd,cPRCd, rPRCv,cPRCv), CLA(rCLA,cCLA), DHipp(CA1,CA3, DG Ib, DG ub),
RSC(RSCd,RSCv). Bar plots represent the mean (£ SEM). ** p<0.01, *** p<0.001 (Mann-Whitney test,

Bonferroni

corrected).
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Figure 43. (A) Functional networks were computed by removing all correlations that were not significant to a P <
.05 (for n= 11 mice this is equivalent to r >.60). From this, a functional network was created as a graph with
regions as nodes (circles) and significant correlations as edges (lines). The circle width is proportional to a regions
degree (the number of significant connections it has). Line thickness indicates the significance strength of each
correlation (see top right table). However, line thickness is only for visualization purposes and plays no role in any
of the analyses. Communities were detected through modularity optimization, which finds communities of regions
that are more connected with each other compared to the rest of the network. For community detection all edges
were considered to have equal weights (no effect of line thickness). (B) Community hubs were analyzed through
Within community Z score and Partition coefficient metrics. The Within community Z score evaluates how strongly a
region is connected with other regions of its community (strong for region B in the blue community). Partition
coefficient evaluates how well a region is connected to other communities (strong for regions B and D). Regions that
are found in the top right of the scatter plot can thus be said to exhibit strong intra-community and inter-community
hub strength. In the dKI these appear to be mostly populated by the mPFC and PRC subregions.
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2. Discussion

Older mice were shown have decreased DH-MTC functional connectivity strength compared to
young ones. A similar phenomenon was seen in humans during fMRI evaluations of mnemonic
discrimination tasks (Reagh et al., 2018). In our mice we can see this generalizes across many
different tasks. Despite this reduced DH-MTC connectivity, the performance of old mice was
comparable to those of young mice in all three tasks. This suggests that their ability to express
good performance may rely on a shift of connectivity efficiency to compensatory networks.
When looking carefully at the functional connectivity matrices, one might propose the following
scenario. The reduced DH-MTL connectivity seems to be related to the disconnection of the DG
which receives its main inputs from the MTC (particularly obvious in the OP5’ task). There
seems to be a compensatory increase in connectivity within the MTC and within the DH. This is
in agreement with studies showing that alteration in the integrity of the perforant path (which
conveys EC inputs to the DG) predicts age-related changes in memory functions in humans

(Yassa et al., 2011).

The OP task was shown to have stronger DH-MTC functional connectivity strength than the
more uni-modal tasks. This may indicate that object place associative memory needs a stronger
interaction between the MTC and the DH in a task that requires the binding of place and object
identity information. Some interaction do exist in the MTC between the PRC-LEC axis
processing nonspatial (e.g., object identity) aspect of memories and the POC-MEC axis
processing spatial aspects of memories. However, both information processing streams converge
mainly into the hippocampus in charge of building a multimodal representation of the
memorized event. An OP task run in a complex/oriented environment like the one we used
requires the binding of object identity and spatial location information which is thought to take

place in the hippocampus (see Langston and Wood, 2010).

The cCLA was shown to be hyperactive, and the caudal PRC showed a tendency for hyper-
activity in the dKI mice. Both the mPFC and the PRC showed significantly increased functional
connectivity strength in the dKI mice. They also appeared as candidate community hubs. Both
these regions receive very strong connections from the claustrum. Their increase in functional

connectivity strength may therefore be induced by action from the hyperactive caudal claustrum.

129



Study n 2

Due to its vast cortical connections, initial hyper-activity of the claustrum may play a general
role of inducing global network hyper-connectivity as seen in prodromal AD. It is interesting to
note that the hyper-activity of the claustrum was reproduced in the following OP 3h c-Fos study.
The conservation of the hyperactive claustrum across in both OP c-Fos studies confirms a few
histopathological and regional glucose metabolism studies suggesting that the claustrum merit
additional attention as a potential contributor to early AD (Ogomori et al., 1989; Morys et al.,

1996; Seo et al, 2015).

3. Considerations and optimizations for future c-Fos experiments

Across these two c-Fos studies, the aging study and the OP 5° study, I have detailed analysis
techniques that I integrated independently, based mostly on indications from the paper of
Tanimizu et al., 2017. These studies played an important role in getting me comfortable with
analyzing c-Fos, understanding analyses related to functional connectivity and developing code
in R to carry out these analyses. However, in the end a few problematic considerations were

identified and were later addressed for the OP 3h study.

A major problem with these studies is experimental in nature, and has to do with the 5-minute
ITL. The c-Fos expression curve peaks from 60 to 90 minutes, and will thus take into account
both acquisition- and retention-dependent activity. In terms of regional activity, at worst this will
add more noise and make it more difficult to detect phase dependent changes. In terms of
functional connectivity the consequences may be more drastic. The c-Fos staining represents the
culmination of activity that has occurred throughout the task. If two regions are constantly
activating together, and do so for each mouse, then this functional relationship can be detected
through correlation testing across mice. However, if each phase has different functional networks
contributing to it, then the strength of either functional network may be severely reduced in the
evaluation of c-Fos. Take for instance a functional relationship between region A and region B,
which activate together during the acquisition phase. During the retention phase there is separate
functional relationship between region A and another region C, and no longer region B. In the

end, because region A if influenced separately by both regions B and C, the overall functional
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connectivity of A to either region will be reduced according to c-Fos. This poses a problem in
that more dynamic networks will be punished. For example if some hypothetical WT mice have
very different but very strong functional networks contributing to each test phase, the final result
according to c-Fos may be reduced compared to hypothetical dKI mice who have more
consistent but weaker functional networks. Once this aspect of 5-minute ITI c-Fos derived
functional connectivity is understood, it makes it difficult to interpret and be confident in the
results. Of course they may still be used as preliminary data to be confirmed and added to by
future experiments. Regardless, we felt that it was necessary to evaluate the c-Fos expression
during an OP3h task with a 3 hour ITI, which would separate the acquisition and retention

phases with respect to the c-Fos expression curve.

Other caveats are analytical in nature. Simply put, the analysis techniques as detailed here are not
as rigorous as they could be. These considerations were mostly understood with the arrival and
invaluable aid of Demian Battaglia, an expert in the field of computational and network
neuroscience. The primary fault in these analysis was that we did not take into account the
variance across mice when making statistical inferences about functional networks (i.e. the error
bars depict variance across interregional correlation coefficients and not variance across mice). A
technique for incorporating variance across mice is through bootstrapping (Epskamp et al.,
2018), as detailed in the Material and Methods. This method with extrapolate different network
estimates from different combinations of the original population of mice, in the end generating a
confidence interval reflecting the variance across these combinations, and thus the variance
across mice. Bootstrapping is more rigorous than the statistical techniques detailed in these
preliminary studies, and was used extensively in the evaluation of OP3h derived functional
connectivity. Another problem arises from the thresholding of connections when constructing
functional networks. The cutoff is more or less arbitrary and different results could have been
obtained with harsher or more lenient thresholds. To remedy this, in the OP3h study no threshold
was introduced. Instead, fully connected weighted networks were computed and assessed based

solely on the distribution of connection weights.
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1. Scientific context and objectives

In Study n°1, we showed that dKI mice present OP5’deficits as soon as 4 months of age, without
any additional clear cut deficits in other sensitive recognition memory tasks. In Study n°2, we
evaluated c-Fos expression related to OP5’ in two experiments; comparing young and old mice,
and comparing 4 month old WT and dKI mice. With a 5-minute ITI, c-Fos expression represents
activity during both phases, which should increase the noise of the signal, and may explain why
no regional changes in neural activity was seen in the aging study with the relatively small
sample sizes. Despite this, with a larger sample size significant regional increases in neural

activity (in the caudal CLA) could be detected in dKI mice that underwent the OP5’task.

Regardless, we were interested in understanding if the OP deficit arises from test-phase specific
perturbations in neural activity. Moreover, understanding functional connectivity arising from
the mixture of acquisition and retention activities is problematic, and using a 5-minute ITI for
evaluating c-Fos derived functional connectivity is best avoided. With all this in mind, we
decided to evaluate c-Fos expression in the OP3h task with a 3-hour ITI (behavioral results are
presented in Study n°l), enough to separate both test-phases in respect to the c-Fos expression
curve. Thus, c-Fos expression was analysed in a cohort of mice that underwent only the
acquisition phase and a separate cohort that underwent the whole OP3h task until the retention
phase. Regional c-Fos expression was assessed to see if we could detect local changes in hyper
or hypo-activity associated to early AD. Functional networks were analyzed to determine if
associative memory loss could be linked to disruptions to network efficiency or hub strength, as

is seen in the DMN of early AD.

This c-Fos analysis is presented with Behavioral results from Study n°1 in the form of an article.
This article has been submitted to Drs T Saito and T Saido in accordance to our Material transfer
agreement for the App™ * KI and MAPT KI mouse lines. Then, it will be submitted to BioRiv
and eLife.
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Abstract:

A critical challenge in current research on AD is to clarify the relationship between early neuropathology
and network dysfunction associated to the emergence of subtle memory alterations which announce
disease onset. In the present work, the new generation App™""/MAPT double knock in (dKI) model was
used to evaluate early stages of AD. The initial step of tau pathology was restricted to the perirhinal-
entorhinal region, sparing the hippocampus. This discrete neuropathological sign was associated with
deficits in the object-place associative memory, one of the earliest recognition memories affected in
individuals at risk for developing AD. Analyses of task-dependent c-Fos activation was carried out in 22
brain regions across the medial prefrontal cortex, claustrum, retrosplenial cortex, and medial temporal
lobe. Initial hyperactivity was detected in the entorhinal cortex and the claustrum of dKI mice. The
retention phase was associated to reduced network efficiency especially across cingulate cortical regions,
which may be caused by a disruption of information flow through the retrosplenial cortex. Moreover, the
relationship between network global efficiency and memory performance in the WT could predict
memory loss in the dKI, further linking reduced network efficiency to memory dysfunction. Our results
suggest that early perirhinal-entorhinal pathology is associated with local hyperactivity which spreads
towards connected regions such as the claustrum, the medial prefrontal cortex and ultimately the key
retrosplenial hub which is needed to relay information flow from frontal to temporal lobes. The similarity
between our findings and those reported in the earliest stages of AD suggests that the App™""/MAPT dKI

model has a high potential for generating key information on the initial stage of the disease.
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Introduction

Current diagnosis and treatment for Alzheimer’s disease (AD) occurs too late, when physiological
symptoms such as overt neurodegeneration have already reached an irreversible state (Selkoe, 2012).
Hallmark pathologies of AD include insoluble amyloid plaques, initially formed in the medial prefrontal
and posterior medial cortices indicative of the default mode network (DMN), and neurofibrillary tangles,
initially formed in the medial temporal lobe (MTL). Combining functional neuroimaging with amyloid or
tau PET reveals that spatial patterns of deposition induce functional network perturbations (Myers et al.,
2014; Jones et al., 2017), and accompany cognitive decline (Sepulcre et al., 2017; Pereira et al., 2019).
However, soluble amyloid peptide (AB) and hyperphosphorylated tau precursors are generally more toxic
and accumulate in the brain decades prior to the onset of typical symptoms (Chen et al., 2017; Hill et al.,
2020). This highlights the importance of focusing on the earliest stages to understand the origin of this
devastating disease and to develop more proactive detection methods and therapies.

Amnestic mild cognitive impairment (aMCI) indicates a higher risk of progressing to AD and has been
extensively studied over the last decade as a potential prodromal stage of AD (Petersen et al., 2009).
Resting state functional connectivity (FC) has been evaluated in aMCI patients through the temporal
correlation of signal fluctuations in fMRI, EEG, or MEG. In order to achieve a more rigorous
understanding of FC disruption, graph theory has been used to evaluate the topology of functional
networks. Healthy cognition likely requires efficient small world topology, combining local segregation
between anatomically and functionally similar regions, and good integration between distant regions with
the help of strongly connected hubs (Filippi et al., 2013, Bassett and Bullmore., 2006). In regards to
aMCI, many studies have reported functional network perturbations within and between the DMN and the
MTL, with reduced network integration along with reduced strength of cortical hubs (Drzezga et al.,
2011; Wang et al., 2013a; Bai et al., 2013, Lin et al., 2019). However, these results are not entirely
conclusive, as others have reported opposing or null results (Gardini et al., 2015; Grajski and Bressler,
2019; Liang et al., 2020, Liu et al., 2012). This inconsistency may be indicative of the heterogeneity of
aMCI staging, where the sense of perturbation (hyperconnectivity vs hypoconnectivity) is shown to
change depending on the severity of the pathological state (Pusil et al., 2019; Jones et al., 2016). This
highlights the importance of identifying earlier biomarkers to more precisely detect preclinical stages of
AD, even preceding aMCI. Recent progress has led to the development of sensitive recognition memory
paradigms, such as pattern separation and associative memory tasks, which can detect slight cognitive
defects in subjective cognitive impairment and cognitively healthy elderly (Naveh-Benjamin, 2000, Sinha
et al.,, 2018; Reagh et al., 2018). These tasks depend on specific interactions across DMN and MTL
structures sensitive to early AD (Reagh and Yassa., 2014; Miller et al., 2014; Hales and Brewer, 2011;
Caviezel et al, 2020; Ritchey et al., 2020), and have be implemented to detect the earliest
“asymptomatic” stages of preclinical AD (Rentz et al., 2011; Maass et al., 2019). By evaluating functional
networks directly responsible for the earliest subtle memory deficits, we may achieve a clearer
understanding of the neural networks first affected in the initial stages of AD.

Initial stages of AD are inevitably linked to discrete physiological and neuroanatomical perturbations,
which should be more easily investigated in mouse models of AD (Scearce-Levie et al, 2020). Using
fMRI on young AD transgenic mice, increased soluble AP (Shah et al, 2016; Shah et al., 2018), and
regionally specific increases in neuroinflammation and phospho-tau (Degiorgis et al., 2020) have been
linked to disruptions in resting state functional networks. As fMRI/EEG/MEG methods are currently
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difficult to implement in freely moving mice, ex-vivo imaging based on quantification of activity
regulated expression of immediate early genes (IEG; c-fos, Egrl and arc) may be used to evaluate
memory related neural activation (Kinnavane et al, 2015). Using this technique, early-stage
pathophysiology has been linked to individual changes in memory driven regional activity (Hamm et al.,
2017), but not to functional networks. However, outside of AD, across-subjects correlations of activity
regulated IEG levels have been used to assess functional networks directly related to memory (Tanimizu
et al., 2017; Wheeler et al., 2013; Vetere et al., 2017). This approach can prove useful for evaluating
memory driven FC in mouse models of AD.

Recently, knock-in mouse models have been created to express AD-related genes under endogenous
mouse promotors (Saito et al., 2014). This removes gene overexpression and resulting potential artificial
phenotypes, allowing for a more careful assessment of the initial stages of AD (Sasaguri et al., 2017). In
the current study, we detected object-place (OP) associative memory deficits as the earliest sign of
cognitive decline in the humanized App™""/MAPT double knock-in (dKI) mouse model. This model
specifically expresses all six isoforms of tau and overexpresses AP4,; which leads to marked amyloid
deposition and typical pathological hyperphosphorylation of tau at an advanced age of 24 months (Saito
et al., 2019). Given our specific interest in the early stages of AD, this model was chosen rather than the
App"“FxMAPT dKIs because of the slower development of its neuropathology. This option seemed
fortunate as the first memory deficits detected in the OP task coincided with the emergence of the earliest
stages of abnormal tau phosphorylation within the entorhinal-perirhinal region and not in the
hippocampus, indicative of an early pathological state. Task-dependent activity was then measured in
regions implicated with this form of associative memory, including primarily the DMN/MTL, and FC
was assessed using graph theory techniques. Our results show that initial memory decline in AD could be
linked to specific topological changes in memory dependent functional networks.
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Results

Behavioural phenotyping reveals early alterations in object-place associative memory

Pattern separation (PS) and OP associative memory performances are commonly affected in prodromal
stages of AD and cognitively normal elderly (Yeung et al., 2018, Hampstead et al., 2018, Reagh et al.,
2018, Reagh and Yassa, 2014), and in mouse models at pre-plaque deposition stages (Zhu et al., 2017;
Hamm et al., 2017). In order to detect earliest sensitive recognition memory deficits, a preliminary study
was made to evaluate OP and PS performance, as well as long term object recognition performance at 2,
4, and 6 months of age (Figure 1—figure supplement 1). For OP and PS tasks, a short inter-trial-interval
(ITT) of 5 minutes was chosen to ensure that deficits did not arise from a confounding perturbation of
long-term memory consolidation. Given the high number of ages being tested and the difficult nature of
the tasks, no results were significant in this preliminary experiment with multiple comparisons
corrections. All groups succeeded in the long-term object recognition task and the PS task remained
inconclusive because dKI’s performances were highly variable (Figure 1—figure supplement 1A and 1B,
respectively). On the other hand, a robust potential deficit could be seen at 4 months in the OP task, and
persisted at 6 months of age (Figure 1—figure supplement 1C).

With a second independent cohort of mice, we confirmed that dKI mice were unable to detect a new OP
association at 4 months of age (Figure 1A) (two sample t-test, WT vs. dKI: t(20) = 2.85, P = 0.0098; one
sample t-test, against chance: dKI t(10)=0.3095, p = 0.763). On the other hand, 4-month-old mice did not
show any deficits in short term novel object recognition (Figure 1B) (two sample t-test, WT vs. dKI: t(19)
=.0934, P = 0.9265; one sample t-test, against chance: all ts>3.94, ps<0.003) and object location tasks
(Figure 1C) (two sample t-test, WT vs. dKI: t(20) = 1.052, P = 0.9173; one sample t-test, against chance:
all ts>3.03, ps<0.013). These results confirmed that the OP deficit was due to specific perturbations in
associative memory rather than any separate impairments in the object recognition or spatial recognition.

We then evaluated early AD pathophysiological changes in 4-month-old mice using western blotting
(Figure 1—figure supplement 2A). Antibodies targeting the amyloid precursor protein, APP-cleaved
carboxy terminal fragments, phosphorylated tau (Thr181) and total tau proteins were used. Wild-type
mice expressed mainly APP o-CTF fragments whereas dKI expressed mainly APP B-CTF fragments.
Moreover, an increase in B-CTF/a-CTF ratio was seen in both the hippocampus (Figure 1—figure
supplement 2B) and the medial temporal cortex (MTC; including entorhinal, perirhinal, postrhinal
cortices) (Figure 1—figure supplement 2C), indicating upregulated amyloidogenic APP processing. In
addition, an increase of the tau phosphorylation degree on Thr181 was only seen in the MTC of dKI mice
compared to wild-type mice while both models expressed similar levels of total tau proteins. This is
consistent with general consensus of the MTC as the initial area of tau staging (Braak and Braak, 1995).
These results highlight that OP deficits occur in conjunction with considerably light pathophysiological
changes, akin to an early preclinical AD stage.
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Figure 1. Behavioral characterization of young dKI mice (WT n=11, dKIn=11). (A) At 4 months of age, dKI mice reproduced
the potential deficit seen in the object-place association task during preliminary phenotyping (two sample t-test, WT vs. dKI:
t(20) = 2.85, P = 0.0098; one sample t-test, against chance: dKI t(10)=0.3095, p = 0.763). At the same age, dKI mice were normal
in (B) object recognition (two sample t-test, WT vs. dKI: t(19) =.0934, P = 0.9265; one sample t-test, against chance: all ts>3.94,
ps<0.003) (one WT mouse was removed due to being dropped before testing) and (C) spatial recognition (two sample t-test, WT
vs. dKI: t(20) = 1.052, P = 0.9173; one sample t-test, against chance: all ts>3.03, ps<0.013), indicating that the loss in associative
memory was not due to any singular loss in the short term object recognition or object location memory domains. Bar graphs
represent the mean density (+ SEM) * difference between genotypes **p<.01 (two sample t-test); #, difference from chance,
#p<.05 (one sample t-test).
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Figure 1 - figure supplement 1. Preliminary phenotyping of young dKI mice with sensitive recognition memory paradigms.
Mice were tested at 2 months (WT n =10, dKI n = 10), 4 months (WT n =12, dKI n = 9) and at 6 months (WT n=28,dKIn=
11). An additional cohort of (WT n =3, dKI n = 1) was tested at 2 months in object-place association as the initial group did not
reach significance above 0. (A) In the long term object recognition task, dKI mice were completely unaffected. (B) In the pattern
separation task the dKI mice were highly variable making it so that they were not significant against chance at any age (one
sample t-test, against chance: all dKI ts<.996, ps>0.055). However, between group significance was only obtained at 6 months of
age (WT vs. dKI: t(17) =2.364, P = 0.030). This variability may represent a variety of factors including perhaps affected DG
neurogenesis (Scopa et al., 2020). (C) The earliest significant deficit in dKI mice appeared at 4 months in the object-place
association task, a deficit which was conserved at 6 months (two sample t-test, WT_4mo vs. dKI 4mo: t(20) =2.325, P =0.0313;
one sample t-test, against chance: dKI t(8) = 0.2086, P = 0.8399; two sample t-test, WT_6mo vs. dKI 6mo: t(17) =2.132, P =
0.0479; one sample t-test, against chance: dKI t(10) = 0.7196, P = 0.4883). Although the variability seen during pattern
separation may be interesting, we chose to continue our study with the more robust object-place deficit. Bar graphs represent the
mean density (+ SEM). difference between genotypes *p<.05 (two sample t-test); difference from chance, #p<.05 (one sample t-
test). No multiple comparisons corrections were performed for these preliminary comparisons.
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Figure 1 - figure supplement 2. Early stage of Alzheimer-like disease in 4 month old male dKI mice. (A) Representative blots
of APP-cleaved fragments, phosphorylated tau proteins on the threonine 181 site and of total tau proteins in the hippocampus and
medial temporal cortex from WT and dKI mice. Analysis of the ratio of the B-CTF on a-CTF fragments and the degree of tau

phosphorylation on Thr181 in the (B) hippocampus and in the (C) medial temporal cortex. Results showed that dKI mice

expressed mainly the B-CTF whereas the WT mice expressed mainly the a-CTF and the B-CTF/a-CTF ratio increased in both

brain regions. Only the MTC displayed an increase of phosphorylated tau proteins. Bar graphs represent the mean density (+

SEM). * p<0.05, ** p<0,01, *** p<0,001 and **** p<0,0001 (two sample t-test).
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Assessing OP dependent changes in brain activity

While encoding processes are known to be perturbed in AD patients (Granholm and Butters, 1988), recent
studies in animal models also find dysfunctional retrieval of engrams as a mechanism for memory loss in
early stages of AD-like pathology (Roy et al., 2016; Etter et al., 2019). We thus aimed to evaluate
encoding versus recall dependent changes in brain activity in relation to the OP deficit, through
independent evaluation of the two test-phases. Thus c-Fos activation was quantified in brains of mice that
had underwent either the acquisition phase (encoding) (Figure 2A) or the retention phase (recall) (Figure
2B) of the OP task. In order to account for the c-Fos protein expression curve, the ITI was extended to 3
hours, the shortest delay that could permit definite isolation between test-phases. As with a 5-min ITI,
dKI mice that underwent the retention phase after a 3-h ITI were likewise unable to detect the novel OP
association (two sample t-test, WT vs. dKI: t(26) = 3.14, P = 0.004; one sample t-test, against chance: WT
t(13) = 3.93, P = 0.002; dKI t(13) = 0.139, P = 0.891). (Figure 2C). We then chose to evaluate 22 regions
of interest (ROIs) encompassing subregions of the medial prefrontal cortex (mPFC), claustrum (CLA),
retrosplenial cortex (RSC), dorsal hippocampus (DH) and medial temporal cortex (MTC) (Figure 2D-J).
Neuronal hyperactivity is common feature in early AD and in young pre-plaque mice (Zott et al., 2019).
We therefore first assessed test-phase and genotype dependent changes in regional activity.

Acquisition induces higher regional activity than retention

All regions except the DH (phase effect: DH F(1, 192) = 1.85, P = 0.175; subregion x phase effect: F(3,
192) = 5.32, p = 0.002; post-hoc Tukey: Acq vs Ret: CA1 P =.052, CA3 P = 383, DG ip P = .597,
DG _sp P = .513) showed higher levels of activity in the acquisition phase, although in the LEC this
increase in activity was noticeably less drastic (phase effect: LEC F(1, 96) = 5.22, P = 0.025; all other Fs
>25.6, Ps <0.001). This can be expected in the initial phase as the mice are subjected to stronger changes
with two new objects in previously unoccupied locations in respect to the retention phase, where the only
change is a new OP association. During acquisition, the mice are actively encoding several new features,
new objects and their unique location in the open-field. Moreover, this helps confirm the absence of
residual c-Fos in the retention groups. If residual c-Fos lingered from encoding until perfusion after the
retention phase, one would expect similar or increased c-Fos density during the retention phase, not a
decrease.

Hyperactivity in the claustrum and entorhinal cortex of dKI mice

The CLA and LEC showed increased activation in dKI mice regardless of the test phase (genotype effect:
CLA F(1, 96) = 8.29, P = 0.005; LEC F(1, 96) = 10.36, P = 0.001). The MEC revealed increased
activation in dKI mice specifically during the acquisition phase (MEC: genotype effect: F(1, 96) = 25.64,
P < 0.001; genotype x phase effect: F(1, 96) = 7.46, P = 0.007; post-hoc Tukey: WT vs dKI during
acquisition P <.001, WT vs dKI during retention P = 0.252).
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Region Acronym
Prelimbic cortex PRL
Cingulate cortex CGl1
Infralimbic cortex IL
Rostral claustrum rCLA
Caudal claustrum cCLA
Corpus ammoniss 1 CAl
Corpus ammoniss 3 CA3
Dentate gyrus suprapyramidal blade DG sp
Dentate gyrus infrapyramidal blade DG ip
Rostral retrosplenial cortex dysgranular (RSD) rRSCd
Rostral retrosplenial cortex granular (RSG) rRSCg
Caudal retrosplenial cortex dysgranular (RSD) cRSCd
Caudal retrosplenial cortex granular (RSG) cRSCg
Rostral perirhinal cortex dorsal (Ect) rPRCd
Rostral perirhinal cortex ventral (PRh) rPRCv
Caudal perirhinal cortex dorsal (Ect) cPRCd
Caudal perirhinal cortex ventral (PRh) cPRCv
Rostral lateral entorhinal cortex

(DLEnt,DIEnt, Vlent) rLEC
Caudal lateral entorhinal cortex (DLEnt,DIEnt,Vlent) | cLEC
Medial entorhinal cortex (MEnt) MEC
Caudal medial entorhinal cortex (CEnt) CMEC
Postrhinal cortex (Ect,PRh) POC

Study n 3

Table 1. List of evaluated regions. Regions were chosen a priori based on their relevance to early AD pathology and to
associative memory processing. In parentheses are region identifications according to the third edition Franklin and Paxinos

Mouse Brain Atlas.
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Figure 2. Regional activity during both phases of OP. Separate cohorts of WT and dKI mice were tested in either the (A)
acquisition phase only or (B) the entire OP3h task, i.e., acquisition and retention phases. Ninety minutes following one test
phase, brains were perfused and expression of the activity-regulated-gene, c-Fos, was evaluated immunohistochemically. (C) The
dKI mice that underwent the whole OP3h task reproduced a deficit in object- place associative memory. difference between
genotypes, **p<.01 (two sample t-test); difference from chance, #p<.05 (one sample t-test).(D-J) Graphs that illustrate c-Fos
counts normalized to the WT-Acquisition group. For each region group a 3-factor ANOV A was performed for test-phase
(Acquisition-Lines, Retention-Grid), genotype (WT-green, dKI-purple) and subregion effects. Significance for test-phase and
genotype effects are depicted above each region graph; *p<.05, **p<.01, ***p<.001. (D-E,G-J) There was an increase in activity
during the acquisition phase across all regions, except the (F) dorsal hippocampus. The (E) claustrum and (G) lateral entorhinal
cortex presented increases in activity in dKI mice regardless of the test-phase. The (I) medial entorhinal cortex however, was
hyperactive specifically during the acquisition phase ***p<.001 (Tukey post hoc). Bar graphs represent the mean density (+
SEM). Subregion prefixes — r,rostral;c,caudal; suffixes — RSCd,dysgranular; RSCg, granular; PRCd, dorsal; PRCv, ventral; ip,
infrapyramidal; sp, suprapyramidal. Error bars indicate the SEM. Schematics indicating the general locations of brain regions
were adapted from Allen Mouse Brain Atlas derived vector images (Lein et al., 2007).
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Computing functional coupling

Brain regions with correlated activity can be said to exhibit functional connectivity (FC), as co-
modulations of activity can be a marker of inter-regional information sharing. In humans or head-
restrained/anesthetized rodents recorded with EEG, MEG (for electrical signals) or fMRI (for metabolic
rate), FC is computed from the covariance across time. In methods using regional expression of c-Fos, FC
can be modeled by the covariance of regional activity across subjects to study memory driven networks in
mice (Wheeler et al., 2013; Tanimizu et al., 2017). The validity of this approach has been confirmed using
chemo-genetic techniques (Vetere et al., 2017).

From the c-Fos signal, we assessed FC by computing the inter-regional Spearman correlation coefficients
(r) for each Genotype-Phase group. Correlation matrices were used to visualize all possible correlations
within each group (Figure 3A-B). We first assessed global FC strength by taking the mean r value of each
matrix. Most FC couplings were positive, however we found a few weakly anti-correlated pairs of
regions. In evaluating FC, there were 3 ways to consider these negative correlations; as disruptive, as
very-weak or as contributing equally to positive correlations. All three cases were evaluated by taking the
mean r with retained, near-zeroed, and absolute valued negative correlations respectively. In the near-
zeroed case, negative correlations were reduced to a value of .006, the smallest positive correlation
observed.

During acquisition, we found no significant change in global FC strength between WT and dKI groups,
for any of the three ways to treat negative correlations in FC (Figure 3C). However, during retention,
there was a decrease in global FC strength in dKI mice with respect to WT. This decrease could be proved
significant when considering negative correlations as disruptive or as very weak, but not when their
absolute value was taken (Figure 3D). This indicates that two phenomena coexist: first, a reduction of
positive inter-regional correlations, corresponding to decreased “cooperation” between some regions;
second, an increase in absolute strength of inter-regional negative correlations, corresponding to increased
“conflict” between some regions.
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Figure 3. Functional connectivity is depicted with matrices showing across subjects inter-regional spearman correlations for c-
Fos expression during (A) retention and (B) acquisition. Colors reflect correlation strength (scale, right). We assessed global FC
strength by taking the mean r value of each matrix with retained, near-zeroed, and absolute valued negative correlations. In the
near-zeroed case, negative correlations were reduced to a value of .006, the smallest positive correlation observed. (C) We found
no change in global FC strength for any of the three cases during acquisition. (D) During retention however, there was a
significant decrease in global FC strength with the original and near-zeroed correlations, but not when they are absolute valued.
Bar graphs represent the mean bootstrap value, and the error bars represent the bootstrapped 95% confidence interval. * -the 95%
CI for the difference > 0
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Generating functional networks

Each functional connectivity matrix can be considered as the adjacency matrix of a weighted undirected
network (Rubinov and Sporns, 2010), and, as such, its organization can be assessed through the analysis
of functional networks, using techniques arising from graph theory. From each matrix a functional
network was generated as a fully connected weighted graph. In these graphs, the regions are represented
as nodes and the functional connections between regions are represented by edges. The strength of a
connection between two regions, as represented by the edge weight, is determined by their inter-regional
correlation strength. As negative correlations are weak and pose difficulties of interpretation when dealing
with many graph theory techniques, we decided for all following analyses to replace them with near-
zeroed values when constructing our functional networks, in line with other studies of c-Fos derived
functional networks in-vivo (Vetere et al.,, 2017). It has been shown that community organization of
structural networks can change between healthy individuals and different stages of MCI (Pereira et al.,
2016). We decided to evaluate community organization of each functional network to see if any
consistent or phase specific changes could be detected between genotypes. This could also aid us in
obtaining a qualitative understanding of organization of information flow in each network. Network
communities were detected through a modularity maximization procedure (see Materials and Methods).
This unsupervised algorithm separates the nodes into distinct groups (the communities), such that nodes
within a community are more strongly interacting between them than with nodes in other communities.
The separation in communities will partly stochastically vary for different runs of the algorithm and
different bootstrap instances of the FC matrix. To extract a robust consensus set of communities we then
computed allegiance matrices (Bassett et al., 2015), which depict the percentage of times that any given
pair of regions is attributed to the same community among bootstraps (Figure 4).

WT networks differentially engage the DH and mPFC

A stable community is found in both task phases encompassing most of the MTC and the cRSC (Figure
4A,B; red area at the bottom right of each WT allegiance matrix). The main difference between the WT-
Acquisition and WT-Retention groups was the differential involvement of the DH or mPFC with this
MTC community. During acquisition, the DH shared a community primarily with the mPFC (Figure 4A;
red area at top left the allegiance matrix). During retention, the mPFC shared allegiance across the
network (Figure 4B; red area along the mPFC rows across the top of the allegiance matrix). This more
global incorporation of the mPFC appeared to be driven largely through the RSC (Figure 4B; darker red
square area located at the middle of the top three mPFC rows).

dKI networks reveal consistent departures from WT community structure

During acquisition, the DH community largely disengaged with the mPFC as compared to the WT-
acquisition group (Figure 4C; green square at the top left of the allegiance matrix). Moreover, the DH
appeared to be more strongly aligned to the CMEC, MEC, and POC as compared to the rest of the MTC
(Figure 4C; the more red/orange area at the right of the DH rows).

During retention, both the mPFC and the DH disengaged with the MTC. This led to distinct communities
containing mPFC/CLA, DH and the MTC (Figure 4D; three separate red squares of the allegiance
matrix). Similarly to the acquisition phase, the MEC/CMEC/POC regions were heavily recruited by the
mPFC and DH communities (Figure 4D; red area at top right), at the cost of disengagement with the MTC

148



Study n 3

community (Figure 4D; green area at bottom right of the allegiance matrix). The consistent recruitment of
the MEC/CMEC/POC in both dKI groups elucidates a possible role for these regions as compensatory
hubs in this mouse model.

C dKI Acquisition

9% desisyoog
9% dessyoog

9% densjoog
9% desnsjoog

CImPFC [JCLA [IDH [JRSC [IMTC

Figure 4. Functional networks were computed as fully connected weighted graphs, with regions as nodes (circles) and inter-
regional correlation strengths as edge weights (line thickness). For visual examination of networks, nodes were placed so that
they lie closer to nodes with which they are strongly connected, and were color coded according to a priori region subfields.
Communities were detected through modularity maximization, which finds communities of regions that have stronger
connections with each other relative to the rest of the network. Communities were detected across bootstrapped networks, and
allegiance matrices were utilized to depict community stability as the percentage of bootstraps that contain any given pair of
regions in the same community. (A,B) In both WT groups there is a stable MTC/cRSC community (red area at the bottom right
of each WT allegiance matrix). (A) In the WT-Acq there is a stable DH/mPFC community (red area at the top left of the
allegiance matrix). (B) In the WT-Ret the mPFC shares community allegiance with all of the network (red area along the mPFC
rows across the top of the allegiance matrix) as mediated through the RSC (darker red square in the middle of the top three mPFC
rows). (C,D) Across both dKI groups, the MEC/CMEC/POC regions appear to display a consistently modified community
allegiance in respect to the WT, associating more with the DH/mPFC and sometimes less with the rest of the MTC (red area at
top right of each dKI allegiance matrix, some green areas at bottom right).
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Information flow in functional networks

Efficient integration of information flow across functional networks is shown to aid in cognitive function
(Wang et al., 2013a; Martinez et al., 2018). Interpreting network links as “pipes”, how well can a network
allow information to flow will depend not only on how wide individual pipes are, but also on how pipes
are disposed and aligned to form pipelines between the nodes that must communicate, without too many
steps and bottlenecks. The general capacity for a network to sustain efficient flows is quantified in graph
theory by metrics such as global efficiency (see Materials and Methods; Latora and Marchiori, 2001). It is
important to note that even if a network has reduced global FC strength, its global efficiency may rest un-
affected if there are well placed “hub” regions to facilitate indirect communication. To evaluate
information flow at the regional level, nodal strength and nodal efficiency metrics are used. Nodal
strength measures the degree to which each specific region can exchange information directly with all
other regions of the network. A region with low strength may still be able to communicate with its
network indirectly, again likely through hub regions. This indirect communication can be measured using
nodal efficiency. Organization of information flow in a network can be examined through strength and
efficiency distributions. Regions with higher strength and efficiency can be considered to contribute more
to their network. High direct connectivity of a region, such as high strength, is also shown to describe
potential hub regions (Vetere et al., 2017) which, as we have described, are needed to facilitate indirect
information flow and maintain global efficiency.

We compared information flow between WT and dKI networks within each test-phase. Organization of
information flow was first evaluated through a qualitative examination of node strength and nodal
efficiency distributions. To best visualize distributions, the strength/efficiency values were squared and
normalized to the highest value within each network, and were displayed as necklace diagrams
(acquisition - Figure 5A,B) (retention — Figure 5F,G). We then directly compared global efficiency and
nodal strength/efficiency between genotypes in subsequent analyses (acquisition - Figure 5C,D.E)
(retention - Figure SH,LJ).

Acquisition— the DG_sp maintains efficiency despite a drop in strength

During acquisition, strength and efficiency distributions were largely conserved between genotypes with
strong emphasis on RSC and MTC regions. Although, in the dKI there appeared to be additional
involvement of mPFC, MEC and POC (Figure 5A,B). Nevertheless, global efficiency was not severely
affected in the dKI network (Figure 5C). The unique significant drop in nodal strength was seen in the
DG_sp (Figure 5D), but as there was no drop in nodal efficiency (Figure SE), it could still effectively
communicate with the rest of the network indirectly. This maintenance of indirect communication, despite
drops in direct communication, reflects the potential importance of the rRSC or MEC/CMEC/POC
compensatory hubs.

Retention — severe losses in network efficiency, especially across the cingulate cortex

During retention, heavy emphasis was placed on mPFC and RSC regions in the WT network. In the dKI
network this emphasis was largely lost and the distributions take on a more homogenous structure, though
the rRSCg and mPFC subregions still appeared to be among the most involved (Figure 5F,G). Global
efficiency was significantly reduced in the dKI network (Figure 5H), with sharp drops in strength seen in
the PRL and the POC, but most severely in both subregions of the RSCd (Figure 5I). Loss in nodal
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efficiency was even more prevalent, with additional reductions in the CG1 and the cRSCg (Figure 5J).
These results suggest that retention dependent functional integration across the cingulate cortex is
severely disrupted in the dKI, and may be linked to reduced hub strength of the RSCd.
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Figure S. Network organization of information flow was assessed through examination of node strength and nodal efficiency
distributions in both test-phases (acquisiton,retention). These distributions were visualized using necklace diagrams, where circle
size reflects the within network normalized (A,G) strength” and (B,H) efficiency’. Global efficiency was then compared directly
between genotypes to assess (C,F) network integration. (D,I) Nodal strength and (E,J) nodal efficiency were compared between
genotypes to assess region dependent changes in direct and indirect information flow, respectively. (A,B) During acquisition,
strength and efficiency distributions were roughly conserved between genotypes, with strong emphasis on the RSC and MTC
regions, although in the dKI, mPFC, MEC and POC subregions were much more involved. (C) Global efficiency was not
severely affected in dKI mice. (D) A drop in region strength was seen in the DGsp, (E) but its efficiency was unaffected. (G,H)
During retention, heavy emphasis was placed on mPFC and RSC regions in the WT network. In the dKI, this emphasis is largely
lost. (F) Global efficiency of the dKI network was significantly reduced as compared to the WT network. (I) Reductions in region
strength were seen in the POC, PRL, and most severely in both subregions of the RSCd. (J) Reductions in efficiency was retained
among these regions, with additional losses in the CG1 and the cRSCg. Bar graphs and dot graphs represent the mean bootstrap
value, and the error bars represent the bootstrapped 95% confidence interval. * -the 95% CI for the difference > 0 ; ** -the 99%

CI for the difference > 0
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Relating network efficiency and memory

Finally, we addressed the question of whether the reduction of OP memory performance in dKI mice
could be accounted for by the reduction in network efficiency observed during retention. Our aim was
thus to determine if a relationship could be found between global efficiency and memory index in the WT
and be used to predict dKI memory loss. This was assessed through correlation testing across sub-
sampled WT populations, where each sub-sample corresponded to the removal of one mouse. From each
sub-sample the average memory index and resulting global efficiency were calculated, and correlation
significance was tested with Pearson and Spearman correlation coefficients.

Global efficiency positively correlates with an exploration adjusted memory index, and predicts
memory deficiency in the dKI

No significant correlation was found between global efficiency and memory index across WT sub-
samples (Figure 6 - figure supplement 1A). However, we noticed that of the mice with high memory
index, those with greater exploration times (total time exploring both objects) appeared to have a weaker
contribution to global efficiency. This hinted a potential dampening effect of general object exploration
on memory driven FC. Note that increases in exploration time themselves may be interpreted as a further
sign of memory function alteration, beyond reductions in the previously defined memory index MI. We
thus defined an exploration index EI, quantifying the exploration time of the mouse normalized to the
group and used it to compute as well an exploration adjusted memory index as the memory index divided
by the exploration index (MI/EI). Decrease of such an exploration adjusted memory index may reflect
both MI decrease and EI increase, thus summarizing both probed facets of memory-related behavior
alteration. As in the case of MI alone, we did not find a significant correlation between global efficiency
and EI index (Figure 6 - figure supplement 1B). A significant positive correlation was found however
between global efficiency and the adjusted memory index MI/EI across the WT sub-sampled networks

(Figure 6).

Moreover, we could show that extrapolating the best fit line for the WT ensemble to drops in global
efficiency as large as the ones observed in the dKI ensemble also predicted the observed dKI decrease of
the MI/EI behavioral performance index. This is illustrated in Figure 6 where the dashed continuation of
the green line (the extrapolation of the best fit line to the WT ensemble) intersects the cloud of purple
points (the ensemble of dKI sub-samples). The prediction of dKI sub-samples MI/EI index based on
extrapolating the law fitted on WT sub-samples yielded errors way smaller than what expected at chance
level, as we could verify via comparison with a null distribution of prediction errors constructed from
1000 randomly fit models to the WT ensemble. This is shown in the inset histogram of Figure 6, where
the green vertical line (prediction error of best fit to WT) lies to the left of the leftmost red vertical line
(lower end of the null distribution 95% CI).

This suggests that subjects with a high memory index but low total exploration time are thus more likely
to have higher global efficiency. Contrary to memory index, there is no detectable significant difference
in total object exploration time between the WT and dKI groups (Figure 6 - figure supplement 1C).
Memory index is thus a more sensitive metric of subtle and complex behavioral changes, which are
tracked by a decrease of global efficiency from WT to dKI. These results support reduced network
integration as a potential factor for impairment of OP memory recall in the dKI.
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Figure 6. Association between network efficiency and exploration adjusted memory index “MI/EI”. Sub-samples were
generated from each retention group by resampling n-1 mice without replacement. From each sub-sample, the average MI/EI and
the network global efficiency were computed, where each sub-sample is depicted as point on the plot. The relationship between
global efficiency and MI/EI was evaluated across only the WT sub-samples (solid green line), and a significant positive linear
relationship was found. Interestingly, when this linear law across WT sub-samples was extrapolated down (dashed green line) to
the reduced global efficiency of the dKI sub-samples, it could predict their reduction in MI/EI (the intersection of the dashed
green line to the cloud of purple points). The prediction of dKI sub-samples MI/EI index based on extrapolating the law fitted on
WT sub-samples yielded errors way smaller than what expected at chance level, as we could verify via comparison with a null
distribution of prediction errors constructed from 1000 randomly fit models. See inset histogram: the green vertical line (error of
best linear fit to WT) lies to the left of the leftmost red vertical line (lower end of the null distribution 95% CI).
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Figure 6-figure supplement 1 (A) There was no relationship found between global efficiency and memory index. However, we
noticed that of the mice with high memory index, those with greater exploration times (total time exploring both objects)
appeared to have a weaker contribution to global efficiency. To take into account an exploration disruption effect on memory
related FC, an exploration adjusted memory index was computed as the memory index divided by the exploration index (MI/EI),
where the exploration index (EI) is the exploration time of the mouse normalized to the group. (B) We verified that there was no
direct relationship found between global efficiency and EI. (C) There was also no difference in total exploration between WT and
dKI mice.

155



Study n 3

Discussion

The current necessity to learn more about initial steps of AD pathology prompted us to investigate brain
network alterations associated to the encoding and retrieval phases of the first recognition memory
paradigm affected in the late-onset App™" “/MAPT dKI mouse model of the disease (Saito et al, 2019).
Here we show that the neuropathology expressed by 4-month-old dKI mice at the time of their earliest
recognition deficit is reminiscent of an early preclinical stage. Quantification of c-Fos activation
highlighted an abnormally increased activity in the entorhinal cortex and the claustrum, two entities
known to be vulnerable to AD pathology. Finally, extensive analyses of network connectivity point to a
disorganization of internal communication between and within the MTL and interconnected regions
where the RSC seems to play a pivotal “hub” role which could be disrupted in dKI mice.

Object-place recognition deficit as an early marker of emerging AD neuropathology

In the battery of five recognition memory tasks, the object-place associative memory task was the first to
detect a deficit in dKI mice at 4 months of age. This recognition deficit occurred 2 months before spatial
pattern separation deficits and with intact long term object recognition memory up to 6 months of age.
The object-place task seems to be highly sensitive to early amyloid pathology because it was also
impaired at pre-plaque stages in more aggressive models of AD (Bonardi et al, 2016; Hamm et al., 2017).
In TgCRNDS8 mice it was specifically associated with increased levels of B-CTF in the hippocampus
(Bonardi et al, 2016; Hamm et al., 2017). AB levels of App™" “/MAPT dKI were not evaluated in this
study, but the seminal work characterizing the parental single KI A4pp™" " mice already showed increased
cortical levels of the neurotoxic species AP, at the age of 2 months (Saito et al, 2014). This early
accumulation of AP in 2-month App™" " mice was associated with significant cell loss and hyperexcitation
in the LEC, whereas the same alterations appeared several months later in the CA1 (Petrache et al., 2019).
Here, we show for the first time evidence for early onset of AD pathology in 4-month-old dKI mice with
specific increases in levels of B-CTF and phosphorylated tau labeled with AT270 antibodies in the MTC,
but not in the dorsal hippocampus. These results suggest that early abnormal levels of tau phosphorylation
are still restricted to the MTC at the age of 4 months. This is of particular importance because the PRC-
EC pathway has long been seen as a primary site of neurodegenerative event and dysfunction that
characterizes the earliest preclinical Braak stage I of AD tau deposition (Kahn et al, 2013: Braak and
Braak, 1995; Hyman et al, 1984). Interestingly, significant worsening of neuropsychological markers of
PRC and EC functionality were detected more than 10 years before AD diagnosis (Hirni et al, 2016).
More recently, Yeung et al., 2018, showed that object-place recognition performance was predicted by
anterolateral EC volume in the elderly. This result is in agreement with studies attributing a key role of
the equivalent rodent LEC in the network supporting association of an object with a place or a scene
(Deshmukh et al, 2012; Wilson et al, 2013a,b; Chao et al 2016). It must be noted that deficits in the
pattern separation task in 6-month-old dKIs suggest subsequent development of functional alterations
within the DG-CA3 region which is in agreement with studies in aMCI patients and transgenic mouse
models of AD (Yassa et al, 2010; Zhu et al, 2017). All these findings strongly suggest that 4-month-old
dKI mice recapitulate early impairment in recognition memory and specific vulnerability of the PRH-EC
region to both amyloid and tau pathologies as found in preclinical stages of AD (Kahn et al, 2014).

Distributed increase in c-Fos activation possibly reflecting spreading of pathological hyperactivity
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We detected high level of c-Fos expression in the CLA and the LEC of dKI mice regardless of the test-
phase suggesting that both structures would be hyperactivated during memory encoding and recall. On the
other hand, the hyperactivation of the MEC restricted to the acquisition phase could be have been
triggered by active encoding of the new environment. Well documented in mouse models of AD, early
hyperactivity within the LEC appears as a consequence of local increase in amyloid pathology and it is
considered as a major factor driving propagation of both AP and tau pathology to its main outputs
especially the hippocampus (Xu et al., 2015; Nuriel et al., 2017; Rodriquez et al., 2020). The CLA has
been less extensively studied, but a few studies show evidence of AP accumulation and
neurodegeneration in this region (Qin et al, 2013; Ogomori et al., 1989; Gustafson et al., 1998).
Interestingly, an early study in Alzheimer's patients found neuronal loss only within a CLA subregion
strongly connected with the EC (Morys et al., 1996). Thus, EC may also propagate hyperactivity,
exporting amyloid and tau pathology to the CLA as well as other limbic cortices in preclinical stages of
AD (Bonthius et al., 2005). Note that an alternative hypothesis has been proposed with a central role of
the CLA in the spreading of AD pathology in the brain (Avila and Perry, 2021). Being largely
interconnected with most cortical areas (Wang et al, 2017), hyperactivity of CLA may initiate or
aggravate spontaneous the cortical network hypersynchrony and task-induced hyperactivation found in
elderly at risk and in early MCI (Mueller and Weiner, 2017; Corriveau-Lecavalier et al., 2020).

Early-stage hyperactivity has also been proposed to reflect compensatory mechanisms which would first
help maintaining and then worsen cognitive function through the spreading of neuropathological
processes and a deleterious impact on cognitive-related network organization and functioning (Corriveau-
Lecavalier et al., 2020). There is some indication for a reorganization of network information flow in the
dKI mice. We saw through the community organization of dKI functional networks during both phases,
that the MEC and POC are more integrated with mPFC and DH communities (Figure 4C,D). This change
in community allegiance may be a consequence of an initial hyperactive state within the EC, much like
artificial stimulation of brain structures can enforce specific functional networks (Warren et al., 2019). In
certain cases, this shift towards stronger outbound allegiance may help facilitate alternative
communication between the MTC and interconnected regions, as seen with the maintenance of indirect
information flow of the DG_sp during acquisition (Figure 5D,E). The apparition of compensatory hubs
may be one way through which hyperactivity could initially help memory processing during the
preclinical AD.

mPFC and RSC are disrupted during object-place associative memory retention

The mPFC and RSC were the most heavily utilized regions in WT mice during retention phase, and direct
and indirect information flow through these regions was significantly reduced in dKI mice (Figure 5F).
The specificity of this dysfunction to the retention phase is not surprising as the mPFC and RSC are
shown to be more involved in the retrieval and/or editing of memory traces rather than encoding per se
(Mitchell et al., 2018). Lesioning the RSC disrupts object-place associative memory in rodents (Parron
and Save., 2004), and communication between the mPFC-MTC is also shown to be essential (Chao et al.,
2016; Hernandez et al., 2017). The RSC is proposed to play a pivotal “hub” role in facilitating this
communication as it exhibits strong structural connections with both the mPFC and the MTC (Sugar et
al., 2011, Vann et al., 2009). In humans, the posterior cingulate cortex (PCC) and RSC, close equivalents
to the rodent RSC (Lu et al., 2012, Stafford et al., 2014, Vogt and Paxinos, 2014), are shown to support
structural connectivity between the mPFC and MTL, essential to associative memory networks and the
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DMN (Greicius et al., 2009, Miller et al., 2014). The hubness of the RSC during retrieval is clearly
supported by the community organization of our functional networks, where it is well positioned to
facilitate communication between the mPFC and MTL communities (Figure 4B). The severe loss in

strength seen in the dysgranular RSC may therefore indicate an object-place recall-dependent roadblock
for mPFC-MTL communication.

One question lies as to why the dysgranular RSC was more severely disrupted than the granular part. The
dysgranular cortex is comparatively more connected to visual and sensory processing areas, making it
ideal for processing and identifying local and distal cues for allocentric orientation. Lesioning the
dysgranular RSC alone is enough to have rats shift from allocentric to egocentric strategies in a spatial
memory task (Vann and Aggleton., 2005). The dysgranular RSC contains landmark dependent head
direction cells, which may help orient the mice in the open field with respect to the objects (Jacob et al.,
2016), and decreased strength of the dysgranular RSC may contribute to their dysfunction.

Our findings also corroborate those of human studies showing that the mPFC and the PCC/RSC are often
disrupted in evaluations of functional and structural connectivity in aMCI (Catheline et al., 2010; Wang et
al., 2013c). The especially severe disruption of the RSC reflects clinical observations of the human PCC
as one of the most, if not the most, consistently disrupted regions in evaluations of resting state FC of
aMCI (Badhwar et al., 2017; Eyler et al., 2019). The mPFC and the PCC/RSC are also the first regions to
display amyloid deposition (Palmgvist et al., 2017). The PCC/RSC shows reduced connectivity in pre-
plaque APOE g4 carriers at risk for developing AD (Wang et al., 2013b; Jones et al., 2016), and very
early increases in PCC amyloid deposition correlate with face-name associative memory deficits in
subjective cognitive decline (Sanabria et al., 2017). Initial pathologies of amyloid in the mPFC/PCC/RSC
and tau in the MTC may thus have a combined negative effect on associative memory through reducing
memory-recall dependent FC.

Decreased global efficiency during retention predicts memory deficits in dKI mice

In WT mice, we detected a positive relationship between global efficiency of the retention network and
memory performance when taking into account a disruptive effect of total object exploration. The
exploration disruption on memory driven FC can perhaps be explained by increased focus and a more
conscious exploration of objects for mice with a low exploration index, in contrast to a more haphazard
exploration of objects for mice with high exploration index. This may also indicate a disruptive effect of
simultaneous sensory or motor network activation. Regardless, dKI mice presented no difference in object
exploration as compared to the WT mice, making it an unlikely behavioral link to reduced global
efficiency in these mice.

Global efficiency of c-Fos derived fear memory networks has already been shown as a reliable measure
for predicting memory performance in mice (Vetere et al., 2017). Such findings are consistent with
clinical observations linking increased global efficiency to better cognitive function (Li et al., 2009;
Stanley et al., 2015). The relationship across the WT group can be extrapolated down to predict memory
performance in the dKI. This provides further evidence that their drop in memory performance is directly
linked to deficient information transfer of the memory retention network. There is increasing evidence
that memory loss in AD pathology is related to dysfunctional recall, as it can be rescued by aiding
retrieval processes (i.e., activating the “silent” engram; Roy et al., 2016, Perusini et al., 2017). Perhaps
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early associative memory deficits of dKI mice could be rescued by activating “silent” inefficient
functional networks. In humans, noninvasive brain stimulation has been extensively studied as a potential
therapeutic tool for AD on regions such as the dorsolateral mPFC with mixed results (Weiler et al., 2020).
However, electromagnetic stimulation of the parietal cortex was shown to support associative memory by
increasing memory-retrieval dependent FC strength of an associated parietal-RSC-hippocampal network
(Wang et al., 2014; Warren et al., 2019). Taken together with our study, these results suggest that the
PCC/RSC, or more laterally accessible and functionally similar regions such as the parietal cortex, may
be more effective targets for improving associative memory in AD.

Contrast with resting state fMRI in other mouse models of AD

Contrary to our results, studies that evaluate resting state networks in pre-plaque or early-NFT mouse
models of AD predominantly find cortical and hippocampal-cortical hyperconnectivity, while
hypoconnectivity appears at later stages (Asaad and Lee, 2018). This suggests that perturbations in resting
state FC may predict memory FC perturbations, but do not directly mirror them. Moreover, the mouse
models used to evaluate pre-aggregate resting state FC presented either amyloid pathology (Shah et al.,
2016; Shah et al., 2018) or tau pathology (Degiorgis et al., 2020) but not both concurrently. It has been
shown with combined resting state fMRI and PET imaging in humans that increased AP alone is
associated with hyperconnectivity of the DMN while combined AP and Tau pathologies reveal
hypoconnectivity (Schultz et al., 2017). Whether these contrasting results reflect differences between
“resting state vs memory driven FC” or differences in “amyloid/tau pathological staging” will be more
thoroughly understood once resting state fMRI is directly measured in young dKI mice.

In conclusion, our results suggest that the present dKI model was caught at the very beginning of its
neuropathology as it was restricted to the MTC region, leaving the dorsal hippocampus quite preserved.
The local MTC pathology of these mice was associated with EC and CLA hyperactivity which would
most likely spread towards densely interconnected regions such as the mPFC, the DH and the RSC.
Retrieval dependent communication between cingulate areas and the MTL was disrupted, and can be
potentially linked to reduced dysgranular RSC hub strength. The similarity between our findings in the
dKI model and those reported in the earliest stages of the disease suggests that the App""" version of the
dKI model has a high potential for generating new discoveries on the earliest stage of AD.
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Methods

Animals

The App™"/MAPT double knock-in (dKI) mice were produced through crossing homozygotes of two
single knock-in (KI) mouse lines for the humanized App™"" and MAPT genes, and then through the
crossing of the resulting doubly heterozygote mice to obtain dKI and non-knock-in WT line founders.
After three generation of homozygous breeding, the dKI mouse line was backcrossed with C57BL/6J
mice (Janvier Laboratories, Le Genest Saint Isle, France) in order to limit genetic drift between dKI mice
and their WT controls. The App™"" gene contains a humanized AP fragment with Beyreuther/Iberian and
Swedish FAD mutations, and the human MAPT gene expresses all 6 isoforms of tau found in humans.
Both single KI mouse lines were produced by T Saido and T Saito (RIKEN Brain Science Institute,
JAPAN) and sent to us by the RIKEN BioResource Center. Mice were group-housed with food and water
ad libitum, nesting material, and additional food pellets on bedding to promote natural behavioral
patterns. The animal room was under controlled temperature (23 °C £+ 1°C) and a 12/12-hour light/dark
cycle (lights on at 8.00 AM). Procedures were in compliance with rules of the European Community
Council Directive 2010-63 and French Department of Agriculture Directive 2013-118 and approved by
the local review board (CREMEAS: APAFIS#9848). Animal facilities were approved for animal
experimentation (H 67-482-13).

Behavioral Testing

Behavioral testing took place during the light phase. Mice were single-housed for 1 week before testing.
Spontaneous object exploration tests were carried out in an open field (100cmx100cmx50cm, Ugo Basile,
Italy) with dark grey acrylic walls and a grey metal floor. The open field was evenly illuminated by three
indirect halogen lights (open field center, 15 lux), and a radio gave background noise from 1.5m away
(open field center, 45 = 5 dB). Nine different sets of objects were used: two for the habituation phases,
two for the long-term novel object recognition task, two for the OP task, two for the short-term novel
object recognition task, and one for the object location task. These objects differed in size (10 to 20 cm),
material (metal, glass, or plastic), shape, and color. Each object was available in duplicate or triplicate.
Ethanol (30%) was used to clean the objects and the open field between each trial. Object exploration
time was recorded and defined as the nose pointing toward the object within 2 cm. Gnawing and climbing
of objects were not counted as exploration time.

Habituation

Before testing, all mice received two days of habituation. On the first day, they were given a habituation
trial of 10 min with two identical objects placed in the open field. On the second day they were given two
10 min trials with a different set of two identical objects, with the trials separated by an inter trial interval
(ITD) of 5’ that the mice spent in their home cage. For the OP task with a 3-hour ITL, the second day
habituation procedure was applied with an ITI of 3 hours.

Preliminary testing cohorts

Mice were tested at 2 months (WT n = 10, dKI n = 10), 4 months (WT n = 12, dKI n = 9) and at 6 months
(WT n=8,dKIn=11). An additional cohort of (WT n =3, dKI n = 1) was tested at 2 months in object-
place association as the initial WT group did not reach significance above 0. For pattern separation one
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two month old WT mouse was removed due to the wrong objects accidentally being placed during the
retention phase.

Short term, pattern separation and long-term novel object recognition

Mice were tested at 4 months (WT n = 11, dKI n = 11) in the short term OR task. One WT mouse was
removed from the analysis due to being dropped before the task. Mice explored two identical objects
during a 10-min acquisition trial, and were returned to their home cage for an ITI of 5 min (short term,
pattern separation) or 24 hours (long term). Thereafter, mice were given a 10-min retention trial, where
one of the familiar objects was replaced by an unfamiliar new one. For the pattern separation task, objects
were made of legos, the novel object had the same composition of colored lego blocks but a different
pattern. Exploration of the objects was recorded during the 6 minutes (4 minutes for pattern separation)
following the initial exploration of object for each mouse. The memory index was calculated as:

Time at replaced object — Time at unchanged object
Time at both objects

Memory index =

Short term object-place association

To validate the potential deficit seen during preliminary phenotyping, an additional cohort (WT n = 11,
dKI n = 11) was tested in the object-place association task. Mice explored two different objects during a
10-min acquisition trial, and were returned to their home cage for an ITI of 5 minutes. During the 10-min
retention trial, one of the objects was replaced by a copy of the other. The mice had to detect the
mismatch between one object and its actual location in the open field. Exploration of the objects was
recorded during the 4 minutes following initiation of object exploration episode for each mouse. The
memory index was calculated as with the long-term object recognition task.

Short term novel object location

Mice were tested at 4 months (WT n = 11, dKI n =11). Mice explored two identical objects during a 10-
min acquisition trial, and were returned to their home cage for an ITI of 5 minutes. During a 10-min
retention trial, one of the objects was moved 55 cm from its original position for the object location task.
Exploration of the objects was evaluated during the 6 minutes following the initiation of object
exploration for each mouse. During both phases, all objects were placed equidistant from the walls. The
memory index was calculated as:

Time at moved object — Time at unmoved object
Time at both objects

Memory index =

Western Blotting

Four-month-old male mice were sacrificed by cervical dislocation (n=8 per group), and their brains were
carefully dissected on ice. Hippocampi and medial temporal cortex were quickly removed, frozen in
liquid nitrogen and then stored at —80°C until their use. Tissues were homogenized in 10 volumes of ice-
cold radioimmunoprecipitation assay buffer containing protease inhibitor cocktail (Sigma-Aldrich),
phosphatase inhibitor cocktail (PhosStop, Roche Life Science), and 1 mM phenylmethylsulfonyl fluoride
(Sigma-Aldrich). After centrifugation at 20,000g for 20 min at 4°C, supernatants were aliquoted for
immunoblot analysis. Brains extracts of Tg2576 and Thy-tau22 mice were homogeneized and separated
in parallel to our samples as a positive control for APP proteins and cleaved fragments and for tau
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proteins, respectively. Protein concentration was measured using the Bio-Rad Protein Assay (Bio-Rad).
Thirty or 20 microgramms were respectively loaded on 4-20% precast gel (Mini-Protean TGX precast
gels, Bio-Rad) for APP and tau proteins. After electrophoresis and transfer to nitrocellulose membranes
using the Trans-Blot Turbo System (Bio-Rad), membranes were incubated with 5% skimmed milk for 1
hour at room temperature and then with primary antibodies diluted in 2% bovine serum albumin (Sigma)
in tris-buffered saline 0.05% Tween 20 (Sigma-Aldrich) overnight at 4°C. After washes, membranes were
incubated with anti-mouse or anti-rabbit immunoglobulins conjugated to horseradish peroxidase (Jackson
Immunoresearch) for development with enhanced ECL chemiluminescence detection kit (Thermo Fisher
Scientific). After detection, all membranes were re-probed with anti-actin antibody for normalization of
total protein. The primary antibodies used were the rabbit polyclonal anti-APP, C terminus (Sigma-
Aldrich), the rabbit polyclonal anti-tau (B19, generously gifted by JP Brion, ULB, Belgium), the mouse
monoclonal anti-phopho-Tau Thr181 (AT270, ThermoScientific), the mouse monoclonal anti-actin
(Sigma-Aldrich) and the rabbit polyclonal anti-actin (Sigma-Aldrich). The secondary antibodies used
were the peroxidase-conjugated AffiniPure goat anti-mouse and goat anti-rabbit (Jackson
Immunoresearch). The quantification of the band intensity acquired with the ChemiDoc Imaging system
(Bio-Rad) was performed by densitometry analysis using the ImageJ program. For each mouse, the
phosphorylation degree was calculated as the ratio of total phosphorylated Thr181 tau proteins on total
tau proteins. The ratio of APP-cleaved fragments was calculated as the total of APP B-CTF on a-CTF
fragments.

Object-place association with a 3-hour ITI for ex-vivo imaging

The same protocol as with the short-term object-place task was followed, except with an ITI of 3-hours.
The “Acquisition” set of WT (N=12) and dKI (N=12) mice were only tested in the acquisition phase. The
“Retention” set of WT (N=14) and dKI (N=14) mice were tested for the entire task, acquisition and
retention phases included. At the end of testing mice were left in their home cage in a quiet dim room (9
lux, 35 £ 5 dB) next to the testing room for 90 minutes, after which they were taken for brain perfusion
and removal.

Perfusion and tissue preparation.

Mice were killed with an overdose of sodium pentobarbital (105 mg/kg intraperitoneally) and
transcardially perfused in 0.1% heparin phosphate-buffered saline (PBS) and 4% paraformaldehyde [PFA;
in phosphate buffer (PB) pH7.4; 4°C]. Brains were removed, postfixed in a 4% PFA solution for 24h, and
cryoprotected in a saccharose solution (20% in PB, 0.1 M; pH 7.4; 4°C) for 48 hours before being frozen
with isopentane (—40°C) and subsequently stored at —80°C. Forty um coronal cryostat sections were cut
from the anterior to the posterior of the brain. For the medial prefrontal cortex (mPFC), claustrum (CLA),
dorsal hippocampus (DH), medial entorhinal cortex (MEC), and postrhinal cortex (POC) every 4™ section
created a set (escapement of 160 um), and for the retrosplenial cortex (RSC), lateral entorhinal cortex
(LEC), and perirhinal cortex (PRC) every 6" section (escapement of 240 pm).

Immunohistochemistry

Brain sections were given three 10 min washes in 0.1 M phosphate-buffered saline (PBS), followed by a
30 min incubation in 1% H,0,. They were washed for 5 min with ultra-pure water and again three times
for 10 min in 0.1 M PBS. This was followed by a 45 min blocking incubation in a 5% natal goat serum
(NGS) diluted in a “diluent” solution consisting of 0.1 M PBS, and 0.5% triton. The sections were
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incubated at room temperature for 2 days in a 1/15000 dilution of rabbit-anti-cFos (Synaptic Systems)
primary antibody in diluent containing 2% NGS. After 2 days the sections were first given two 10 min
washes in 0.1 M PBS, and then incubated for 2 hours at room temperature in a 1/500 dilution of
biotinylated mouse-anti-rabbit (Vector Laboratories) secondary antibody in diluent containing 2% NGS.
The sections were given two 10 min washes in PBS, followed by a 45 min incubation in the avidin/biotin
(Vector Laboratories) solution. This was followed by three 10 min washes in 0.1 M PBS and a 10 min
wash in phosphate buffer. The sections were finally revealed with a 10 min incubation in 3,3-
diaminobenzidine (Vector Laboratories). Images of whole brain sections were taken at 20x magnification
using a Hamamatsu NanoZoomer S60 digital slide scanner (Hamamatsu Photonics K.K., Hamamatsu
City, Japan) for offline quantification of c-Fos expression.

c-Fos Imaging

Neuronal activation is associated with increases in intracellular calcium levels, which in turn leads to the
rapid up-regulation of immediate early genes such as c-fos. The quantification of c-Fos protein levels can
thus be used to derive a measure of neuronal activity (Tischmeyer and Grimm, 1999). c-Fos expression
was analyzed in 22 regions of interest (ROIs) (see Table S1), including sub-regions of the PFC, CLA,
DH, RSC, PRC, POC and EC. Image processing was done using ImageJ (National Institute of Health,
Bethesda, MD). ROIs were anatomically defined according to the atlas of Franklin and Paxinos (2008).
For c-Fos quantification, the images were transformed into 8-bit grayscale. A grayscale threshold was set
at a consistent level for each region by an experimenter blind to group condition. Only c-Fos positive
nuclei with a grayscale intensity below the threshold and an area between 25-300 pm” were counted. At
least three brain sections were processed per ROIL. Mean c-Fos density was calculated for each ROI as the
quantity of c-Fos marked nuclei per mm® normalized to the WT-Acquisition group. ROIs were grouped
into region subfields whenever anatomically and functionally justified. These groupings reduce the
number of comparisons and, thereby, restrict Type 1 errors. Three-way ANOVAs compared test-phases
(acquisition or retention), genotypes (WT or dKI) and subregions for each subfield. When an interaction
was significant, the simple effects were examined.

Functional Connectivity

From the c-Fos signals, functional connectivity (FC) was assessed by computing the between subject
inter-regional spearman correlations for each Genotype-Phase group. Spearman correlations, rather than
Pearson correlations, were used to account for potential outlier effects and the relatively small sample
sizes. Correlation matrices were used to visualize all possible pairwise inter-regional correlations within
each group. To assess global FC strength the mean r was calculated with retained, near-zeroed, and
absolute valued negative correlations respectively. In the near-zeroed case, negative correlations were
reduced to a value of .006, the smallest positive correlation observed.

Generating functional networks as fully connected weighted graphs

From each correlation matrix, a functional network was generated as a fully connected weighted graph.
The edges weights of the graph reflect inter-regional spearman correlation strengths and the nodes reflect
regions. Negative correlations can be interesting, but complicate considerably graph analyses as various
algorithm variants exist to handle them (e.g. in community detection) and there is no obvious criterion to
choose one variant over others. For the sake of clarity, we thus treated negative correlations in most
analyses (unless explicitly mentioned) as near-zero positive value of correlation (minimum edge weight
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of 0.006, see above). In efficiency analyses, this corresponds to interpreting negative correlations as open
but difficult paths for information transfer. All graph construction and graph analysis were done through
the igraph (Csardi G and Nepusz T, 2006) package on R (R Core Team, 2017).

Bootstrapping confidence intervals

For all network metrics, confidence intervals were computed through bootstrapping. This involves
resampling subjects with replacement 1000 times, each time regenerating a functional network, then
recalculating the estimate of interest. The 95% quartile of the bootstrap distribution was taken as the 95%
confidence interval. Confidence intervals for the difference were used to test for differences between
genotype groups (Wright et al., 2011). Groups were considered different to a P<.05 if the 95 %
confidence interval for the difference > 0, and to a P<.01 if the 99 % confidence interval for the difference
> 0.

Community Analysis

Networks with high modularity, @, have strong connections between the nodes within communities and
relatively weaker connections between nodes of different communities.

1 5iS;
Q= o Z [Wij _ﬁ] 8(ci )
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where N denotes the set of all nodes in the network, m denotes the total number of edges in the network,
w(i,j) denotes the edge weight between a node i and another node j, s denotes the sum of a node’s edge
weights, ¢ denotes the community to which a node belongs, and &(c;, ¢;) indicates if the compared nodes
are in the same community ( §(c¢;,¢j) is 1 if ¢; = ¢;, and 0 otherwise ). Communities were detected in
each bootstrap through finding the maximum modularity across all possible community partitions. This
modularity maximization computation was done through the cluster optimal function of the igraph
package. This transforms modularity maximization into an integer programming problem, and calls the
GNU Linear Programming Kit (GLPK) to solve that. See Brandes et al, 2008 for more details. This
computationally expensive detection method of evaluating all possible community partitions for
modularity maximization (in contrast to less expensive methods that infer modularity, as through greedy
optimization, i.e. the Louvain method), could be permitted due to the relatively small number of nodes in
our network. Allegiance matrices were used to assess community stability across bootstraps, by depicting
the percentage of bootstraps (n = 1000) that contain any given pair of regions within the same
community.

Information flow

Nodal strength, s, is traditionally calculated as the sum of a node’s edge weights. In a fully connected
network this is directly proportional to the average of a node’s edge weights. The average, Saperage » Was
used in our case for better comparison with nodal efficiency.

) 1
Saverage(L) = n—1 Z Wi

jEN

where N denotes the set of all nodes in the network, n denotes the total number of nodes in the network,
and w;; denotes the edge weight between a node i and another node j.
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For efficiency metrics, edge lengths were first computed as inverted edge weights. Nodal efficiency,
E0aa1, Was calculated as the average inverse shortest path length between a region and all other regions
of the network.

. 1 1

nodal (L) - n—1 dl}
JEN

where d;; denotes the length of the shortest path (lowest sum of edge lengths) between a node i and

another node j. Global efficiency, Egopqi, Was calculated as the average inverse shortest path length of

E _ 1 1
global — n(n _ 1) dl}

i#jEN

the network.

Assessing the impact of global efficiency on memory deficits

Subsamples were generated from each retention group by resampling n-1 mice without replacement. This
procedure generates a set of subsamples of size n-1, where the number of subsamples is the number of
mice, n. From each subsample, the average memory index and the resulting network global efficiency
were computed. Correlation significance between memory index and global efficiency was computed
through both Pearson and Spearman correlation coefficients. To compute the exploration adjusted
memory index, first the exploration index was defined for each mouse as total time exploring both objects
normalized to the group average:

Time exploring both objects of mouse

Exploration Index (EI) =
xploration Index (EI) Average time exploring both objects across the group

The exploration adjusted memory index was then defined as the memory index divided by the exploration
index.

Memory Index (MI)
Exploration Index (EI)

Exploration adjusted memory index (MI/EI) =

To assess the significance of the intersection of the WT linear fit with the dKI subsample population,
1000 randomly fit linear models to the WT were generated by permuting the y labels of the WT
subsample population and recalculating the best fit line each time. The mean absolute error to the dKI
subsamples was calculated for each random model and their distribution is presented as a histogram. The
95% confidence interval was considered as the 95% quartile of the distribution, and compared to the dKI
mean absolute error to the original WT fit.

165



Study n 3

References

Asaad M, Lee JH. 2018. A guide to using functional magnetic resonance imaging to study Alzheimer’s disease in
animal models. Dis Model Mech 11. doi:10.1242/dmm.031724

Avila J, Perry G. 2021. A Multilevel View of the Development of Alzheimer’s Disease. Neuroscience 457:283-293.
doi:10.1016/j.neuroscience.2020.11.015

Bai L, Zhang M, Chen S, Ai L, Xu M, Wang D, Wang Fei, Liu L, Wang Fang, Lao L. 2013. Characterizing
acupuncture de qi in mild cognitive impairment: relations with small-world efficiency of functional brain
networks. Evid Based Complement Alternat Med 2013:304804. doi:10.1155/2013/304804

Bassett DS, Bullmore E. 2006. Small-world brain networks. Neuroscientist 12:512-523.
doi:10.1177/1073858406293182

Bergmann E, Zur G, Bershadsky G, Kahn I. 2016. The Organization of Mouse and Human Cortico-Hippocampal
Networks Estimated by Intrinsic Functional Connectivity. Cereb Cortex 26:4497-4512.
doi:10.1093/cercor/bhw327

Bonardi C, Pardon M-C, Armstrong P. 2016. Deficits in object-in-place but not relative recency performance in the
APPswe/PS1dE9 mouse model of Alzheimer’s disease: Implications for object recognition. Behavioral Brain
Research 313:71-81. doi:10.1016/j.bbr.2016.07.008

Braak H, Braak E. 1995. Staging of Alzheimer’s disease-related neurofibrillary changes. Neurobiol Aging 16:271—
278; discussion 278-284. doi:10.1016/0197-4580(95)00021-6

Catheline G, Periot O, Amirault M, Braun M, Dartigues J-F, Auriacombe S, Allard M. 2010. Distinctive alterations
of the cingulum bundle during aging and Alzheimer’s disease. Neurobiology of Aging 31:1582—1592.
doi:10.1016/j.neurobiolaging.2008.08.012

Caviezel MP, Reichert CF, Sadeghi Bahmani D, Linnemann C, Liechti C, Bieri O, Borgwardt S, Leyhe T, Melcher
T. 2020. The Neural Mechanisms of Associative Memory Revisited: fMRI Evidence from Implicit
Contingency Learning. Front Psychiatry 10. doi:10.3389/fpsyt.2019.01002

Chao OY, Huston JP, Li J-S, Wang A-L, Silva MA de S. 2016. The medial prefrontal cortex—Ilateral entorhinal
cortex circuit is essential for episodic-like memory and associative object-recognition. Hippocampus 26:633—
645. doi:10.1002/hip0.22547

Corriveau-Lecavalier N, Duchesne S, Gauthier S, Hudon C, Kergoat M, Mellah S, Belleville S, for the Consortium
for the Early Identification of Alzheimer’s Disease-Quebec (CIMA-Q). 2020. A quadratic function of
activation in individuals at risk of Alzheimer’s disease. Alzheimer’s &amp, Dementia: Diagnosis, Assessment
&amp, Disease Monitoring 12. doi:10.1002/dad2.12139

Degiorgis L, Karatas M, Sourty M, Faivre E, Lamy J, Noblet V, Bienert T, Reisert M, von Elverfeldt D, Buée L,
Blum D, Boutillier A-L, Armspach J-P, Blanc F, Harsan L-A. 2020. Brain network remodelling reflects tau-
related pathology prior to memory deficits in Thy-Tau22 mice. Brain. doi:10.1093/brain/awaa312

Deshmukh SS, Johnson JL, Knierim JJ. 2012. Perirhinal cortex represents nonspatial, but not spatial, information in
rats foraging in the presence of objects: Comparison with lateral entorhinal cortex. Hippocampus 22:2045—
2058. doi:10.1002/hipo.22046

Drzezga A, Becker JA, Van Dijk KRA, Sreenivasan A, Talukdar T, Sullivan C, Schultz AP, Sepulcre J, Putcha D,
Greve D, Johnson KA, Sperling RA. 2011. Neuronal dysfunction and disconnection of cortical hubs in non-
demented subjects with elevated amyloid burden. Brain 134:1635-1646. doi:10.1093/brain/awr066

166



Study n 3

Etter G, van der Veldt S, Manseau F, Zarrinkoub I, Trillaud-Doppia E, Williams S. 2019. Optogenetic gamma
stimulation rescues memory impairments in an Alzheimer’s disease mouse model. Nature Communications
10:5322. doi:10.1038/s41467-019-13260-9

Eyler LT, Elman JA, Hatton SN, Gough S, Mischel AK, Hagler DJ, Franz CE, Docherty A, Fennema-Notestine C,
Gillespie N, Gustavson D, Lyons MJ, Neale MC, Panizzon MS, Dale AM, Kremen WS. 2019. Resting State
Abnormalities of the Default Mode Network in Mild Cognitive Impairment: A Systematic Review and Meta-
Analysis. J Alzheimers Dis 70:107—120. doi:10.3233/JAD-180847

Filippi M, van den Heuvel MP, Fornito A, He Y, Hulshoff Pol HE, Agosta F, Comi G, Rocca MA. 2013.
Assessment of system dysfunction in the brain through MRI-based connectomics. The Lancet Neurology
12:1189-1199. doi:10.1016/S1474-4422(13)70144-3

Gardini S, Venneri A, Sambataro F, Cuetos F, Fasano F, Marchi M, Crisi G, Caffarra P. 2015. Increased functional
connectivity in the default mode network in mild cognitive impairment: a maladaptive compensatory
mechanism associated with poor semantic memory performance. J Alzheimers Dis 45:457—470.
doi:10.3233/JAD-142547

Grajski KA, Bressler SL. 2019. Differential medial temporal lobe and default-mode network functional connectivity
and morphometric changes in Alzheimer’s disease. Neurolmage: Clinical 23:101860.
doi:10.1016/1.nicl.2019.101860

Granholm E, Butters N. 1988. Associative encoding and retrieval in Alzheimer’s and Huntington’s disease. Brain
Cogn 7:335-347. doi:10.1016/0278-2626(88)90007-3

Greicius MD, Supekar K, Menon V, Dougherty RF. 2009. Resting-State Functional Connectivity Reflects Structural
Connectivity in the Default Mode Network. Cereb Cortex 19:72—78. doi:10.1093/cercor/bhn059

Guo Q, Li H, Cole AL, Hur J-Y, Li Y, Zheng H. 2013. Modeling Alzheimer’s Disease in Mouse without Mutant
Protein Overexpression: Cooperative and Independent Effects of Ap and Tau. PLOS ONE 8:¢80706.
doi:10.1371/journal.pone.0080706

Gustafson L, Brun A, Englund E, Hagnell O, Nilsson K, Stensmyr M, Ohlin A-K, Abrahamson M. 1998. A 50-year
perspective of a family with chromosome-14-linked Alzheimer’s disease. Hum Genet 102:253-257.
doi:10.1007/s004390050688

Hales JB, Brewer JB. 2011. The timing of associative memory formation: frontal lobe and anterior medial temporal
lobe activity at associative binding predicts memory. J Neurophysiol 105:1454—-1463.
doi:10.1152/jn.00902.2010

Hamm V, Héraud C, Bott J-B, Herbeaux K, Strittmatter C, Mathis C, Goutagny R. 2017. Differential contribution of
APP metabolites to early cognitive deficits in a TgCRND8 mouse model of Alzheimer’s disease. Sci Adv
3:¢1601068. doi: 10.1126/sciadv.1601068

Hampstead BM, Stringer AY, Stilla RF, Amaraneni A, Sathian K. 2011. Where did I put that? Patients with
amnestic mild cognitive impairment demonstrate widespread reductions in activity during the encoding of
ecologically relevant object-location associations. Neuropsychologia 49:2349-2361.
doi:10.1016/j.neuropsychologia.2011.04.008

Hampstead BM, Towler S, Stringer AY, Sathian K. 2018. Continuous measurement of object location memory is
sensitive to effects of age and mild cognitive impairment and related to medial temporal lobe volume.
Alzheimers Dement (Amst) 10:76-85. doi:10.1016/j.dadm.2017.10.007

167



Study n 3

Hernandez AR, Reasor JE, Truckenbrod LM, Lubke KN, Johnson SA, Bizon JL, Maurer AP, Burke SN. 2017.
Medial prefrontal-perirhinal cortical communication is necessary for flexible response selection. Neurobiology
of Learning and Memory 137:36—47. doi:10.1016/j.nlm.2016.10.012

Hirni DI, Kivisaari SL, Krumm S, Monsch AU, Berres M, Oeksuez F, Reinhardt J, Ulmer S, Kressig RW, Stippich
C, Taylor KI. 2016. Neuropsychological Markers of Medial Perirhinal and Entorhinal Cortex Functioning are
Impaired Twelve Years Preceding Diagnosis of Alzheimer’s Dementia. JAD 52:573-580. doi:10.3233/JAD-
150158

Hyman B, Van Hoesen G, Damasio A, Barnes C. 1984. Alzheimer’s disease: cell-specific pathology isolates the
hippocampal formation. Science 225:1168—1170. doi:10.1126/science.6474172

Jacob P-Y, Casali G, Spieser L, Page H, Overington D, Jeffery K. 2017. An independent, landmark-dominated head-
direction signal in dysgranular retrosplenial cortex. Nature Neuroscience 20:173—175. doi:10.1038/nn.4465

Jones DT, Graff-Radford J, Lowe VJ, Wiste HJ, Gunter JL, Senjem ML, Botha H, Kantarci K, Boeve BF, Knopman
DS, Petersen RC, Jack CR. 2017. Tau, amyloid, and cascading network failure across the Alzheimer’s disease
spectrum. Cortex, Special Section dedicated to the temporal and parietal lobes 97:143—159.
doi:10.1016/j.cortex.2017.09.018

Jones DT, Knopman DS, Gunter JL, Graff-Radford J, Vemuri P, Boeve BF, Petersen RC, Weiner MW, Jack CR Jr,
on behalf of the Alzheimer’s Disease Neuroimaging Initiative. 2016. Cascading network failure across the
Alzheimer’s disease spectrum. Brain 139:547-562. doi:10.1093/brain/awv338

Khan UA, Liu L, Provenzano FA, Berman DE, Profaci CP, Sloan R, Mayeux R, Duff KE, Small SA. 2014.
Molecular drivers and cortical spread of lateral entorhinal cortex dysfunction in preclinical Alzheimer’s
disease. Nat Neurosci 17:304-311. doi:10.1038/nn.3606

Kinnavane L, Albasser MM, Aggleton JP. 2015. Advances in the Behavioral testing and network imaging of rodent
recognition memory. Behavioral Brain Research, SI: Object Recognition Memory in Rats and Mice 285:67—
78. doi:10.1016/].bbr.2014.07.049

Liang J, Li Y, Liu H, Zhang S, Wang M, Chu Y, Ye J, Xi Q, Zhao X. 2020. Increased intrinsic default-mode
network activity as a compensatory mechanism in aMCI: a resting-state functional connectivity MRI study.
Aging (Albany NY) 12:5907-5919. doi:10.18632/aging.102986

Lin S-Y, Lin C-P, Hsieh T-J, Lin C-F, Chen S-H, Chao Y-P, Chen Y-S, Hsu C-C, Kuo L-W. 2019. Multiparametric
graph theoretical analysis reveals altered structural and functional network topology in Alzheimer’s disease.
Neurolmage: Clinical 22:101680. doi:10.1016/1.nicl.2019.101680

Liu Z, Zhang Y, Yan H, Bai L, Dai R, Wei W, Zhong C, Xue T, Wang H, Feng Y, You Y, Zhang X, Tian J. 2012.
Altered topological patterns of brain networks in mild cognitive impairment and Alzheimer’s disease: A
resting-state fMRI study. Psychiatry Research: Neuroimaging 202:118-125.
doi:10.1016/j.pscychresns.2012.03.002

Lu H, Zou Q, Gu H, Raichle ME, Stein EA, Yang Y. 2012. Rat brains also have a default mode network. PNAS
109:3979-3984. doi:10.1073/pnas.1200506109

McAvoy K, Besnard A, Sahay A. 2015. Adult hippocampal neurogenesis and pattern separation in DG: a role for
feedback inhibition in modulating sparseness to govern population-based coding. Front Syst Neurosci 9.
doi:10.3389/fnsys.2015.00120

Miller AMP, Vedder LC, Law LM, Smith DM. 2014. Cues, context, and long-term memory: the role of the
retrosplenial cortex in spatial cognition. Front Hum Neurosci 8. doi:10.3389/fnhum.2014.00586

168



Study n 3

Mitchell AS, Czajkowski R, Zhang N, Jeffery K, Nelson AJD. 2018. Retrosplenial cortex and its role in spatial
cognition. Brain Neurosci Adv 2. doi:10.1177/2398212818757098

Morys J, Bobinski M, Wegiel J, Wisniewski HM, Narkiewicz O. 1996. Alzheimer’s disease severely affects areas of
the claustrum connected with the entorhinal cortex. J Hirnforsch 37:173-180.

Myers N, Pasquini L, Goéttler J, Grimmer T, Koch K, Ortner M, Neitzel J, Mithlau M, Forster S, Kurz A, Forstl H,
Zimmer C, Wohlschldger AM, Riedl V, Drzezga A, Sorg C. 2014. Within-patient correspondence of amyloid-
B and intrinsic network connectivity in Alzheimer’s disease. Brain 137:2052-2064. doi:10.1093/brain/awu103

Naveh-Benjamin M. 2000. Adult age differences in memory performance: Tests of an associative deficit hypothesis.
Journal of Experimental Psychology: Learning, Memory, and Cognition 26:1170-1187. doi:10.1037/0278-
7393.26.5.1170

Nuriel T, Angulo SL, Khan U, Ashok A, Chen Q, Figueroa HY, Emrani S, Liu L, Herman M, Barrett G, Savage V,
Buitrago L, Cepeda-Prado E, Fung C, Goldberg E, Gross SS, Hussaini SA, Moreno H, Small SA, Duff KE.
2017. Neuronal hyper-activity due to loss of inhibitory tone in APOE4 mice lacking Alzheimer’s disease-like
pathology. Nat Commun 8:1464. do0i:10.1038/s41467-017-01444-0

Ogomori K, Kitamoto T, Tateishi J, Sato Y, Suetsugu M, Abe M. 1989. Beta-protein amyloid is widely distributed
in the central nervous system of patients with Alzheimer’s disease. Am J Pathol 134:243-251.

Palmqvist S, Scholl M, Strandberg O, Mattsson N, Stomrud E, Zetterberg H, Blennow K, Landau S, Jagust W,
Hansson O. 2017. Earliest accumulation of f-amyloid occurs within the default-mode network and
concurrently affects brain connectivity. Nature Communications 8:1214. doi:10.1038/s41467-017-01150-x

Parra MA, Abrahams S, Logie RH, Méndez LG, Lopera F, Della Sala S. 2010. Visual short-term memory binding
deficits in familial Alzheimer’s disease. Brain 133:2702-2713. doi:10.1093/brain/awq148

Parron C, Save E. 2004. Comparison of the effects of entorhinal and retrosplenial cortical lesions on habituation,
reaction to spatial and non-spatial changes during object exploration in the rat. Neurobiology of Learning and
Memory 82:1-11. doi:10.1016/].nlm.2004.03.004

Paxinos G, Franklin K. 2019. The mouse brain in stereotaxic coordinates. San Diego: Academic Press.

Pereira JB, Mijalkov M, Kakaei E, Mecocci P, Vellas B, Tsolaki M, Ktoszewska I, Soininen H, Spenger C,
Lovestone S, Simmons A, Wahlund L-O, Volpe G, Westman E. 2016. Disrupted Network Topology in
Patients with Stable and Progressive Mild Cognitive Impairment and Alzheimer’s Disease. Cereb Cortex
26:3476-3493. doi:10.1093/cercor/bhw128

Pereira JB, Ossenkoppele R, Palmqvist S, Strandberg TO, Smith R, Westman E, Hansson O. 2019. Amyloid and tau
accumulate across distinct spatial networks and are differentially associated with brain connectivity. eLife
8:¢50830. doi: 10.7554/eLife.50830

Perusini JN, Cajigas SA, Cohensedgh O, Lim SC, Pavlova IP, Donaldson ZR, Denny CA. 2017. Optogenetic
stimulation of dentate gyrus engrams restores memory in Alzheimer’s disease mice. Hippocampus 27:1110—
1122. doi:10.1002/hipo.22756

Petersen RC. 2011. Mild Cognitive Impairment. New England Journal of Medicine 364:2227-2234.
doi:10.1056/NEJMcp0910237

Petrache AL, Rajulawalla A, Shi A, Wetzel A, Saito T, Saido TC, Harvey K, Ali AB. 2019. Aberrant Excitatory—
Inhibitory Synaptic Mechanisms in Entorhinal Cortex Microcircuits During the Pathogenesis of Alzheimer’s
Disease. Cerebral Cortex 29:1834-1850. doi:10.1093/cercor/bhz016

169



Study n 3

Pusil S, Lopez ME, Cuesta P, Brufia R, Pereda E, Maestu F. 2019. Hypersynchronization in mild cognitive
impairment: the ‘X’ model. Brain 142:3936-3950. doi:10.1093/brain/awz320

Qin Y-Y, Li M-W, Zhang S, Zhang Y, Zhao L-Y, Lei H, Oishi K, Zhu W-Z. 2013. In vivo quantitative whole-brain
diffusion tensor imaging analysis of APP/PS1 transgenic mice using voxel-based and atlas-based methods.
Neuroradiology 55:1027-1038. doi:10.1007/s00234-013-1195-0

Reagh ZM, Noche JA, Tustison NJ, Delisle D, Murray EA, Yassa MA. 2018. Functional Imbalance of Anterolateral
Entorhinal Cortex and Hippocampal Dentate/CA3 Underlies Age-Related Object Pattern Separation Deficits.
Neuron 97:1187-1198.e4. doi:10.1016/j.neuron.2018.01.039

Reagh ZM, Yassa MA. 2014. Object and spatial mnemonic interference differentially engage lateral and medial
entorhinal cortex in humans. Proceedings of the National Academy of Sciences 111:E4264-E4273.
doi:10.1073/pnas.1411250111

Rentz DM, Amariglio RE, Becker JA, Frey M, Olson LE, Frishe K, Carmasin J, Maye JE, Johnson KA, Sperling
RA. 2011. Face-name associative memory performance is related to amyloid burden in normal elderly.
Neuropsychologia 49:2776-2783. doi:10.1016/j.neuropsychologia.2011.06.006

Ritchey M, Cooper RA. 2020. Deconstructing the Posterior Medial Episodic Network. Trends in Cognitive Sciences
24:451-465. doi:10.1016/].tics.2020.03.006

Rodriguez GA, Barrett GM, Duff KE, Hussaini SA. 2020. Chemogenetic attenuation of neuronal activity in the
entorhinal cortex reduces AP and tau pathology in the hippocampus. PLOS Biology 18:¢3000851.
doi:10.1371/journal.pbio.3000851

Roy DS, Arons A, Mitchell TI, Pignatelli M, Ryan TJ, Tonegawa S. 2016. Memory retrieval by activating engram
cells in mouse models of early Alzheimer’s disease. Nature 531:508-512. doi:10.1038/naturel 7172

Saito T, Matsuba Y, Mihira N, Takano J, Nilsson P, Itohara S, Iwata N, Saido TC. 2014. Single App knock-in
mouse models of Alzheimer’s disease. Nat Neurosci 17:661-663. doi:10.1038/nn.3697

Saito T, Mihira N, Matsuba Y, Sasaguri H, Hashimoto S, Narasimhan S, Zhang B, Murayama S, Higuchi M, Lee
VMY, Trojanowski JQ, Saido TC. 2019. Humanization of the entire murine Mapt gene provides a murine
model of pathological human tau propagation. J Biol Chem jbc.RA119.009487.
doi:10.1074/jbc.RA119.009487

Salta E, Walgrave H, Balusu S, Vanden Eynden E, Snoeck S, Craessaerts K, Thrupp N, Wolfs L, Horré K, Fourne
Y, Ronisz A, Silajdzi¢ E, Callaerts-Vegh Z, D’Hooge R, Rudolf Thal D, Zetterberg H, Thuret S, Fiers M, Sala
Frigerio C, De Strooper B. 2020. Impaired adult hippocampal neurogenesis in Alzheimer’s disease is mediated
by microRNA-132 deficiency and can be restored by microRNA-132 replacement (preprint). Neuroscience.
doi:10.1101/2020.03.12.988709

Sanabria A, Alegret M, Rodriguez-Gomez O, Valero S, Sotolongo-Grau O, Monté-Rubio G, Abdelnour C, Espinosa
A, Ortega G, Perez-Cordon A, Gailhajanet A, Hernandez I, Rosende-Roca M, Vargas L, Mauleon A, Sanchez
D, Martin E, Rentz DM, Lomena F, Ruiz A, Tarraga L, Boada M. 2018. The Spanish version of Face-Name
Associative Memory Exam (S-FNAME) performance is related to amyloid burden in Subjective Cognitive
Decline. Scientific Reports 8:3828. doi:10.1038/s41598-018-21644-y

Scearce-Levie K, Sanchez PE, Lewcock JW. 2020. Leveraging preclinical models for the development of Alzheimer
disease therapeutics. Nature Reviews Drug Discovery 19:447-462. doi:10.1038/s41573-020-0065-9

Schultz AP, Chhatwal JP, Hedden T, Mormino EC, Hanseeuw BJ, Sepulcre J, Huijbers W, LaPoint M, Buckley RF,
Johnson KA, Sperling RA. 2017. Phases of hyper and hypo connectivity in the Default Mode and Salience

170



Study n 3

networks track with amyloid and Tau in clinically normal individuals. J Neurosci.
doi:10.1523/INEUROSCI.3263-16.2017

Selkoe DJ. 2012. Preventing Alzheimer’s Disease. Science 337:1488—1492. doi:10.1126/science.1228541

Sepulcre J, Sabuncu MR, Li Q, El Fakhri G, Sperling R, Johnson KA. 2017. Tau and amyloid 8 proteins
distinctively associate to functional network changes in the aging brain. Alzheimer’s & Dementia 13:1261—
1269. doi:10.1016/].jalz.2017.02.011

Shah D, Latif-Hernandez A, Strooper B, Saito T, Saido T, Verhoye M, D’Hooge R, Linden A. 2018. Spatial reversal
learning defect coincides with hypersynchronous telencephalic BOLD functional connectivity in APP NL-
F/NL-F knock-in mice. Scientific Reports 8:6264. doi:10.1038/s41598-018-24657-9

Shah D, Praet J, Latif Hernandez A, Hofling C, Anckaerts C, Bard F, Morawski M, Detrez JR, Prinsen E, Villa A,
De Vos WH, Maggi A, D’Hooge R, Balschun D, Rossner S, Verhoye M, Van der Linden A. 2016. Early
pathologic amyloid induces hypersynchrony of BOLD resting-state networks in transgenic mice and provides
an early therapeutic window before amyloid plaque deposition. Alzheimer’s & Dementia 12:964-976.
doi:10.1016/].jalz.2016.03.010

Sinha N, Berg CN, Tustison NJ, Shaw A, Hill D, Yassa MA, Gluck MA. 2018. APOE &4 Status in Healthy Older
African Americans is Associated with Deficits in Pattern Separation and Hippocampal Hyperactivation.
Neurobiol Aging 69:221-229. doi:10.1016/j.neurobiolaging.2018.05.023

Stafford JM, Jarrett BR, Miranda-Dominguez O, Mills BD, Cain N, Mihalas S, Lahvis GP, Lattal KM, Mitchell SH,
David SV, Fryer JD, Nigg JT, Fair DA. 2014. Large-scale topology and the default mode network in the
mouse connectome. PNAS 111:18745-18750. doi:10.1073/pnas.1404346111

Sugar J, Witter MP, van Strien N, Cappaert N. 2011. The Retrosplenial Cortex: Intrinsic Connectivity and
Connections with the (Para)Hippocampal Region in the Rat. An Interactive Connectome. Front Neuroinform
5. doi:10.3389/fninf.2011.00007

Tanimizu T, Kenney JW, Okano E, Kadoma K, Frankland PW, Kida S. 2017. Functional Connectivity of Multiple
Brain Regions Required for the Consolidation of Social Recognition Memory. J Neurosci 37:4103—4116.
doi:10.1523/JNEUROSCI.3451-16.2017

Tischmeyer W, Grimm R. 1999. Activation of immediate early genes and memory formation. Cell Mol Life Sci
55:564-574. doi:10.1007/s000180050315

Vann SD, Aggleton JP. 2005. Selective dysgranular retrosplenial cortex lesions in rats disrupt allocentric
performance of the radial-arm maze task. Behav Neurosci 119:1682—1686. doi:10.1037/0735-7044.119.6.1682

Vann SD, Aggleton JP, Maguire EA. 2009. What does the retrosplenial cortex do? Nature Reviews Neuroscience
10:792-802. doi:10.1038/nrn2733

Vetere G, Kenney JW, Tran LM, Xia F, Steadman PE, Parkinson J, Josselyn SA, Frankland PW. 2017.
Chemogenetic Interrogation of a Brain-wide Fear Memory Network in Mice. Neuron 94:363-374.¢4.
doi:10.1016/j.neuron.2017.03.037

Vogt BA, Paxinos G. 2014. Cytoarchitecture of mouse and rat cingulate cortex with human homologies. Brain
Struct Funct 219:185-192. doi:10.1007/500429-012-0493-3

Wang J, Zuo X, Dai Z, Xia M, Zhao Z, Zhao X, Jia J, Han Y, He Y. 2013a. Disrupted Functional Brain Connectome
in Individuals at Risk for Alzheimer’s Disease. Biological Psychiatry, Disturbances in the Connectome and
Risk for Alzheimer’s Disease 73:472-481. doi:10.1016/j.biopsych.2012.03.026

171



Study n 3

Wang JX, Rogers LM, Gross EZ, Ryals AJ, Dokucu ME, Brandstatt KL, Hermiller MS, Voss JL. 2014. Targeted
enhancement of cortical-hippocampal brain networks and associative memory. Science 345:1054-1057.
doi:10.1126/science. 1252900

Wang L, Brier MR, Snyder AZ, Thomas JB, Fagan AM, Xiong C, Benzinger TL, Holtzman DM, Morris JC, Ances
BM. 2013b. Cerebrospinal Fluid AB42, Phosphorylated Taul81 , and Resting-State Functional Connectivity.
JAMA Neurol. doi:10.1001/jamaneurol.2013.3253

Wang Q, Ng L, Harris JA, Feng D, Li Y, Royall JJ, Oh SW, Bernard A, Sunkin SM, Koch C, Zeng H. 2017.
Organization of the connections between claustrum and cortex in the mouse. J Comp Neurol 525:1317-1346.
doi:10.1002/cne.24047

Wang Y, Risacher SL, West JD, McDonald BC, Magee TR, Farlow MR, Gao S, O’Neill DP, Saykin AJ. 2013c.
Altered default mode network connectivity in older adults with cognitive complaints and amnestic mild
cognitive impairment. J Alzheimers Dis 35:751-760. doi:10.3233/JAD-130080

Warren KN, Hermiller MS, Nilakantan AS, Voss JL. 2019. Stimulating the hippocampal posterior-medial network
enhances task-dependent connectivity and memory. eLife 8:¢49458. doi:10.7554/eLife.49458

Weiler M, Stieger KC, Long JM, Rapp PR. 2020. Transcranial Magnetic Stimulation in Alzheimer’s Disease: Are
We Ready? eNeuro 7. doi:10.1523/ENEURO.0235-19.2019

Wheeler AL, Teixeira CM, Wang AH, Xiong X, Kovacevic N, Lerch JP, McIntosh AR, Parkinson J, Frankland PW.
2013. Identification of a Functional Connectome for Long-Term Fear Memory in Mice. PLOS Computational
Biology 9:¢1002853. doi:10.1371/journal.pcbi.1002853

Wilson DIG, Langston RF, Schlesiger MI, Wagner M, Watanabe S, Ainge JA. 2013a. Lateral entorhinal cortex is
critical for novel object-context recognition. Hippocampus 23:352-366. doi:10.1002/hipo.22095

Wilson DIG, Watanabe S, Milner H, Ainge JA. 2013b. Lateral entorhinal cortex is necessary for associative but not
nonassociative recognition memory. Hippocampus 23:1280-1290. doi:10.1002/hipo.22165

Wright DB, London K, Field AP. 2011. Using Bootstrap Estimation and the Plug-in Principle for Clinical
Psychology Data. Journal of Experimental Psychopathology 2:252—270. doi:10.5127/jep.013611

Xu W, Fitzgerald S, Nixon RA, Levy E, Wilson DA. 2015. Early hyper-activity in lateral entorhinal cortex is
associated with elevated levels of ABPP metabolites in the Tg2576 mouse model of Alzheimer’s disease. Exp
Neurol 264:82-91. doi:10.1016/j.expneurol.2014.12.008

Yassa MA, Stark SM, Bakker A, Albert MS, Gallagher M, Stark CEL. 2010. High-resolution structural and
functional MRI of hippocampal CA3 and dentate gyrus in patients with amnestic Mild Cognitive Impairment.
Neurolmage 51:1242—1252. doi:10.1016/j.neuroimage.2010.03.040

Yeung L-K, Olsen RK, Hong B, Mihajlovic V, D’ Angelo MC, Kacollja A, Ryan JD, Barense MD. 2018. Object-in-
Place Memory Predicted by Anterolateral Entorhinal Cortex and Parahippocampal Cortex Volume in Older
Adults. bioRxiv 409607. doi:10.1101/409607

Zhu H, Yan H, Tang N, Li X, Pang P, Li H, Chen W, Guo Y, Shu S, Cai Y, Pei L, Liu D, Luo M-H, Man H, Tian Q,
Mu Y, Zhu L-Q, Lu Y. 2017. Impairments of spatial memory in an Alzheimer’s disease model via
degeneration of hippocampal cholinergic synapses. Nature Communications 8:1676. doi:10.1038/s41467-017-
01943-0

Zott B, Simon MM, Hong W, Unger F, Chen-Engerer H-J, Frosch MP, Sakmann B, Walsh DM, Konnerth A. 2019.
A vicious cycle of f amyloid—dependent neuronal hyperactivation. Science 365:559-565.
doi:10.1126/science.aay0198

172



Study n 4

Study n°4

Electrophysiological evaluation of the CLA->PFC connection in the

NL-F.

App™'xMAPT double knock in mouse model of Alzheimer’s disease

Christopher Borcuk',
Saito T2, Hashimoto S?, Saido T?,

Romain Goutagny', Chantal Mathis'

1 - Laboratoire de Neurosciences Cognitives et Adaptatives (LNCA), Université de Strasbourg, Faculté de

Psychologie, 12 rue Goethe, F-67000 Strasbourg, France.

2 - Laboratory for Proteolytic Neuroscience, RIKEN Center for Brain Science, 2-1 Hirosawa, Wako-city,

Saitama 351-0198, Japan

Complementary study

173



Study n 4

1. Scientific context and objectives

Across both OP c-Fos studies, Study n°2 with the 5-minute ITI and Study n°3 and 3-hour ITI, we
detected hyper-activity in the CLA. Another consistent result across the two OP c-Fos studies is
the functional perturbation of the mPFC (hyperconnective in OP5’, hypoconnective in the OP3h
retention phase). The consistent functional perturbation of this region pair led us to consider
evaluating the CLA->mPFC connection more closely. The team of Jackson et al, 2017 targeted
the CLA-mPFC circuit directly through a double viral injection technique. A retrograde CRE
virus was injected into the PFC and a CRE-dependent excitatory channel rhodopsin was injected
into the CLA (Figure 44A4). As a result, only CLA->mPFC projections would be activated by
optical stimulation of the CLA. They found that optical stimulation of the CLA->mPFC induced
feed forward inhibition of the PFC through direct action of glutamatergic claustral projections on

PFC inhibitory interneurons (Figure 44B).
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Figure 44. (4) A retrograde CRE virus was injected in the PFC and a CRE-dependent channel rhodopsin 2 linked
to a fluorescent EYFP (green) was injected in the CLA. Here we see the expression of EYFP linked channel
rhodopsin 2 in cell bodies of the CLA (blue is DAPI marking of cell bodies and in axons of the PFC. (B) Optical
stimulation of the CLA is immediately followed by a rapid activation of PFC interneurons for several micro-
seconds, followed then by silence. Pyramidal cells are also inhibited (not shown). Adapted from Jackson et al, 2017.

Later, this same inhibitory circuit was shown to regulate impulsive behaviors in mice (Liu et al.,
2020). An interruption of this circuit may thus also explain the moderate “disinhibition”

phenotype hinted to by low level of anxiety behaviors seen in the light-dark test in Study n°l,
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NEGE (Pervolaraki et

and in the elevated plus maze in other studies evaluating the single KI App
al., 2019; Latif-Hernandez et al., 2017; Sakakibara et al., 2018). Moreover, Pervolaraki and
colleagues found an accompanying reduced power of the mPFC gamma oscillations, another
indication of interneuron dysfunction. Indeed interneuron dysfunction is a common feature of
AD, but has been evaluated most commonly in relation to disrupted homeostatic regulation,
leading to functional perturbations such as reduced gamma power and hyper-activity (Palop and
Mucke., 2016). Few studies have assessed how interneuron dysfunction could directly contribute
to the perturbation of inter-regional circuits. We were thus interested in evaluating this CLA-PFC

circuit to better understand the role interneuron dysfunction plays in perturbing interregional

communication in early AD.

To this end, we decided to interrogate the CLA-mPFC circuit using the same experimental
approach as Jackson et al, 2019. Our hypothesis was that interregional communication between
the CLA and mPFC would be affected, perhaps by a reduced response of the mPFC to CLA
stimulation or even an opposing excitatory response, which would directly implicate interneuron

dysfunction.
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A. Electrophysiological interrogation of CLA->PFC projections

A group of WT (male n = 4, female n = 4) and dKI (male n = 4, female n = 4) mice were injected
with a virus expressing CRE (AAVretro-syn-Cre) in the mPFC and a virus expressing a CRE-
dependent channel rhodopsin linked to the fluorescent protein EYFP (pAAVS5-Efla-DIO-
ChETA-EYFP) in the CLA (Figure 45A4). After 4 weeks they were recorded as in Jackson et al,
2019, but with a different CRE-dependent channel rhodopsin virus and a different 4 shank
silicon probe (based on availability in the lab), and on anesthesized rather than head restrained
mice. Unfortunately, our viral expression of ChRETA-EYFP was much weaker, fewer cell bodies
were marked in the CLA, and areas with marked axons in the mmPFC were difficult to find
(Figure 45B). The inhibitory response of the PFC was also weak, with many neurons remaining
unaffected by CLA stimulation (Figure 45C). Regardless, a few inhibited neurons could be
found in both the WT and the dKI.
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Figure 45. (A) A similar protocol was used to Jackson et al, except a different CRE-dependent ChETA virus and a
larger 4 shank silicon probe (each shank has 55um width, from shank tip to shank tip 375 um) were used. (B) In
evaluating ChETA-EYFP marking (green), fewer cell bodies were marked in the CLA (blue is DAPI marking of cell
bodies), and axonal marking in the PFC was less dense as compared to Jackson et al. 2017. Images ChETA-EYFP
and DAPI staining were acquired using the Zeiss Apotome fluorescence microscope. (B) Optical stimulation of the
CLA in anesthetized mice led to a much weaker inhibitory response in the PFC as compared to Jackson et al, 2017.
Neurons are sorted by most inhibited to least inhibited from top to bottom. Nonetheless, some inhibited neurons
were detected in both genotypes.
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2. Discussion

Many experimental drawbacks contributed to the reduced efficacy of this experiment. First, the
viral expression was low compared Jackson et al. I may have poorly injected the viruses, or one
of the viruses may have degraded. Second, the 4 shank silicon probe was 375 um wide from
shank to shank, making it so that a much more dura needed to be removed in order to access the
brain. This often led to some cortex being destroyed in the process. Jackson et al showed that the
mPFC is most impacted by CLA projections at the dorsal end. My unintended removal of dorsal
cortex made it so I had to descend deeper to detect intact neurons, leading to a higher chance of
recording those that were CLA independent. This is admittedly a problem that would be fixed
with experience, but having a single, thinner shank probe would have enabled me to have it
inserted using a much smaller hole, reducing risk of damaging dorsal tissue. Finally, recordings
were done on anesthetized mice on .9% isofluorane, where brain activity was much reduced as
compared to head restrained mice (in Jackson’s work). It was thus difficult to find active
neurons, and those that were active had low firing rates and evaluating an inhibitory response
was difficult. Regardless, I did find a few inhibited neurons in both the WT and the dKI. As they
were found in both genotypes, no direct genotypic difference could be inferred with the data as it
stands. However, perhaps with a more in depth sorting of neurons, based on waveform shape or
cortical depth, we could reveal some genotypic differences. Unfortunately, the first and second
wave of the COVID-19 interrupted twice these experiments, so I could not explore further this
very interesting issue. With the little time left I preferred to concentrate on the c-Fos study to
refine the analyses and write the corresponding manuscript (Study n°3) and the present thesis

report.
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1. Discussion

A. Why object-place association?

In Study n°1 we found deficits in the OP task at the earliest age of 4 months. These are followed
by deficits in the mnemonic discrimination FDOR task at 6 months of age, though these results
displayed high variability. These deficits appear without accompanying deficits in easier object
recognition and object location tasks. These specific perturbations in associative and mnemonic
discrimination memories are consistent with early deficits found in evaluations of preclinical
AD, in asymptomatic individuals with FAD and APOE4, and in relation to increased amyloid or
tau through PET or CSF (Parra et al., 2010; Wesnes et al., 2014). Interestingly, we found that the
OP task was affected earlier than the FDOR task. The FDOR is shown to depend on pattern
separation computation in the DG and CA3 of the DH (Bakker et al., 2008; Leutgeb et al., 2007),
regions that were not found to be especially perturbed, functionally or pathologically, in 4 month
old dKI mice. The LEC on the other hand was hyperactive in dKI mice and is part of the MTC
that displays a specific increase in ptau (no increases are seen in the DH). Communication of the
LEC with the DH is shown to be required for object pattern separation (Reagh and Yassa; 2014;
Leal and Yassa, 2018), whereas communication with the mPFC is required for completion of the
OP task in rats (Wilson et al., 2013a; Chao et al., 2016). In normal rodents, lateral perforant path
projections from the EC to the dentate gyrus show both structural and functional alterations as
early as 8 month of age (Amani et al, 2021), which may contribute to age related pattern
separation deficits (Cés et al., 2018). A similarly disconnected DH-MTC in aged mice is detailed
in the aging c-Fos experiment of Study n°2. However, the specific OP deficit in the dKI suggests
that initial memory loss in AD could be more likely tied to disrupted connectivity between the
LEC and the mPFC rather than the DH. This highlights a potential discrepancy between age

related and AD related memory decline.

The RSC is another region shown to be essential for performing the OP tasks in rats (Vann and
Aggleton, 2002), and amyloid burden in the PMC/RSC and mPFC predicts face-name
associative memory loss in humans (Sanabria et al., 2018; Rentz et al, 2011). Moreover,
contextual/scene processing, which is taxed in OP but not in FDOR, requires rich
communication between the PMC/RSC and the MTL (Ritchey and Cooper; 2020) and is
perturbed by initial amyloid burden in the PMC/RSC (Maass et al., 2019). The hypothesis that
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OP dysfunction is linked to disconnection between the mPFC-LEC and between the RSC-MTL,
is supported by the functional disconnection of the mPFC/RSC from the MTL during the
retention phase of OP3h in dKI mice. In respect to neuropathological staging, increased
amyloidosis (increased Afs,, oligomeric AP, B-CTF) should be first seen in the mPFC and
PMC/RSC, but initial OP deficits probably occur only when significant tau pathology (increased
ptau) occurs in the MTC and ruptures the link between amyloid and tau affected regions. This
required combination of amyloid and tau effects is supported by the finding that single KI mice

display no deficits in the OP5’ task at 6 months, as detailed in Study n°I.

B. The mystery of the claustrum

We found accompanying hyper-activity in the MTL (PRC in OP5’, EC in OP3h), in concordance
with the task, again mirroring results seen in preclinical AD (Berron et al., 2019, Quiroz et al.,
2010, Reiman et al., 2012). There was also a consistent hyperactivation of the claustrum across
both OP c-Fos studies, a functional perturbation that has not yet been documented in humans.
This lesser known region has not been a large focus in the evaluation of AD. However, given its
ubiquitous connections to regions exhibiting early AD pathology, including both amyloid
susceptible regions (mPFC, PMC), and tau susceptible ones (PRC, EC) (Wang et al., 2017), it
may be particularly prone to the combined progression of these proteinopathies (Morys et al.,
1996; Qin et al, 2013). Given our results, the CLA should merit additional attention in clinical
evaluations of preclinical AD. One “attractive” hypothesis could be that the hyperactive CLA,
influenced by tau progression from the MTL, drives DMN hyper-connectivity through its strong
connectivity to the PMC and the mPFC. Following this hypothesis, fMRI in preclinical patients
should reveal at the same time a hyperactive CLA like the MTL, and a hyperconnective CLA
with the midline DMN. However, until recently, targeting the CLA through fMRI has not been
trivial, given its small size (Figure 46A4). This problem was highlighted in a recent study by
Krimmel et al, 2019. They evaluated resting state functional connectivity of the CLA in
cognitively normal individuals using both a high resolution 7 Tesla (7T) MRI scanner and a
more traditional lower resolution 3 Tesla (3T) scanner. With the 7T scanner, the high functional

coherence of the CLA with the midline DMN is clear, but not with the lower resolution 3T
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(Figure 46B). Using higher resolution fMRI, future studies may more precisely target the CLA

and assess its contribution to functional perturbations of early stages of AD.

7T/3T Overlap Left 7T/3T Overlap Right

Figure 46. (A) In humans, the CLA (red) is a thin sheet of gray matter whose fMRI signal is normally confounded by
neighboring structures, including the insula (blue) and putamen (green). These regions were hand-drawn for each
subject on their anatomical image. (B) Significant resting state connectivity of the left and right CLA at 7T and 3T
showing widespread connectivity to cortical and subcortical regions. Notice that the blue (high resolution 7T)
heavily overlaps with the midline DMN but not the red (low resolution 3T). Adapted from Krimmel et al, 2019.

C. Network dysfunction during associative memory retrieval

During the retention phase of the OP3h task we found significantly reduced network efficiency
in the dKI, especially in regions of the cingulate cortex. This reduced network efficiency could
predict the reduced memory performance, similar to evaluations of network efficiency and
reduced cognition in aMCI (Wang et al., 2013c). A strong reduction in hub strength was seen in
the RSC, which could contribute to the reduction in network efficiency by also disrupting mPFC-
MTL communication. This especially strong perturbation of the RSC is consistent with
evaluations of resting state networks in preclinical AD, where communication between the PMC
and MTL or mPFC is consistently reported (Hedden et al., 2009; Sheline et al., 2010; Wang et
al., 2013a). Very early light increases in amyloid burden in SCD and the cognitively normal also
induce PMC specific decreases in resting state DMN connectivity (Jones et al., 2016), and
reductions in PMC hub strength to the DMN (Drzezga et al., 2011). Our results thus highlight a
similar mechanism of reduced PMC functional connectivity and hub strength in dKI mice, except

in relation to an associative memory retrieval network, resulting in associative memory loss.
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D. Neuropathological staging

No aggregate formation was detected in 4 month old dKI mice (Figure 47). Initial associative
memory deficits therefore likely follow staging of soluble proteins. In a preliminary study, mice
were dissected before my OP c-Fos results were finalized, and thus only the DH and MTC were
taken. We found an increase in -CTF/a-CTF ratio in both the DH and MTC, but an increase in
ptau only in the MTC. Although anatomical staging of soluble protein forms cannot be evaluated
in humans, staging of aggregate formation using postmortem brains and tau-PET have robustly
identified the MTC at the initial area of tau accumulation (Braak and Braak, 1995; Schwarz et
al., 2016; Scholl et al., 2016), consistent with our results. For future evaluations of soluble
protein staging, samples of the mPFC and RSC should also be taken. One caveat is the small size
of these regions, which may not be sufficient for evaluations through ELISA or western blot. To
remedy this, both regions can be pooled and the anterior/posterior cingulate cortex midline DMN
can be evaluated as a whole. We would thus be able to determine if there if a larger increase in
AB4, or other amyloidogenic metabolites is seen only in these cingulate areas, as would be
expected based on amyloid-PET staging (Palmqvist et al., 2017), and amyloid staging in relation

to face-name associative memory loss (Sanabria et al., 2018; Rentz et al., 2011).

WT dKI Tg2576 ThyTau22
CA1. . .
RSC. .

8 tau (B19) B AB (4G8) I Cell bodies (DAPI)

Figure 47. Immunofluorescent staining of tau (B19 antibody) and AP (4G8 antibody) staining in 4 month old WT,
dKlI, and transgenic Tg2576 (13 months) and ThyTau22 (10 months) mouse models. Extracellular amyloid plaques
can be seen in the RSC of the Tg2576 (green blurs are likely non-specific marking to capillaries). Intracellular
NFTs are seen in the CAl of the ThyTau22. Images were acquired using the Zeiss Apotome fluorescent microscope.
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E. Comparison to females

One limit of my study is that I only used male mice. With a three-year duration of a thesis this
seemed to be more adapted to be sure to detect, more readily and at least in males, some
precocious behavioral and physiological perturbations in the dKI model. As evoked in the
introduction section, women seem to have a particular vulnerability to AD pathology in the early
stage of the disease (Mosconi et al., 2017; Ferretti et al, 2018). To assess gender discrepancies in
dKI mice, my colleague, Cristiana Pistono, behaviorally phenotyped female dKI mice at 2, 4,
and 6 months of age. Female dKI mice presented associative memory deficits in the OP5’ task at
4 months of age, identical to male dKI phenotype. However, as soon as 2 months of age the
female dKI mice were also impaired in long-term recognition memory in the OR24 task, a deficit
which remained at 4 and 6 months. This is a stark contrast to male dKI mice that present no
deficits at these ages in the OR24 task. This potentially indicates a more severe disruption to
mPFC-hippocampal in addition to mPFC-MTC function in female dKI mice. Indeed, mPFC-
hippocampal interactions are known to be essential for long-term memory consolidation and
retrieval (Simons and Spiers, 2003). Alternatively, the rostral part of the RSC shown to be
essential for long-term object recognition (de Landeta et al., 2020) could be more affected in the
female dKI, whereas the male dKI show stronger functional disruption at its caudal end (cRSC)
which may be more important for contextual scene processing. In Study n°1, I had described and
validated an OiC24 task in WT mice for evaluating another long term form of associative
memory. Since then, this task was used to evaluate 4 month old male and female dKI mice. The
0iC24 task also detected gender discrepancies, where female mice performed poorly but not
male mice. This suggests that males could remember associations of other contextual features to
the object (such as environmental smell, touch) that they would not be able to access in the OP
task with only a spatial location association to the object in an oriented environment (based on
distal visual and auditory cues). Females on the other hand may not have the ability to use these
other cues to aid in object-context associative remembering. This is another hint of mPFC
involvement. The mPFC is shown to be necessary for OiC remembering (Spanswick and Dyck,
2012), is involved in olfactory and tactile processing (Takahashi, 2014; Peters et al., 2013,
Higaki et al., 2016; Kida and Shinohara, 2013), and moreover would be heavily tasked by the 24-
hour long term ITI (Simons and Spiers, 2003).
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F. Contrast with resting state fMRI

Studies that evaluate resting state fMRI in pre-plaque stages of mouse models of AD
predominantly find cortical and hippocampal-cortical hyper-connectivity (Shah et al., 2016; Shah
et al., 2018), while hypo-connectivity appears at later stages (Asaad and Lee, 2018). This has

M mice, which display increased functional

been reported in 3 month old single KI App
connectivity strength between the hippocampus and the PFC and between the hippocampus and
the RSC (Shah et al., 2018). Young 5 month old Thy-Tau22 mice displaying NFTs and gliosis
also show resting state hyper-connectivity of the hippocampus with the somatosensory cortex
(Degiorgis et al., 2019). Interestingly, these Thy-Tau22 mice are still able to perform the OP task
efficiently at this age. The consistent hyperconnective profile of young AD mice lies in contrast
to our results in dKI mice, where the mPFC and RSC are hypoconnective in the PFC-RSC-MTL
network. These contrasting results may reflect a general reduced control of resting state DMN
and related associative memory networks, where varying effects may arise based on testing
condition, from resting state hyper-connectivity to associative memory dependent hypo-
connectivity. It may also reflect methodological differences between evaluating across-time
functional connectivity in fMRI vs across-subjects functional connectivity with c-Fos.
Regardless, increased task dependent functional connectivity of the PMC-MTL is shown to
correlate with improved object-place association in fMRI recordings of humans (Warren et al.,
2019), making our c-Fos derived hypoconnective network easier to reconcile with associative
memory loss in early AD. Moreover, the mouse models used to evaluate early resting state

NF at 3

functional connectivity presented either amyloid pathology (Tg2576, PDAPP, App
months; Shah et al., 2016; Shah et al., 2018) or tau pathology (Thy-Tau22 at 5 months; Degiorgis
et al., 2020) but not both concurrently. It has been shown in clinically normal individuals that
increased amyloid-PET alone associates with hyper-connectivity of the DMN while the
following onset of tau-PET associates with hypo-connectivity (Schultz et al., 2017). The dKI
mice may thus have a hypoconnective resting state DMN due to its combined amyloid and tau
pathologies. Whether the contrast between studies using resting state fMRI and my task
dependent c-Fos analyses reflect differences between “resting state vs associative memory” or

“isolated vs combined amyloid and tau pathologies” can be more thoroughly understood once

resting state fMRI will be directly measured in young dKI mice.

184



Perspectives

2. Perspectives

A. Resting state fMRI on dKI

I had previously described the contrast of my task dependent c-Fos analysis finding a general
hippocampal-cortical hypo-connectivity and studies of resting state fMRI finding hippocampal —
cortical hyper-connectivity. This discrepancy may be better understood through evaluating 4

month old dKI mice with resting state fMRI.

As it stands, evaluating the dKIs with resting state fMRI is the theme of a project that our team is
undergoing in collaboration with Dr. Laura Harsan (IMIS, ICube, Strasbourg) with PhD student
Ines Ben Aballah. They will evaluate resting state fMRI in 4 month old male and female dKI
mice. These mice will undergo the OP task to see if resting state fMRI signatures can be
correlated to task performance. Moreover, the mice will also undergo the OR24 task to see if
genotype/sex-dependent differences in resting state fMRI (one hypothesis may be that females
have a more severe disruption of DH-mPFC connectivity) can explain the diverging performance
in OR24 and OiC24 in females compared to males. Studies have shown that amyloid-PET load
or decreased APs, has minimal effect on structural integrity without accompanying
neurodegeneration (Kantarci et al., 2014; Pereira et al., 2018). However, increases in CSF tau
appear to have a strong consistent effect on disrupting structural integrity (Alm and Bakker,
2019). This makes sense given the importance of tau in maintaining and preserving cytoskeletal
structure as a microtubule binding protein. Since the increase in ptau was specifically seen in the
MTC of 4 month old dKI mice, we should expect to see decreases in structural integrity around
this region. One might expect reduced integrity of local fiber bundles such as the ventral

cingulum bundle, which would explain a decreased connectivity of the RSC with the MTC.
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B. Task-dependent EEG on dKI

A current experiment that the team is undergoing is the analysis of task dependent functional
connectivity in mice performing the OP5” and OR24 tasks while being recorded with a state-of-
the-art approach of high densisty EEG similar to that used in humans. This project is headed by
Dr. Romain Goutagny and PhD candidate Matthieu Aguilera, in collaboration with Dr. Demian
Battaglia. We could expect to see a similarly hypoconnected mPFC and RSC during the retention
phase, in line with our c-Fos results. It would also be interesting to compare task dependent
results to resting state activity and sleep, to see if stronger perturbations are elicited by the task
demand as is seen in some human studies (Wang et al.,, 2013d), or if memory loss can be
attributed to perturbed consolidation processes during sleep (Boyce et al., 2016). Moreover,
using the especially high temporal resolution of EEG (even higher than fMRI), the team plans on
looking at the dynamics of so called temporal networks. Here, different networks can be
identified at different time intervals, where a new functional network is computed within each
time window. One could look at the organization and composition of these networks and how
they associate with different task behaviors or to different test-phases. They may also be
interested in how quickly mice switch between network states. For example, our collaborator
Demian Battaglia et al, 2020, showed that slower switching states predicts worse cognitive
performance on the Montreal Cognitive Assessment test, an exam commonly used for detecting
aMCI (Battaglia et al., 2019; Lombardo et al., 2020). A similar profile of slowed switching could
be expected in the dKI mice who perform poorly on the OP task, perhaps between networks
focused around mPFC or RSC as seen in our c-Fos analysis. Again it is difficult to say how these
across-time EEG results could translate to those of the across-subjects c-Fos. However, if a
specific perturbation is found around similar regions (such as the mPFC or RSC), then it would
speak to the predictive power of c-Fos imaging as an efficient and cheap first step to have a

general idea of where functional abnormalities may lie.
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3. Final conclusion

We have shown that initial memory decline affects associative memory then pattern separation
memory in dKI mice, starting at 4 months of age. These are accompanied by functional
alterations, including hyper-activity in the MTC, and reduced network efficiency and hypo-
connectivity of the mPFC and RSC during the object-place associative memory retrieval. We
also detected a consistent hyperactivation of the CLA, a region that merits additional focus in
future investigations of preclinical AD. Finally, these cognitive and functional alterations were
accompanied by a specific increase of ptau in the MTC, without any aggregate formation. Up to
now, our investigations on the behavioral, functional, and neuropathological changes of the dKI
model fit well with the preclinical stage of AD. The fact that the initial step of its AD-like
pathology develops at an early age, before age-related structural and functional alterations,

makes it an extremely valuable model of FAD.
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1. Démence et la maladie d'Alzheimer

A. Le 18e pays le plus riche du monde

La démence est un syndrome causé par une grande variét¢ de maladies du cerveau et qui
estcaractérisé par un déclin de la mémoire, du langage et/ou d'autres capacités cognitives qui
affectent la capacité d'une personne a effectuer des taches quotidiennes. Elle toucherait plus de
45 millions de personnes dans le monde (Nichols et al., 2019) et devrait tripler d'ici 2050 avec
l'augmentation de l'espérance de vie (An Aging World : 2015, NIH, 2016), notamment dans les
pays en en voie de développement (World Alzheimer Report 2010). En 2015, le colit mondial de
la démence était estimé a 818 milliards de dollars, dépassant le produit intérieur brut de pays tels
que I'Indonésie et les Pays-Bas et faisant de la démence le "18°™ pays le plus riche" du monde
(World Alzheimer Report 2015). Compte tenu de son impact mondial écrasant et en constante
augmentation, il est vital de jouer un role actif dans la lutte contre la démence et de promouvoir
la recherche de thérapies contre les maladies qui en sont la cause. Sans avancées significatives, la

démence constituera un défi croissant pour les systémes de santé du monde entier.

B. La maladie d'Alzheimer

La cause prédominante de démence est la maladie d'Alzheimer (MA), qui représente environ 70
% des cas de démence dans le monde (Nichols et al.,, 2019). La maladie porte le nom d’un
psychiatre allemand, Alois Alzheimer. En 1907, Alzheimer a publié¢ une étude de cas détaillant
les symptomes d’une patiente de 55 ans décrite comme étant "complétementdésorientée dans le
temps et l'espace"”, et qui "avait complétement perdu la capacité de retenir des informations”
(Alzheimer, 1895; Strassig et Ganguli, 2005). En utilisant une technique d'histologie a coloration
argentique, la biopsie cérébrale de cette patiente a présenté des "neurofibrilles" colorées de fagon

inhabituelle et intense au sein des cellules corticales. Ces 1ésions sont maintenant appelées

dégénérescences neurofibrillaires " (DNF), la marque de la pathologie tau. Alzheimer a
¢galement découvert des I€sions protéiques ressemblant a des grains dispersés dans le cortex,
bien que celles-ci aient déja été décrites des années auparavant par le contemplatif tcheque Oskar
Fischer. Ces lésions sont maintenant appelées "plaques amyloides", la marque de la pathologie

amyloide. Au cours des deux années suivantes, il décrira d'autres cas présentant une pathologie
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neuronale et des troubles cognitifs similaires. En 1910, ces cas seront détaillés dans un manuel
de psychiatrie par un collégue d'Alzheimer, et seront désignés sous le nom de "maladie

d'Alzheimer" (MA).

2. Symptomatologie de la MA

Les premiers symptomes de la maladie d'Alzheimer se traduisent principalement par de brefs
trous de mémoire de reconnaissance ou la personne atteinte peut parfois oublier des événements
récents, ce qui reléve de la mémoire épisodique. La mémoire épisodique est nécessaire pour se
souvenir d'événements pertinents sur le plan personnel, avec des détails complexes et pleinement
contextualisés (processus de remémoration). Cette forme de mémoire est souvent évaluée dans
des paradigmes de reconnaissance utilisant la procédure "se souvenir/savoir" (Tulving, 1985).
Les instructions sont adaptées pour différencier le processus épisodique de remémoration (se
souvenir) du processus non épisodique de familiarité¢ (savoir; voir Yonelinas, 2002; Rugg et
Yonelinas, 2003; Vilberg et Rugg, 2008 pour une discussion sur le double processus de la
mémoire de reconnaissance). Les patients présenteront également des défaillances de la mémoire
spatiale ou ils auront d'abord du mal a se souvenir de I'endroit ou ils ont placé des objets et des
difficultés d'orientation spatiale, notamment lors de l'apprentissage d'un nouvel itinéraire. A un
stade avancé, les patients atteints de la MA perdront progressivement leur capacité a se diriger
vers des licux familiers et a en revenir. En outre, la fonction exécutive est affectée, car la
personne atteinte aura plus de mal a prendre des décisions (déficits de prise de décision), a
changer ses habitudes (perte de flexibilité cognitive) ou montrera des difficultés a retenir des
informations simples nécessaires a des taches routiniéres a plusieurs étapes, comme suivre une
nouvelle recette. Cette derniére tache dépend généralement de la mémoire de travail. Le stade
prodromique de la MA se caractérise par des troubles cognitifs légers qui n'affectent pas
gravement les fonctions quotidiennes, et correspond a un état cognitif appelé trouble cognitif
léger (Mild Cognitive Impairment : MCI ; Petersen et al., 2001). Au fur et a mesure que la
maladie se développe, les problémes de mémoire et de fonctions exécutives s'aggravent.
Finalement, les symptomes évoluent au point de nécessiter une aide quotidienne, signalant ainsi
la transition du MCI a la démence. La personne aura du mal a reconnaitre sa famille et ses amis.

Leur personnalité peut également changer avec une anxiété et une agitation croissantes. De plus
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en plus désorientées, elles commenceront a errer, surtout pendant la période de sommeil, et
oublieront la date du jour et le lieu ou elles se trouvent. Leur anxiété peut se manifester
davantage, certains patients développant une grave dépression. Nombre d'entre eux souffriront de
délires et de paranoia. De nouveaux symptomes commenceront a se développer, tels que la
perturbation de l'architecture du sommeil et l'aphasie (perte du langage parlé). Les troubles du
sommeil sont fréquents dans la MA, touchant jusqu'a 45 % des patients atteints de cette maladie
(Moran et al., 2005 ; McCurry et al., 2000). Les troubles du sommeil sont particulierement
importants au regard de la symptomatologie de la MA car ils jouent un réle crucial dans la
formation de la mémoire et dans d'autres fonctions cognitives (Mander et al., 2016). Au stade
final de la maladie, le patient peut développer des symptomes physiques, notamment une perte

de poids importante et des difficultés a se déplacer ou a manger.

Le diagnostic de la MA repose d'abord sur un examen clinique par un médecin. Celui-ci consiste
en un entretien avec le patient et ses proches. Les troubles cognitifs sont ensuite évalués de
maniere quantitative grace a l'aide des tests cognitifs. Le plus courant d'entre eux est le Mini
Mental State Examination (MMSE) de Folstein (Folstein et Whitehouse, 1983). Ce test fournit
une exploration cognitive globale du patient a 1'aide de trente questions. Il renseigne sur
l'orientation spatio-temporelle, la mémoire a court et moyen terme, le calcul mental, l'attention,
le langage, la compréhension et la praxie constructive du patient. Des examens biologiques
complémentaires évaluant 1'état neuropathologique sont toujours nécessaires pour confirmer le
diagnostic. Dans le passé, le diagnostic définitif de la MA ne pouvait étre posé qu'aprés un
examen post-mortem du cerveau confirmant la présence des deux Iésions caractéristiques de la

MA, a savoir les plaques amyloides et les DNF.

A. Les agrégats caractéristiques

Les plaques amyloides, 1ésions protéiques en forme de grains décrites par Alzheimer et Fischer,
sont formées par 1'accumulation extracellulaire d'un peptide amyloide (AB). L'AB résulte de la
transformation de la protéine précurseur de I'amyloide (APP). L'accumulation dans le cerveau
peut résulter d’une perturbation de 1’équilibre entre les voies de production et de clairance de
I’AB dans le cas de la MA sporadique, ou d'une surproduction d'Af due a des mutations

génétiques dans la forme familiale de la MA (Familial Alzheimer’s Disease : FAD) (Selkoe et
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Hardy, 2016). Les peptides AP se replient en structures de feuillets béta hautement fibrillogenes,
et s'agregent pour former des oligoméres, puis des filaments et enfin des plaques amyloides
(Rozemuller et al., 1989). 11 existe deux principaux sous-types d'Af, I’AB40 et ’Ap42. L'Ap42
s'agrége plus facilement et est la plus abondante dans les plaques amyloides. L'évaluation de la
diminution des taux d'AP42 dans le liquide céphalo-rachidien (LCR) est un moyen fiable de
prédire l'augmentation des dépoOts amyloides dans le cerveau et elle est systématiquement
effectuée pour confirmer le diagnostic de la MA. Il faut noter que dans des conditions saines, la
voie amyloidogénique de 1'APP qui implique les et y sécretases est secondaire par rapport a la
voie non amyloidogénique qui implique une a-sécrétase agissant au sein de la séquence AP,
libérant ainsi la forme sécrétée hautement neurotrophique et neuroprotectrice de ' APP (Dodart et

al., 2000).

Il existe deux formes principales de plaques : les plaques diffuses et les plaques & noyau dense
(figure I). Les plaques diffuses, le sous-type le plus précoce, ont une structure amorphe
(Yamaguchi et al., 1988) et sont faiblement colorées par la thioflavine S (un composé utilisé
pour colorer les agrégats de protéines) et les colorants de liaison amyloide tels que le rouge
Congo. Les plaques a noyau dense ont un noyau compact constitué¢ de fibrilles amyloides
densément tassées (Kidd, 1964), et sont intensément positifs a la thioflavine S et au rouge Congo
(Dickson et al., 1997). Un sous-ensemble de plaques a noyau dense, appelé plaques neuritiques,
contient des processus neuronaux dégénératifs (neurites) entourés de glie réactive et de perte

synaptique (Thal et al., 2006 ; Yasuhara et al, 1997).

Les DNF, les neurofibrilles décrites par Alzheimer, sont des agrégats filamenteux de protéine tau
(Goedert et al., 1988). La protéine tau a normalement pour fonction de stabiliser et d'organiser
les microtubules axonaux (Weingarten et al, 1975). Une phosphorylation anormale de tau
entraine une perte de fonction et son agrégation ultérieure, d'abord en oligoméres (Maeda et al.,
2006), puis en filaments (Goedert et al., 2018), et enfin en DNF. Les filaments de tau les plus
courants ont une structure hélicoidale double torsadée et sont donc appelés filaments hélicoidaux

appariés (PHF), bien que des filaments hélicoidaux droits (SH) existent également.
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Amyloid plaques

Diffuse Dense-core

Figure 3. Les deux caractéristiques de la MA. DNF : deégénérescence neurofibrillaire. PHF : fragment hélicoidal
appariée. Adapté de Deture et Dickson 2019

B. Du traitement a la prévention

La méthode la plus courante pour diagnostiquer la MA comporte en un examen qualitatif de I'état
mental du patient tel qu'il a été évoqué précédemment. Aujourd'hui, les examens biologiques se
font grace a tests de LCR et éventuellement des examens de neuro-imagerie pour vérifier la
présence des pathologies amyloide et tau. En I'état actuel des choses, cette filiére de diagnostic
est capable de détecter de facon efficace les stades légers a modérés de la MA. Les essais
cliniques ont surtout été menés a ces stades de la MA, notamment ceux qui ont testé les anticorps
ciblant I’AB (solanezumab, bapineuzumab) et les inhibiteurs des sécrétases  (verubecestat) et y
(semagacestat). Malheureusement, jusqu'a présent, ces traitements n'ont pas réussi a ralentir
significativement le déclin cognitif et fonctionnel (Doody et al., 2013, 2014). Cela est largement
di au fait que ces traitements interviennent trop tard, aprés que les changements physiologiques
tels que l'atrophie cérébrale ont atteint un état potentiellement irréversible. Il est essentiel
d’approfondir les connaissances actuelles sur les stades les plus précoces, afin de pouvoir établir
des thérapies ou des méthodes de détection plus proactives. Dans la suite de ce texte, je me

concentrerai sur les perturbations physiologiques et cognitives qui sous-tendent les tout premiers

stades de la MA.
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3. Facteurs génétiques et facteurs de risque de la MA

A. La MA sporadique et ses facteurs de risque

La grande majorité¢ des patients atteints de la maladie d'Alzheimer (95 %) présentent la forme
sporadique tardive de la maladie. Parmi les principaux facteurs de risque non modifiables, il y a
l'age , le plus fondamental et le plus connu. Environ 2/3 des patients atteints de la MA aux Etats-
Unis ou en France sont des femmes, ainsi que dans la plupart des pays européens. Ce phénomene
a d'abord été attribué au fait que les femmes vieillissaient mieux que les hommes, de sorte que
cette proportion déséquilibrée ne reflétait qu'un biais de survie li¢ au sexe. Cependant, le sexe a
¢été plus récemment identifié comme un important facteur de risque en soi dans la MA (Ferretti et
al, 2018). Le risque plus ¢levé de développer la MA a été en partie 1i¢ a une vulnérabilité accrue
du cerveau féminin pendant et apres la ménopause (Mosconi et al, 2017). En outre, de nombreux
autres facteurs de risque modifiables de la MA ont un impact plus élevé sur le sexe féminin et le
genre, comme la dépression, les troubles du sommeil et le fardeau des aidants (Rahman et al.,
2019). D'autre part, les recherches sur les facteurs de risque environnementaux spécifiques ont
rassemblé des preuves relativement faibles concernant la plupart des métaux et l'exposition
professionnelle (plomb, peintures, carburants). Cependant, l'examen systématique publié¢ par
Killin et al. (2016) se termine tout de méme par une courte liste qui inclut la pollution
atmosphérique, 1'aluminium et les pesticides comme présentant des preuves modérées en tant que

facteurs de risque de démence et qui méritent une étude plus approfondie.

Dans la MA sporadique, il existe plusieurs polymorphismes génétiques communs avec une faible
taille d'effet qui représentent une part importante de I'héritabilit¢ de la MA. Plutét que
d'augmenter directement la production d'AP, la plupart de ces génes de risque augmentent
indirectement la présence ou le métabolisme de I'APP ou de la tau et/ou affectent négativement
la clairance de 1'AB. L'un des principaux facteurs de risque génétique est lié au géne APOE, qui
code pour l'apoliprotéine E (apoE), une protéine impliquée dans le transport des lipides. Il existe
trois alleles APOE, €2, €3 et €4, donnant respectivement naissance aux isoformes apoE2, apoE3
et apoE4. L'APOE ¢4 entraine un risque plus élevé de développer la MA, sa présence
hétérozygote entrainant un risque multipli¢ par 3, et homozygote par 12. On estime qu'il est
présent chez 15 a 20% de la population et chez plus de 50% des patients atteints de MCI (Silva et
al., 2019). Les porteurs asymptomatiques d'APOE ¢4 font partie des représentations les plus
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couramment évaluées de la MA préclinique, et seront mentionnés tout au long de ce texte.
L’impact de 1'4APOE ¢4 dans le développement de la MA a été lié a ses effets déléteres a
plusieurs niveaux de la pathologie induite par I’ AP, ainsi qu'a ses effets indépendants sur la
plasticité synaptique, la réparation neuronale ou les fonctions cérébrovasculaires (Yamazaki et
al., 2019). En outre, une étude récente suggere é¢galement que cet allele augmente la pathologie
tau (Therriault et al., 2020). Il existe de nombreux autres facteurs de risque génétiques en plus du
gene APOE e4. De récentes études d'association a I'échelle du génome (Genome Wide
Association : GWA) ont permis de passer au crible des centaines de milliers de cas de MA afin
d'identifier de nouveaux variants génétiques qui augmentent les riques. Ces méta-analyses ont
identifi¢ plus de 40 loci génomiques associés a la maladie, qui pourraient impliquer plus de 200

genes (Lambert et al., 2013 ; Jansen et al,. 2019).

B. La maladie d'Alzheimer familiale (FAD)

Environ 1 % des cas de MA sont de la forme familiale autosomique dominante (FAD), ce qui
signifie qu'ils sont liés a une ou plusieurs mutations génétiques au sein d’un géne qui entrainent
un risque de 100 % de développer une forme précoce de la MA. Ces mutations se trouvent dans
trois genes, App, PSENI et PSEN2. App code pour la protéine précurseur amyloide (APP), la
protéine qui est clivée pour former I’AB. PSENI et PSEN2 codent respectivement pour les
présénilines 1 et 2, les sous-unités catalytiques du complexe y-secrétase qui clive I'APP et
contribue a la formation d'AP. Les mutations de ces genes favorisent donc la production d'AB en
augmentant le clivage spécifique dee la voie amyloidogéne de 1'APP, ou en augmentant le
rapport AP42/AB40. Les individus asymptomatiques atteints de FAD représentent le moyen le
plus robuste de suivre les trajectoires pathologiques des patients atteints de la MA, et ils ont

contribu¢ a définir pour la premiere fois la progression préclinique des stades de la MA.

Les changements neuropathologiques dans la MA se produisent des décennies avant le déclin
cognitif (Selkoe, 2012). L'évaluation des patients atteints de la MA montre que les taux d’Ap42
dans le LCR commencent a diminuer deés 25 ans avant l'apparition prévue des symptomes
(Bateman et al., 2012). Ensuite, des dépots amyloides et une atrophie progressive du cerveau
sont détectés par des techniques de neuro-imagerie (imagerie par tomographie par émission de

positons des plaques amyloides (amyloid-PET) et imagerie par résonance magnétique
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structurelle (sMRI)), suivis de peu par une augmentation des niveaux de tau total et de tau
phosphorylé (ptau) dans le LCR apparaissant environ 15 ans avant l'apparition prévue des
symptomes (Bateman et al., 2012; Fleisher et al., 2015). Il faut noter que les déficiences
cognitives au MMSE et a I'échelle d'évaluation de la démence clinique ne sont détectées que 5
ans avant le diagnostic de la démence. Les contenus du LCR en tau total et ptau sont maintenant
¢évalués de facon routiniere pour confirmer le diagnostic clinique de la MA. Les dépdts de tau
sont observés par imageriec TEP 6 ans avant l'apparition prévue des symptomes, et sont bien
corrélés avec les performances du MMSE (Quiroz et al., 2018). Cette évolution temporelle est
généralement retenue dans I'évaluation transversale complémentaire de la MA sporadique (voir

la figure 2, et Jack et al., 2010).
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Figure 4. Progression de la maladie d'Alzheimer. Evolution des biomarqueurs actuellement utilisés pour le
diagnostic de la MA en fonction du temps. Reproduit de Jack et al 2013.
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4. Détecter les premiers stades de la maladie d'Alzheimer

A. Trouble cognitif 1éger (MCI)

Le trouble cognitif 1éger ou MCI est un syndrome défini par un déclin cognitif supérieur a la
normale pour l'dge de l'individu, mais pas assez grave pour interférer séverement avec la vie
quotidienne (Gauthier et al,. 2006). La prévalence du MCI chez les adultes de plus de 65 ans est
de 10 a 20 % (Langa et al., 2014). Le MCI peut étre diagnostiqué sur la base de preuves
anecdotiques ou par des tests neuropsychologiques tels que le Short Test of Mental Status et le
Montreal Cognitive Assessment (Tang-Wai et al., 2003 ; Nasreddine et al., 2005). Il existe deux
sous-types de MCI, amnésique et non amnésique. Le MCI amnésique (aMCI) concerne des
altérations notables de la mémoire épisodique, les autres capacités telles que les fonctions
exécutives restant plus ou moins intactes. Le MCI non amnésique se caractérise au contraire par
un déclin subtil de fonctions distinctes telles que les fonctions exécutives, le langage et les
aptitudes visuospatiales. Les personnes atteintes d'un aMCI ont plus de chances de passer a la
MA, avec un taux de progression d'au moins 10 % par an, contre 2 % chez les personnes agées
normales (Campbell et al., 2013 ; Roberts et al., 2014), de sorte qu'il est considéré comme un
stade prodromique de la MA (figure 3). Cependant, il est important de garder a l'esprit que le
MCI ne décrit qu'un ensemble de symptdmes, et non une maladie spécifique. Les patients MCI
ne développent pas nécessairement une phase précoce de la MA car la population MCI comprend
¢galement d'autres étiologies comme la dépression et d'autres maladies neurodégénératives qui

affectent la sphére cognitive.

B. Déclin cognitif préclinique et subjectif

Apres trois décennies de recherches intenses, d'échecs d'essais cliniques et de données recueillies
chez des patients présymptomatiques atteints de la maladie d'Alzheimer sporadique et de FAD au
début des années 2010 (Jack et al. 2010 ; Bateman et al., 2012), la communauté mondiale des
chercheurs sur la maladie d'Alzheimer a compris qu'une intervention précoce offrirait un
meilleur succes thérapeutique. Par conséquent, le développement d'une prévention et d'un
traitement efficaces dépendrait de 1'accroissement des connaissances sur les étapes initiales de la

maladie (Selkoe, 2012). Entre-temps, de nombreuses recherches et essais cliniques ont été
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mengés... or il n’existe & ce jour aucun traitement efficace (Yiannopoulou et Papageorgiou, 2020).
Ce manque de progres dans les approches thérapeutiques a fortement stimulé la recherche sur des
stades plus précoces que le MCI, comme l'illustre la forte augmentation des publications sur le
déclin cognitif préclinique et subjectif, ainsi que sur les personnes d'dge matures et agées
"cognitivement saines" présentant des dépdots amyloides. Le présent travail fait partie de cet
effort général visant a se concentrer sur le stade préclinique. Cela nous a conduit a rechercher
une définition de ce "stade préclinique". Sperling et ses collégues (2011) ont proposé un cadre en
trois étapes pour la MA préclinique, basé sur les biomarqueurs cliniques actuellement utilisés. Le
premier stade d'amyloidose asymptomatique est caractérisé par une rétention élevée du traceur
amyloide sur la TEP et un faible taux d'AP42 dans le LCR, le second ajoute la
neurodégénérescence avec un dysfonctionnement neuronal sur la TEP au 18F-
fluorodésoxyglucose (TEP-FDG) ou I'RM fonctionnelle (IRMf), un taux élevé de tau/ptau dans
le LCR et un amincissement cortical/une atrophie hippocampique dans I'RMs, et enfin la
troisiéme étape ajoute un déclin cognitif subtil avec des preuves de changements par rapport au
niveau de base de la cognition, des performances médiocres dans des tests cognitifs plus
difficiles sans répondre aux critéres du MCI (selon Dubois et al., 2016, " la MA préclinique
s'étendrait théoriquement des premieres lésions cérébrales neuropathologiques a l'apparition
des premiers symptomes cliniques de la MA "). Cependant, Ces auteurs évoquent la difficulté de
fixer les limites entre ce qui doit étre considéré comme le premier signe neuropathologique et ce
qui doit étre considéré comme le premier symptdme clinique de la MA. En effet, un nouveau
stade de la MA préclinique appelé déclin cognitif subjectif (Subjective Cognitive Decline : SCD)
a récemment été considéré comme la premiére manifestation clinique de la MA. Le SCD est basé
sur un déclin auto-rapporté des fonctions cognitives sans aucune altération dans la batterie
diagnostique classique. Les études de neuro-imagerie du SCD ont révélé des agrégats amyloides
et tau anormaux, une atrophie régionale et des altérations de la substance blanche (Wang et al,
2020). Ces caractéristiques sont relativement proches de celles énumérées pour le troisiéme stade
proposé par Sperling et al. (2011). Une vue d'ensemble des différents stades de la MA est

présentée dans la figure 3.
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Figure 3. Stadification de la MA avec des marqueurs cognitifs et biologiques. Inspiré de Selkoe, 2012 et Bateman et
al, 2012.

C. Stades neuropathologiques de la maladie d'Alzheimer

L'accumulation de protéines affecte différentes régions du cerveau a différents stades, ce qui
permet de caractériser le dépot dans un systéme de classification des stades de la MA. Les
premiers systémes de classificationont €té mis au point a partir d'études neuropathologiques post-
mortem du cerveau, détaillées dans les recherches fondamentales des équipes de Heiko Braak et
de son étudiant Dietmar Thal. Braak et Thal ont décrit une progression descendante du dépot
amyloide, décrite dans les "stades Thal" : stade 1 dans le néocortex, stades 2 et 3 dans
l'allocortex (cortex temporal médian et insulaire) et le systeme limbique, et stades 4 et 5 dans la
région sous-corticale. Braak a décrit la progression des tau avec les "stades de Braak", les stades

1 et 2 commengant dans le lobe temporal médian, les stades 3 et 4 dans le systéme limbique, et
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enfin les stades 5 et 6 dans le néocortex. Ces stades de Braak et de Thal sont illustrés dans la

figure 4A.

Grace au développement récent des techniques d'imagerie fonctionnelle, nous avons un regard
plus précis sur les dépots caractérisant la MA et les changements concomitants dans la
physiologie du cerveau (Jagust et al., 2018) (figure 4B). La tomographie par émission de
positrons (TEP) est une technique qui utilise des substances radioactives appelées radiotraceurs
pour visualiser les modifications de la physiologie cérébrale (Ametamey et al., 2008). Certains
radiotraceurs ont été vérifiés dans des cerveaux post-mortem pour marquer les plaques et fibrilles
amyloides (Klunk et al., 2004 ; Clark et al., 2012 ; Sabri et al., 2015 ; Curtis et al., 2015) ainsi
que les PHF et DNF de tau (Xia et al., 2013 ; Marqui¢ et al., 2015 ; Schonhaut et al., 2017). Elles
peuvent €tre couplées a d'autres techniques de neuro-imagerie pour évaluer les changements
concomitants dans la physiologie du cerveau. Le radiotraceur analogue du glucose 18F-
fluorodésoxyglucose utilis¢ en FDG-PET peut cartographier le métabolisme du glucose dans le
cerveau. La pertinence cellulaire de cette technique est quelque peu ambigué€, mais le signal
enregistré est variasemblablement lié & un dysfonctionnement synaptique et/ou glial. Les
techniques d'imagerie par résonance magnétique telles que I'RMs et ITRMf mesurent
respectivement le volume du cerveau (par la détection des mouvements aléatoires de I'eau dans
les tissus) et l'activité cérébrale (par la détection des niveaux d'oxygeéne dans le sang). Enfin, les
mesures physiologiques ont été évaluées en tandem avec des évaluations standardisées de la
fonction cognitive, quantifiées a l'aide de protocoles de tests tels que le Mini-Mental State

Examination (MMSE) et le Clinical Dementia Rating Scale Sum of Boxes (CDR).

La TEP-amyloide révele plus de détails sur ce qui est essentiellement le stade 1 de Thal. Les
dépodts amyloides les plus précoces sont observés dans le cortex préfrontal médian (mPFC) et le
cortex médian postérieur (PMC) (y compris le cingulaire postérieur, le rétrosplénial, le
précuneus) (Palmqvist et al., 2017). Le dépdt amyloide progresse ensuite vers les autres zones
néocorticales décrites dans le stade 1 de Thal (Mattson et al., 2019). La correspondance entre la
TEP amyloide et I'hypométabolisme ou l'atrophie n'est pas claire. De nombreuses études ne
signalent aucune correspondance (Furst et al,, 2012, Lehmann et al., 2013). Dans le MCI,
l'augmentation des dépdts amyloides dans le PMC est associée a l'atrophie des régions

temporales médianes, ce qui pourrait refléter une association indirecte avec le premier stade de
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pathologie tau (Tosun et al.,, 2011). D'autres ont rapporté une association entre l'amyloide et
l'atrophie uniquement pendant le stade préclinique de la MCS, ce qui suggere que 1'AP initial
peut induire une atrophie subtile a un stade précoce avant que cette dépendance ne soit brouillée
par l'apparition d'autres processus atrophiques (Chételat et al., 2010). La pathologie amyloide se
profile des décennies avant la démence, et se retrouve méme en abondance chez les personnes
agées en bonne santé cognitive (Villeneuve et al. 2015). La plupart des personnes en bonne santé
cognitive présentent une moindre association de I'atrophie et de I'hypométabolisme avec 1'Ap, ce
qui indique une résistance a I'Af comme mécanisme potentiel de maintien de la cognition (Ewers

et al., 2012).

La TEP-Tau récapitule largement la classification de Braak (Schwarz et al., 2016 ; Scholl et al.,
2016). Le dépot de tau apparait apres le dépot d'amyloide, mais une augmentation de tau est
associée a une augmentation d'amyloide (Johnson et al., 2016 ; Tosun et al., 2017). Méme chez
les personnes cognitivement normales, de trés 1égeres augmentations de I'amyloide corticale,
quelle que soit sa localisation, s'associent a des augmentations de tau dans le lobe temporal
médian (Medial Temporal Lobe : MTL ; Tosun et al., 2017, Leal et al., 2018). Il existe une forte
corrélation entre la topographie du dépdt de tau et l'atrophie (Wang et Mandelkow, 2016). Le
dépot de tau et l'atrophie qui 'accompagne dans le MTL sont fortement corrélés a une diminution
de la fonction cognitive mesurée par le MMSE et le REC (Brier et al., 2016 ; Pontecorvo et al.,

2017 ; Quiroz et al., 2018).
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Figure 4. Stadification de la formation d'agrégats basée sur (4) l'évaluation de cerveaux post mortem et (B) la TEP.
Adapté de Jouanne et al., 2017 ; Mattson et al., 2019 ; Maass et al., 2017.

5. Perturbations fonctionnelles de la MA précoce

A. Hyperactivité dans le MTL

En utilisant I'IRMf et la TEP-FDG chez des patients atteints de MCI, plusieurs études ont signalé
une hyperactivité dans le cerveau antérieur basal (Kim et al., 2012) et plus particulierement dans
le MTL (Johnson et al., 2006a ; Himéldinen et al., 2007 ; Huijbers et al., 2015). L'hyperactivité
du MTL est également observée chez les personnes asymptomatiques précliniques présentant un
risque génétique de développer la MA, notamment les porteurs de mutations FAD (Quiroz et al.,
2010 ; 2015 ; Reiman et al., 2012) et chez les porteurs de ' APOE &4 présentant un risque accru
de MA sporadique (Bookheimer et al., 2000 ; Johnson et al., 2006b ; Tran et al., 2017). La
réduction de I'hyperactivité du MTL améliore la cognition dans le cadre de 1'aMCI (Bakker et al.,
2012). 1I existe un lien clair entre l'augmentation de tau et I'hyperactivité des MTL chez les
personnes en bonne santé cognitive, ¢valuée par Tau-PET (Marks et al., 2017 ; Huijbers et al.,
2019 ), et les niveaux de tau dans le LCR (Berron et al., 2019). L'hyperactivité est également
bien corrélée avec l'atrophie et 1'amincissement cortical (Putcha et al., 2011, Himéldinen et al.,
2007). Etant donné sa proéminence chez les individus asymptomatiques, I'hypothése a été émise
que I'hyperactivité faisait partie d'un mécanisme de compensation contrebalangant les premieres
altérations neuropathologiques associées a la MA. En effet, des études ont montré que
I'hyperactivité hippocampique pendant l'encodage (Kircher et al., 2007) peut étre corrélée
positivement de maniere transitoire avec de meilleures performances lors d'une tache de
mémoire. Cependant, nous verrons plus loin que I'hyperactivit¢ du MTL peut avoir un effet
négatif sur certaines formes subtiles de mémoire, qui restent pour l'instant largement non

détectées chez les individus précliniques.
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B. Mode par défaut Réseau

L Vue d'ensemble

Le réseau du mode par défaut (Default Mode Network : DMN) est décrit plus simplement
comme un ensemble de régions cérébrales coactivé dans le temps (en d'autres termes, elles
présentent une connectivité fonctionnelle) au cours des états de repos ou de tiche passive
(Buckner et al., 2008). Il s'agit principalement de régions du mPFC, du PMC et du lobe temporal.
Cependant, le DMN peut étre décrit de maniére plus appropriée comme un ensemble de sous-
systémes qui convergent vers les centres de la ligne médiane. Il existe deux principaux sous-
systémes qui convergent vers les hubs du mPFC antérieur (amPFC) et du PMC : le "sous-
systéme temporal médian" contenant la formation hippocampique/MTL, le cortex rétrosplénial
(RSC) et le mPFC ventral (vmPFC), et un "sous-systéme médian dorsal" contenant le mPFC
dorsal (dmPFC), le lobe pariétal inférieur et le cortex temporal latéral (Andrews-Hanna et al.,
2010). Ces sous-systémes sont fonctionnellement divergents, chacun soutenant des processus
distincts favorisant la pensée autobiographique. Le sous-systéme temporal médial est plus
impliqué dans la récupération de la mémoire épisodique, tandis que le sous-systéme médial
dorsal est plus impliqué dans la mentalisation (capacité a représenter le sentiment et les émotions
de soi et des autres) (Andrews-Hanna et al., 2014) (Figure 8). Grace a des techniques d'analyse
plus avancées, de nombreux autres sous-systémes et réseaux individuels contribuant au DMN
global ont été identifiés, tels que le DMN postérieur (pDMN) et le DMN antérieur (aDMN), qui
présentent respectivement une plus grande implication du PMC et du mPFC. (Jones et al., 2012 ;
Buckner et DiNicola, 2019)
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Figure 8. Le réseau du mode par défaut et ses principaux sous-systemes qui contribuent aux différents aspects de la
mémoire autobiographique. Le sous-systeme dorsal médial est nécessaire a la mentalisation et comprend le cortex
préfrontal dorsal médial (AMPFC), la jonction temporo-pariétale (TPJ), le cortex temporal latéral (LTC) et le pole
temporal (TempP). Le sous-systeme du lobe temporal médian (MTL) est nécessaire a la récupération épisodique et
comprend le cotrex préfrontal médian ventral (vMPFC), le lobule pariétal inférieur postérieur (pIPL), le cortex
rétrosplénial (Rsp), le cortex parahippocampique (PHC) et la formation hippocampique (HF+). Ces sous-systéemes
se chevauchent dans le DMN par le biais des régions centrales de la ligne médiane du cortex cingulaire postérieur
(PCC) et du cortex préfrontal médian antérieur (amPFC). Adapté de Andrews-Hanna et al. 2010.

1. Au début de la MA

On a pu remarquer que les principales plaques tournantes soutenant le DMN sont celles qui sont
initialement affectées par le dépot amyloide précoce, le mPFC et le PMC. Méme avant le
développement de la TEP-amyloide, il a été noté par la TEP-FTG que le mPFC et le PMC
présentaient un métabolisme du glucose réduit au repos et une hypo-activité chez les porteurs
asymptomatiques de 'APOE €4 (Reiman et al., 1996, 2004). On peut donc émettre 'hypothése

que le réseau du mode par défaut pourrait étre particulierement sensible a la MA préclinique.

La force/intégrité d'un réseau fonctionnel, ou entre réseaux ou sous-systemes fonctionnels, peut
étre définie par la force de la co-activation de leurs régions dans le temps. Les évaluations de
personnes asymptomatiques établissent systématiquement un lien entre les biomarqueurs
précoces de la MA (augmentation de I'amyloide-PET, diminution de I'AB42 et augmentation du
ptaul81 dans le LCR) et la connectivité réduite du DMN au PMC (Hedden et al., 2009 ; Sheline
et al., 2010 ; Wang et al., 2013a). Jones et ses collégues ont montré que chez les porteurs
asymptomatiques de I'APOE &4, le sous-systtme DMN impliquant principalement le PMC, le

pDMN, présente une connectivité fonctionnelle intra-systéme réduite avant l'apparition des
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plaques (Jones et al., 2016). Cette étude a été couplée a une analyse transversale, qui a révélé
qu'avec une charge amyloide élevée et une atrophie hippocampique sévere dans le MCI tardif et
la MA précoce, la connectivit¢ de ce sous-systtme PMC continue de diminuer de maniére
substantielle, tandis que la connectivité entre le pDMN et les autres sous-systemes DMN
augmente. Dans les stades de la MA ou la charge amyloide est absente ou faible (en CN, SCD ou
MCI précoce), la relation entre la charge amyloide et la force de connectivité n'est pas aussi
claire. Cela pourrait indiquer que ce point intermédiaire de la pathologie de la MA, généralement
entre les stades pré-plaque et post-plaque, s'accompagne d'un mélange dynamique de profils de
connectivité (de I'hypo-connectivité du PMC a 'hyper-connectivité globale du DMN) qui ne peut
étre facilement caractérisé. La nature dynamique de la perturbation du DMN dans la MA
prodromique pose un probléme pour les évaluations d’une forme avancée duMCI (amnesic
MCI : aMCI), qui devrait englober un mélange d'états protéopathiques de la MA. Une analyse
des évaluations de la connectivité fonctionnelle au repos dans la maladie de Creutzfeldt-Jakob,
réalisée a partir de 22 études, montre que la connectivité du réseau DMN au PMC est
systématiquement affectée, mais que la direction de la perturbation (hyper ou hypoconnectivité)
varie. Cependant, ils constatent une tendance a I'hyperconnectivit¢ PMC-DMN (Badhwar et al.,
2017), ce qui suggere une plus grande représentation du MCI au stade avancé, avec un niveau
déja élevé de charge amyloide et d'atrophie hippocampique. Dans le cas du SCD, une
incohérence similaire est constatée ; certaines études rapportent une connectivité accrue au sein
du DMN (Wang et al., 2013b), ou entre le PMC et le reste du DMN (Verfaillie et al. ; 2018). En
revanche, d'autres ont signalé¢ une diminution de la connectivité entre le pPDMN et d'autres sous-

systémes du DMN (Dillen et al., 2017 ; Yasuno et al., 2015).

1il. Analyses théoriques des graphes

Pour une compréhension plus approfondie du flux d'informations dans un réseau fonctionnel,
nous pouvons évaluer sa topologie en utilisant la théorie des graphes. Avec la théorie des
graphes, un réseau fonctionnel peut étre représenté comme un graphe avec des neeuds (régions)
qui sont interconnectés par des arétes (connexions), qui existent si deux régions co-activent
significativement ensemble dans le temps (Figure 94). Les réseaux efficaces sont ceux qui sont

capables de transférer efficacement des informations entre régions. Cela est généralement mesuré
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comme l'efficacité globale d'un réseau. Il a été démontré que l'efficacité globale du réseau varie
avec la performance cognitive et dépend fortement de la présence de régions centrales (telles que
la PMC dans le DMN) pour servir de relais d'information (Toussaint et al., 2014). Les régions
pivots sont le plus souvent détectées comme les régions ayant le plus grand nombre de
connexions. Le nombre de connexions d'une région est mesuré comme son degré de
connectivité, et on peut dire que les régions avec un degré ¢élevé sont considérées comme des
hubs (Figure 9B). Enfin, on peut également évaluer dans quelle mesure le réseau se sépare en
clusters ou communautés/modules distincts (figure 9C), comme le montre le coefficient de
clustering ou la modularité. La théorie actuelle des réseaux neuronaux postule qu’une cognition
normale nécessite une topologie de petit monde, combinant une ségrégation locale entre des
régions anatomiquement et fonctionnellement similaires (par exemple pour le traitement de
modalités spécifiques), et une bonne intégration entre des régions distantes (par exemple pour

l'association de différentes modalités), comme le facilitent les hubs.

Les parametres du petit monde ont été évalués dans les réseaux au repos liés a 'aMCI. Drzezga
et ses collegues ont établi un lien direct entre la diminution de la force du hub de 1'état de repos
du PCC/RSC et l'augmentation de la charge amyloide chez les personnes cognitivement normale
(Drzezga et al., 2011). Les études évaluant 1'aMCI ont souvent signalé une diminution de
l'efficacité et de la ségrégation des réseaux a I'état de repos (Wang et al., 2013c ; Bai et al., 2013
; Lin et al., 2017). En théorie, l'efficacité du réseau est une mesure plus représentative du
transfert d'informations que la force de connectivité fonctionnelle du réseau global, car elle prend
en compte l'importance des hubs pour relayer les informations entre des régions autrement
déconnectées. En effet, Wang et ses collegues ont montré que la réduction de I'efficacité du
réseau a I'état de repos, ainsi que la diminution de la force des hubs pariétaux et temporaux, mais
pas la réduction de la force du réseau global, étaient corrélées au déclin de la mémoire de
reconnaissance (mais pas a d'autres mesures cognitives) dans le cadre du MCI (Wang et al.,
2013c). Pourtant, la théorie des graphes ne supprime pas l'incohérence de I'évaluation du DMN
dans I'aMCI. Par exemple, une autre étude sur le SCD a rapporté une augmentation de la force du
hub du lobe temporal dans 1'aMCI (Liang et al., 2020), ce qui a un effet néfaste sur les
performances du MMSE. L'incohérence de ces résultats reflete I'hétérogénéité du SCD et du
MCI par rapport a leur diagnostic, aux pathologies sous-jacentes ou au stade protéopathique de la

MA.

206



Perturbations fonctionnelles de la MA précoce

A B Hubs help relay information between
otherwise disconnected regions
i and make the network more efficienct

Low degree

Module | //

Module llI

Figure 9. Propriéetés de base de la théorie des graphes. (4) Les nceuds représentent des régions et les arétes des
connexions fonctionnelles significatives. (B) Les régions pivots ou hubs ont généralement un degré élevé (nombre de
connexions), et aident a relayer l'information entre les regions périphériques. Un réseau comportant un plus grand
nombre de hubs (régions centrales) devrait étre plus efficace pour intégrer des régions éloignées. (C) Les réseaux
peuvent souvent étre subdivisés en communautés (modules) de régions qui sont plus fortement connectées entre elles
que le reste du réseau. Adapté de van den Heuvel et Sporns, 2013.
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6. Perte de mémoire subtile dans la MA préclinique

Jusqu'a présent, j'ai souligné 1'hétérogénéité problématique du SCD et du MCI, qui représentent
respectivement les stades précliniques et prodromiques de la MA. Les méthodes standard
d'évaluation du déclin cognitif (MMSE) sont utiles pour évaluer I’installation de la démence/du
MCI, mais elles sont trop grossi¢res et les déficits mis a jour refléte souvent un mélange de
pathologies sous-jacentes et de stades protéomiques de la MA. De plus, ces stades représentent
principalement le stade prodromique de la MA qui présente déja des déficits potentiellement
irréversibles tels que des perturbations de la connectivité aberrante ou une atrophie de
I'hippocampe. Pour y remédier, nous avons besoin d'évaluations comportementales plus
spécifiques pour cibler les perturbations régionales liées aux stades précliniques les plus
précoces. Les perturbations fonctionnelles les plus connues pour leur association a la MA
préclinique sont I'hyperactivité du MTL et I'hypo-activité/hypo-connectivit¢ du PMC-DMN. Les
taches cognitives qui nécessitent un fonctionnement précis de ces zones cérébrales sont plus
susceptibles de révéler un déclin préclinique spécifique a la MA. Ces taches comprennent des
paradigmes de reconnaissance ou de mémoire spatiale trés sensible qui nécessitent un
fonctionnement précis au sein des régions MTL, ou des paradigmes de mémoire associative qui
font appel aux cortex d'association du PMC et du mPFC. Dans la section suivante, je discuterai

des taches potentielles permettant d'évaluer les déficits cognitifs subtils dans la MA préclinique.

A. Discrimination mnémonique (séparation de motifs)

Dans la tdche mnésique de discrimination fine, également appelée tiche comportementale de
séparation des motifs, il faut détecter de tres légers changements dans I'identité ou l'emplacement
des objets. On considére que ce type de mémoire dépend du processus computationnel de
séparation des motifs nécessaire pour séparer les motifs qui se chevauchent, et dans le cas de la
mémoire, des assemblées de cellules avec recouvrement partiel qui codent pour des
représentations d’événements similaires mis en mémoire. Il est démontré que cette tdche de
mémoire sollicite fortement I'hippocampe, en particulier le gyrus denté (DQG) et ’aire CA3, dans
I'évaluation de la tache par IRMf (Bakker et al., 2008). Chez les souris, il a été¢ démontré que le

DG présente des assemblées cellulaires distinctes pour chaque événement et que le CA3 présente
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des profils d'activit¢é neuronales variables en réaction a de trés légers changements
d'environnement, ce qui illustre un mécanisme physiologique clair de séparation des motifs
(Leutgeb et al., 2007). Un phénomeéne similaire a été identifié ultérieurement chez I'homme en
utilisant I'RMf a haute résolution (Berron et al.,, 2016). Les taches de séparation de motifs
impliquent également une communication entre toutes les régions du MTL, bien que des
interactions distinctes soient impliquées si les modalités objet ou spatiale sont testées. La
séparation de motifs d'objets implique une communication entre l'hippocampe et le MTL
antérieur (LEC, PRC), tandis que la spatialit¢ requiert préférentiellement une communication
hippocampique avec le MTL postérieur (MEC, POC) (Reagh et Yassa ; 2014 ; Leal et Yassa,
2018).

La nature précise du processus de calcul de la séparation des motifs devrait le rendre sensible a
I'hyperactivit¢ de I'hippocampe présente dans les stades précliniques de la MA. Cette
hyperactivité pourrait théoriquement brouiller les lignes entre les "motifs" physiologiquement
représentés dans l'hippocampe. Il a été démontré que la séparation des motifs est affectée dans
1'aMCI (Yassa et al., 2010) et méme chez les personnes agées cognitivement normales (Reagh et
al., 2016). Dans cette population agée, la communication intra-MTL est largement réduite, et
accompagnée d'une hypo-activité dans le LEC et d'une hyperactivité dans le DG et CA3. Les
porteurs asymptomatiques de 'APOE &4 ont également montré des déficits significatifs dans la
séparation des motifs avec une hyperactivité hippocampique (Sinha et al., 2018). Une autre étude
a révélé que la séparation des motifs d'objets était accompagnée d'une augmentation de la pTau
dans le LCR et d'une hyperactivité dans le MTL (Berron et al., 2019). 11 est toutefois intéressant
de noter que les déficits de séparation des motifs spatiaux s'accompagnaient d'une diminution de
I'AB42 dans le LCR (Wesnes et al., 2014), mais pas d'une augmentation de la pTau dans le LCR.
Les déficits de la séparation spatiale des motifs sont également corrélés a une augmentation de la
charge amyloide en TEP (Webb et al., 2020). Cette dichotomie entre la séparation des objets et
des motifs spatiaux par rapport a tau et a I'AP respectivement peut refléter l'impact distinct de ces
protéinopathies sur différentes régions du cerveau. Conformément a cette hypothese, la perte de
séparation spécifique a l'objet a été associ¢e a la TEP de la protéine tau dans le lobe temporal,
mais la perte de séparation des motifs basés sur la scéne/le contexte a été associée a la TEP de

I'amyloide dans le PMC (Maass et al., 2019). Cela refléte le réle important du PMC dans
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l'association de caractéristiques pour la construction de scénes liées a la mémoire épisodique, une

fonction qui est évaluée dans la prochaine tdche de mémoire.

B. Mémoire associative

Nous avons précédemment mis en ¢évidence le sous-systeme temporal médian du DMN
impliquant le mPFC, le PMC et le MTL, et son implication dans la remémoration de la mémoire
épisodique (Andrews-Hanna et al., 2014 ; Bellana et al., 2016). En examinant ce réseau, il est
utile de considérer les opérations cognitives qui constituent la pensée épisodique. Au cceur de la
pensée épisodique se trouve l'ensemble des caractéristiques définissant un événement unique, qui
comprend les personnes, les objets, les lieux et autres détails contextuels associés a 1'événement.
Ces caractéristiques de 1'événement doivent étre intégrées dans un cadre relationnel cohérent qui
représente les associations entre elles, produisant ainsi une expérience personnelle unifiée.
Comme nous l'avons vu précédemment, et en relation avec la séparation des motifs, les régions
du lobe temporal médian sont nécessaires pour fournir des détails précis sur les caractéristiques
des objets (HIP/LEC/PRC) ou des espaces (HIP/MEC/POC). En revanche, I’intégration de ces
caractéristiques des représentations reflétant la multidimensionnalité des événements semblent
dépendre des interactions complexes entre le MTL, le lobe pariétal et le mPFC, ou le PMC, en
particulier le RSC, joue le role de plaque tournante anatomique et fonctionnelle importante
(figure 10) (Andrews-Hanna et al., 2010 ; Rugg et Vilberg, 2013 ; Kaboodvand et al., 2018 ;
Cooper et Ritchey, 2019 ; Ritchey et Cooper ; 2020).
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Figure 10. Connexions fonctionnelles interrégionales dont la force de comnectivité suit positivement la qualité
(quantité totale et précision des détails) de la récupération épisodique. Ceci a éte déterminé par une série
d'analyses independantes d'interactions psychophysiologiques (IPP) entre graines et cibles dans une analyse de
Cooper et Ritchey, 2019. AG : gyrus angulaire ; prec : précuneus ; PCC : cortex cingulaire postérieur ; RSC :
cortex rétrosplénial ; pHipp : hippocampe postérieur ; aHipp : hippocampe antérieur ; PRC : cortex périrhinal ;
PHC : cortex parahippocampique ; fus : gyrus fusiforme ; ITC : cortex temporal inférieur ; OFC : cortex frontal
orbital ; amyg : amygdale. Adapté de Ritchey et Cooper, 2020.
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Ainsi, les paradigmes qui mettent a I'épreuve la capacité d'associer des caractéristiques
indépendantes peuvent étre sensibles a la connectivité réduite de la CMP, comme on le constate
dans les évaluations de 1'état de repos de la MA préclinique. Cette susceptibilité spécifique de la
mémoire associative a été solidement identifiée par une étude basée sur une batterie
neuropsychologique testant la mémoire associative et non associative, l'attention, le langage, les
fonctions visuospatiales et exécutives. Ils ont montré que les porteurs asymptomatiques de
mutations de la FAD avaient des résultats significativement moins bons que les témoins sains

dans la condition de liaison des caractéristiques uniquement (Parra et al., 2010).

Une tache courante et simple de mémoire associative est le "rappel de mots par le visage", ou
une personne doit se souvenir de 1'association d'un visage a un mot aléatoire (comme "crayon" ou
"plage"). Il est démontré que cette tiche dépend fortement de la communication PMC-MTL, car

la stimulation transcranienne du lobe pariétal augmente la connectivité fonctionnelle de ces
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régions, ce qui est corrélé a une meilleure performance de la tache (Wang et al., 2014, Warren et
al., 2019). Une tache similaire a la tiche de " rappel de mots par le visage " est la tiche " visage-
nom ", ou la personne doit associer un visage a un nom plutdt que n'importe quel mot aléatoire.
Cette tache est privilégiée car elle est moins sensible aux augmentations de la réserve cognitive.
En effet, un nom s'accompagne de moins de connexions a priori qu'un mot pris au hasard
(crayon - bois, école, écriture vs. Tanya - qui ?), ce qui peut contribuer a renforcer la
mémorisation chez ceux qui ont une plus grande connaissance sémantique. Cette théorie est
soutenue par une recherche qui a montré qu'il est plus facile de se souvenir de "Baker" lorsqu'il
est présenté comme une profession que lorsqu'il est présenté comme un nom propre (James et al.,
2008). En effet, la diminution de la performance dans la tiche de nom de visage est corrélée a
une augmentation de la charge amyloide dans le PCC et le cortex frontal chez les personnes en
bonne santé cognitive (Rentz et al., 2011) et corrélée spécifiquement a une augmentation de
'amyloide dans le PCC chez les personnes atteintes de SCD (Sanabria et al., 2018). Dans les
deux cas, la tache visage-nom a donné de meilleurs résultats que la tache visage-occupation
(associant un visage a une profession, par exemple " professeur "), et mieux que les paradigmes
d'apprentissage de listes de mots (tdches de mémoire verbale sémantique et reposant davantage
sur la communication préfrontale et temporale latérale) pour prédire la charge amyloide. Ces
¢tudes mettent en évidence la perte de mémoire associative comme un marqueur cognitif efficace

pour la MA préclinique et la pathologie associée sous-jacente.
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7. Modéles animaux de la MA

A. Avant les souris transgéniques

Les premiers modeles murins de la maladie d'Alzheimer ont été mis au point au début des années
1980. Avant que les techniques d'édition de génes ne soient courantes, les modeles de rongeurs
¢taient produits pharmacologiquement par la modulation des systémes de neurotransmetteurs ou
par la Iésion stéréotaxique des structures cérébrales. Les premiers modeles de la MA chez les
rongeurs reposaient principalement sur I'hypothése cholinergique et ont été développés par la
réduction pharmacologique de l'activité¢ du systéme cholinergique (Bartus et al. 1982). Ces
modeles ont joué¢ un role essentiel dans la mise au point de médicaments a base d’inhibiteurs
d’acétylcholine esterase, qui sont encore utilisés aujourd'hui pour traiter les symptomes de la
MA. Ces premiers modeles de la maladie d'Alzheimer se sont révélés inestimables pour poser les
fondements des changements symptomatiques observés dans cette maladie. Néanmoins, de
nouvelles percées étaient nécessaires pour déméler 1'origine de la maladie et comprendre I'impact

des protéinopathies amyloide et tau.

Entre-temps, en 1982, il a ét¢ démontré pour la premiére fois que, grace a l'injection pronucléaire
d'ADN modifi¢ dans des zygotes fécondés, on pouvait développer des souris capables d'exprimer
spécifiquement des protéines d'intérét (Palmiter et al., 1982, Gurumurthy et Lloyd, 2019). Ce
serait la premiére apparition de la souris transgénique, une innovation technologique qui

révolutionnerait la recherche animale.

B. Mode¢les de souris transgéniques

1. APP transgénique unique

Plus d'une décennie plus tard, les premiers modeles de souris transgéniques pour la MA ont vu le
jour. Cette premicre série de souris transgéniques surexprime I'APP humanisé avec une ou
plusieurs mutations FAD trouvées dans la MA précoce. Les deux mutations FAD les plus
couramment utilisées sont la mutation d'Indiana (V717F) et la double mutation suédoise
(KM670/67INL). La mutation d'Indiana se trouve au niveau du site de clivage y de I'APP et
entraine un rapport AB42/AB40 élevé (Suzuki et al., 1994 ; Tamaoka et al., 1994). La mutation
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suédoise se trouve au niveau du site de clivage B et conduit a une production globalement accrue

d'Ap (Citron et al., 1992).

Le premier modele transgénique de la MA est la souris PDAPP, qui exprime I'APP humanisé
avec la mutation Indiana (V717F). Elle présente un dépot amyloide dés I'dge de 6 mois dans le
néocortex et I'hippocampe, ainsi qu'une gliose associée (Games et al., 1995). Il existe deux
modeles transgéniques précoces qui expriment I'APP humanisé avec la double mutation suédoise
(KM670/67INL), mais sous des promoteurs différents et dans des contextes différents. Il s'agit
des lignées APP23 (sous le promoteur Thy-1.2 sur le fond C57BL/6) et Tg2576 (sous le
promoteur prion de hamster sur le fond mixte B6;SJL). Les souris APP23 présentent une
chronologie neuropathologique similaire a celle des souris PDAPP, développant des dépots
amyloides néocorticaux et hippocampiques dés I'dge de 6 mois (Sturchler-Pierrat et al., 1997 ;
Dodart et al., 2000). Les souris Tg2576, le modele le plus couramment utilisé, présentent un
phénotype moins séveére avec un dépot amyloide qui débute seulement vers 9 mois, précédé
d'une gliose a 8 mois (Hsiao et al., 1996). Cette apparition tardive de la pathologie amyloide et
l'absence de certaines caractéristiques essentielles de la MA telles que la perte neuronale étendue
et l'absence de DNF ont conduit & la création de nouveaux modeles de souris cumulant

différentes mutations FAD.
ii. APP transgénique multiple

Des mutations multiples de la FAD ont été combinées pour obtenir un phénotype plus agressif.
Le modele TgCRNDS8 combine l'expression des mutations suédoise et indienne sur un APP
humanisé. Cela conduit naturellement a une neuropathologie accélérée, avec des dépots
amyloides apparaissant dés 3 mois dans le subiculum, l'amygdale et le cortex frontal, et
s'accompagnant d'une gliose réactive (Chishti et al. 2001). Ces souris présentent également une
hyperphosphorylation de la protéine tau et la formation d'oligoméres de tau dans I'hippocampe et

le néocortex, mais pas de DNF (Belluci et al., 2007).

Les mutations FAD trouvées dans les génes PSENI ou PSEN2 affectent 'activité y-secrétase et
augmentent le rapport AB42/AB40. Lorsqu'elles sont exprimées seules chez la souris, elles
augmentent les niveaux d'AB42 mais n'entrainent pas de dépot amyloide et le phénotype est assez
subtil (Duff et al., 1996 ; Borchelt et al. 1996). Le modéle de souris APPSWE/PS1dE9 combine

la mutation suédoise sur I'APP avec PSEN1 muté et présente une pathologie amyloide a I'age de
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6 mois (Jankowsky et al., 2004). Parmi les modéles d'apparition précoce, cette lignée de souris
est désormais au moins aussi populaire que le modele Tg2576. Dans le modele de souris 5xFAD,
de nombreuses mutations FAD différentes sont combinées, avec 3 mutations distinctes sur APP
et 2 mutations sur PSENI1. Il présente une neuropathologie trés agressive avec des dépots

amyloides apparaissant dans le subiculum et le cortex des 1'dge de 2 mois (Oakley et al., 2006).
1il. Tau transgénique

Contrairement a la condition humaine, les modeles de souris exprimant uniquement des
mutations FAD ne développent pas de DNF, bien qu'ils présentent parfois des niveaux accrus de
ptau. Cela est probablement dii a I'expression limitée des trois isoformes 4R de tau chez la souris
plutét qu'a un ensemble complet de six isoformes (trois 3R et trois 4R) que l'on trouve chez
I'homme. Afin d'induire la formation de DNF, de nouvelles souris transgéniques exprimant des
formes mutées de tau humanisées ont été développées. La mutation de tau la plus répandue
utilisée pour induire la formation de DNF est la mutation tauP301L que l'on trouve dans la
démence du lobe temporal frontal, mais pas dans la MA. Les souris Tau P301L exprimant cette
mutation présentent une évolution des dépots denchevétrements anatomiquement différente des
stades de Braak observés dans la MA, les DNF apparaissant d'abord dans le cerveau postérieur et
la moelle épiniére a 8 mois au lieu de la région entorhinale, précédés par une gliose a 7 mois
(Lewis et al., 2000). Plusieurs années plus tard, le modele de souris Thy-Tau22 a été congu pour
exprimer la protéine tau humaine a 4 répétitions mutée aux sites G272V et P301S sous un
promoteur Thyl.2, sans dysfonctionnement moteur (Schindowski et al, 2005). Il présente une
hyperphosphorylation au niveau d'épitopes pertinents pour la MA (notamment Ser396,
Ser202/Thr205 et Thr212/Ser214) et des DNF a un stade précoce, vers 3-6 mois, ainsi qu'une
diminution de la transmission synaptique et une neurodégénérescence dans I'hippocampe vers 10
mois, lorsque les souris Thy-Tau22 présentent des déficits de mémoire spatiale dans la tache du
labyrinthe aquatique de Morris. Il est intéressant de noter que les souris Thy-Tau22 présentent
une perte importante de neurones cholinergiques du septum médian, une caractéristique de la

MA rarement observée dans les modéles murins de la MA (Belarbi et al., 2011).

La souris transgénique hTau, qui surexprime les 6 isoformes de tau non mutées sans la présence
de tau endogéne de la souris, est beaucoup moins courante mais néanmoins intéressante. Comme

elle ne contient pas de mutations de tau, elle présente un profil neuropathologique plus proche de
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la MA. Les souris hTau présentent des ptau positifs CP13 dans le soma des cellules pyramidales
de I'hippocampe a 3 mois, suivis de DNF a 8 mois, ce qui correspond au développement du stade
de Braak (Andorfer et al., 2003). Cela contraste néanmoins avec la situation humaine, ou les
DNF ne se forment normalement pas en l'absence de mutations tau ou de pathologie amyloide.
Cela peut s'expliquer en grande partie par la surexpression de tau et par le rapport déséquilibré
des isoformes de tau, les niveaux de protéines des isoformes 3R commune aux deux especes
dépassant largement ceux des isoformes 4R humaines chez les souris hTau. Lorsque le rapport
entre les isoformes 3R et 4R est rectifi¢ au moyen d'un trans-épissage in-vivo du transgene, le
nombre de cellules pyramidales présentant des DNF est considérablement réduit (Espindola et
al., 2018). De plus, les souris hTau qui co-expriment la tau endogéne de la souris, et donc
surexpriment de grandes quantités de tau 4R et inversent le rapport 3R/4R, ne forment pas de

DNFs (Duff et al., 2000).
iv. Combinaison d'APP et de Tau transgéniques

Afin de produire un modele plus complet de la MA, avec des pathologies amyloides et tau
simultanées, des lignées de souris ont été développées pour surexprimer I'APP humanisé avec
des mutations FAD ainsi que le tau humanis¢ muté. Le modele de souris 3xTg est l'un des
modeles de souris de la MA les plus couramment utilisés, et combine la mutation suédoise de
I'APP, les mutations PSIM146V et tauP301L. Les souris 3xTg présentent des dépdts amyloides a
6 mois dans le cortex frontal et une formation d'enchevétrement plus similaire au développement
du stade de Braak, avec des agrégats de tau hyperphosphorylés apparaissant dés 6 mois dans

I'hippocampe (Oddo et al., 2004) suivis de DNF a 12 mois (Oddo et al., 2003) .
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8. Evaluation de la mémoire chez les rongeurs

Dans la section suivante, j'aborderai diverses formes de mémoire évaluées chez les rongeurs.
Chacune d'entre elles sera abordée en deux parties. La premiére partie donnera un apercu des
réseaux structurels nécessaires a la tdche. La seconde fera état des déficits observés chez les
souris atteintes de la MA et de la facon dont ils peuvent étre liés aux changements
physiopathologiques mentionnés précédemment. La plupart des taches de mémoire présentées
sont dérivées du paradigme d'exploration spontanée d'objets. Ces taches sont représentées a la

figure 11, a laquelle nous ferons référence tout au long de cette section.
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Figure 11. Tdches d'exploration spontanée d'objets. OR : reconnaissance d'objet, OL : localisation d'objet, OP :
objet-en-place, OiC : objet-en-contexte, WWWhen : what where when, WWWhich : what where which. Adapté de

Chantal Mathis.
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A. Mémoire de reconnaissance

L Contexte et anatomie

Les souris ont une curiosité innée. Le paradigme de reconnaissance spontanée d'objets, décrit
pour la premiére fois par Ennaceur et Delacour en 1988, exploite ce trait en utilisant
l'augmentation de l'exploration de la nouveauté comme mesure de la rétention de la mémoire. I1
consiste d'abord en une phase d'acquisition, au cours de laquelle une souris est placée dans un
champ ouvert pour explorer un ensemble de deux objets identiques. Cette phase est suivie d'une
phase d'intervalle inter-essai (ITI), au cours de laquelle la souris est laissée pendant une durée
déterminée dans sa cage d'origine, loin des objets et du champ ouvert. Enfin, le test se termine
par la phase de rétention, au cours de laquelle on montre a la souris un nouvel ensemble d'objets,
une copie de l'objet familier et un nouvel objet (figure 11A4). L'expérimentateur peut alors
¢évaluer la reconnaissance du nouvel objet a travers une augmentation de 1'exploration du nouvel
objet par rapport a l'objet inchangé. La mémoire de reconnaissance a court et a long terme peut
étre évaluée en faisant varier la durée de I'TI de quelques minutes a plusieurs heures, voire

plusieurs jours.

La région la plus régulierement impliquée dans la RO, quelle que soit la durée de I'ITI, est le
cortex périrhinal (PRC). Il a été démontré que la PRC, en particulier sa partie la plus caudale,
joue un rdle clé dans la performance de la RO pour des ITI de 5 min a 24 h en utilisant diverses
approches expérimentales (Ennaceur et al. 1996 ; Wan et al. 1999 ; Norman et Eacott, 2004 ;
Winters et al. 2004 ; Barker et al. 2007 ; Albasser at al, 2010). Il faut noter que la contribution de
la PRC peut également étre influencée par la complexité de l'objet étant donné son implication
dans le traitement des propriétés perceptives des objets (Norman et Eacott, 2005 ; Bartko et al.

2007).

De nombreuses études ont fait état d'une RO épargnée dans un large éventail de délais de
rétention chez des rats et des souris ayant subi une lésion de I'hippocampe (Mumby et al. 2002 ;
Save et al. 1992 ; Winters et al. 2004 ; Oliveira et al. 2010 ; Barker et Warburton, 2011 ; Sannino
et al. 2012). Dans certains cas, il a été démontré que I'implication de 1'hippocampe dépendait de
la taille de la lésion, de l'acceés a des repéres spatiaux (par exemple, des murs transparents), de

plusieurs essais pour I'habituation a I'aréne ou I'échantillonnage, ou d'un grand nombre d'objets
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(Broadbent et al. 2004 ; Ainge et al. 2006 ; Oliveira et al. 2010 ; Dees et Kesner, 2013 ; Sannino
et al. 2012). Moduler l'activité de Il'hippocampe par la perfusion locale de traitements
pharmacologiques pourrait améliorer ou réduire la mémoire OR a long terme (Hammond et al.
2004 ; Oliveira et al. 2010 ; Melichercik et al. 2012 ; Cohen et al. 2013). Par conséquent, on
pourrait proposer que la contribution de 1'hippocampe peut dépendre du fait que I'efficacité de la
performance dans une tache donnée nécessite 1'établissement et le rappel de représentations
spatiales spécifiques ou la liaison d'é¢léments complexes, et/ou la formation d'une trace mnésique
durable. Cette contribution a la mémoire OR a long terme est connue pour dépendre de maniere

cruciale de l'interaction entre le PFC et I'hippocampe (Preston et Eichenbaum, 2013).

Le mPFC et le RSC semblent étre importants pour soutenir la consolidation a long terme de la
mémoire de la RO (Warburton et Brown, 2015), car il a été démontré que la perturbation de l'un
ou l'autre perturbe spécifiquement la performance de la RO aprés une ITI de 24 heures (Akirav et
Maroun, 2006, de Landeta et al., 2020). L'implication du LEC et du MEC ne semble pas étre
essentielle pour la mémoire de la RO (Wilson et al., 2013a ; Rodo et al., 2017).

1i. Dans les modéles de souris de la MA

Les souris transgéniques simples APP-Tg (PDAPP, APP23 et Tg2576) et APPSWE/PS1dE9
présentent des déficits initiaux de la RO vers 6 mois avec des ITI allant de 1h a 48h (Dodart et
al., 1999 ; Huang et al., 2006 ; Mouri et al., 2007 ; Frye et Walf., 2008). De multiples souris
transgéniques APP-Tg (TgCRNDS, 5xFAD) présentent une progression accélérée avec des
déficits initiaux apparaissant vers 4 mois avec des ITI plus courts allant de 5 minutes a 24 heures
(Tohda et al., 2012 ; Richter et al., 2008). Lorsque plusieurs ITI sont testés dans la méme étude,
les performances sur des délais de rétention plus longs ont tendance a étre affectées avant celles
sur des délais plus courts (Kubota et al., 2016 ; Sierksma et al., 2014). En d'autres termes, la

mémoire a long terme semble tres sensible a la pathologie de la MA.

L'induction de la tauopathie semble avoir un impact moins grave sur la mémoire de
reconnaissance. Les souris hTau présentent des déficits avec un ITI de 24 heures a 12 mois mais
pas a 4 mois (Polydoro et al., 2009), et elles sont cognitivement normales lorsque le déséquilibre
3R/4R est rectifié (Espindola et al., 2018). Les souris Tau P301L ne présentent aucun déficit OR
méme a 17 mois (Kent et al., 2017). En fait, les souris Tau P301L agées de 9 semaines présentent

une meilleure performance OR avec un ITI de 3,5h, ce qui a été attribu¢ a une meilleure
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potentialisation a long terme dans I'hippocampe excluant I'hyperphosphorylation tau (Boekhoorn
et al., 2006). Les souris 3xTg-AD présentent une déficience dans la tiche de RO a partir de I'age
de 6 mois avec des ITI allant de 15 min a 24 h.

L'interprétation des déficits de la RO chez les souris App-Tg est assez compliquée par le fait que
l'une des régions clés impliquées dans l'encodage de l'identité des objets est la PRC qui n'est
presque jamais explorée pour la neuropathologie ou l'activité neuronale. Lorsque les
performances de la RO a long terme sont affectées de manicre sélective, il est possible qu'une
perturbation fonctionnelle dans I'hippocampe ait pu étre impliquée dans ce déficit étant donné

son role dans la consolidation de la RO.

B. Discrimination mnémonique fine (séparation des motifs)

L Contexte et anatomie

Les taches de discrimination mnémonique fine utilisées chez 'homme ont été traduites dans le
paradigme d'exploration spontanée d'objets chez la souris (Bolz et al., 2015 ; Cées et al., 2018).
Dans la tache de discrimination fine de reconnaissance d'objets, de petits changements dans
l'identité des objets peuvent étre controlés par l'utilisation d'objets lego, ou le seul changement
est le motif des legos utilisés pour construire I'objet modifié (seul le motif des blocs change, pas
la forme ou la composition). Dans la tache de discrimination fine de localisation d'objet, de petits
changements dans la localisation de 1'objet sont induits en déplacant 1'objet sur une plus petite
distance (20 cm vs 50 cm). Ces deux taches permettent de détecter des déficits chez les souris
agées mais pas chez les souris jeunes, et en l'absence de déficits des taches traditionnelles OR et
OL (Cés et al., 2018). Ce déficit a pu étre bloqué par un traitement a la D-sérine, qui a augmenté
la neurogenese dans le DG, illustrant un lien possible d'une réduction de la neurogenese du DG
en fonction de l'age avec la perturbation de la séparation des motifs. Ces résultats confirment
I'hypothése d'une implication de la neurogenese du DG dans la fonction de séparation des motifs

(Bolz et al., 2015 ; Clelland et al., 2009).
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1i. Dans les modeéles de souris de la MA

De maniere tres surprenante, malgré les nombreux rapports sur les déficits de discrimination fine
chez les patients MCI et AD, peu de choses ont été faites dans les modeles de souris AD. Il
existe une étude ¢légante de Zhu et ses collegues (2017) montrant des déficits de discrimination
spatiale fine chez les souris Tg2576. Ce déficit était li¢ a la dégénérescence de l'entrée
cholinergique dans le DG et a la réduction associée de la neurogenese locale (Zhu et al., 2017).
Au sein de notre équipe, nous avons montré que ce déficit apparait des 1'age de 4 mois chez cette
lignée de souris, en l'absence de déficits dans d'autres tdches de reconnaissance (manuscrit en

préparation).

C. Mémoire associative

L Contexte et anatomie

Plusieurs variantes du paradigme d'exploration d'objets ont été congues pour évaluer différentes
formes de mémoire associative. La premiere variante, souvent appelée tache d'objet en place
(OP) (Figure 160C), teste la capacité de l'animal a détecter l'intrusion d'un objet familier dans la
position précédemment occupée par un objet familier différent (Dix et Aggleton, 1999). En
d'autres termes, cette tiche sonde 1'association spécifique de l'identité de 1'objet et du lieu. Des
PRC, mPFC, RSC, noyau thalamique antérieur et hippocampe intacts ainsi que les interactions
doubles PRC-hippocampe, PRC- mPFC sont nécessaires pour réaliser la version 4 objets de la
tache OP (Nelson et Vann., 2014 ; Parron et Save., 2004 ; Barker et al. , 2007 ; Barker et
Warburton, 2015 ; DeVito et Eichenbaum, 2010). Seules quelques études ont évalué la version
simple a deux objets de la tache, et ont montré I'implication du LEC et de la voie LEC-mPFC
jusqu'a présent (Wilson et al., 2013a ; Chao et al. , 2016). Le réseau sous-jacent a la détection de

la nouveauté dans la tiche OP peut varier avec le nombre d'objets et/ou l'accés a un cadre spatial

" "

allocentrique (versus égocentrique). En effet, les tiches de PO a 2 objets " allocentriques
semblent reposer principalement sur le LEC et I'hippocampe, mais pas sur le PRC et le POC

(Eacott et Norman, 2004 ; Langston et Wood, 2010 ; Wilson et al., 2013a).

La tache d'objet en contexte (OiC) a été congue pour tester la capacité de I'animal a détecter un

objet familier qui n'a jamais été présenté dans un contexte spécifique et familier (Dix et
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Aggleton, 1999). L'intégrit¢ du POC et son interaction avec le PRC sont obligatoires pour
maintenir la performance de reconnaissance d'objets guidée par le contexte dans la tache OiC
(Figure 16D) (Norman et Eacott, 2005 ; Heimer-McGinn et al., 2017). 11 a été proposé qu'une
disposition spatiale des objets soit d'abord intégrée dans le POC par le biais de ses connexions
réciproques avec le PRC (Furtak et al. , 2012). En aval, un LEC intact et son interaction avec le
mPFC sont également nécessaires a la performance OiC (Wilson et al. , 2013b ; Chao et al.,
2016). De plus, le LEC étend son implication a la détection des incohérence entre le lieu et le
contexte et entre les combinaisons OP et contexte (tdches non montrées), ce qui suggere que
cette structure est nécessaire pour une intégration plus poussée des emplacements des objets
et/ou pour ajouter des associations OP a la disposition contextuelle (Wilson et al. , 2013b). Il est
a noter que l'un ou l'autre role pourrait étre tenu par une ou plusieurs autres régions, comme

I'hippocampe (Hunsaker et al. , 2013 ; mais voir Langston et Wood, 2010).

Alors que I'existence d'une mémoire épisodique chez les animaux reste une question ouverte, les
taches de reconnaissance basées sur le paradigme d'exploration d'objets sont fréquemment
considérées comme évaluant une mémoire "¢pisodique" chez les rongeurs. Ceci est tres
probablement li¢ a la faible connaissance de la différence critique entre la reconnaissance guidée
par la familiarit¢ ("sentiment non contextuel que") et la reconnaissance guidée par la
remémoration (se souvenir contextuellement de I'événement entier) (voir Ennaceur, 2010). Dans
la plupart des taches évoquées ci-dessus, l'animal peut simplement détecter qu'un objet lui est
plus familier qu'un autre (taches OR) ou qu’une position a été précédemment occupée ou non
(taches OL). Les taches OP et OiC sollicitent la mémoire associative en liant deux stimuli
environnementaux, mais une performance réussie ne garantit pas que le rongeur ait procédé par
remémoration compléte de 1'événement passé ou il a rencontré les objets pour la premicre fois.
En d'autres termes, il peut exprimer une certaine familiarité mais pas nécessairement se souvenir
de ce qui s'est pass¢ ou et quand. Ce débat souvenir/familiarité est toujours une question
importante dans le domaine de la recherche sur la mémoire de reconnaissance. Ainsi, deux taches
ont été congues pour évaluer une certaine forme de souvenir de 1'expérience passée qui est basée
sur une mémoire associative de 1) ce qui s'est passé€, ou et quand (Figure 11F) (tiche WW Where
; Dere et al., 2005) ou ii) ce qui s'est passé, ou et dans quel contexte (Figure 11G) (WWWhich ;
Eacott et Norman, 2004). Comme on pouvait s'y attendre au vu du réle de I'hippocampe dans les

souvenirs riches en contexte, la capacité a réaliser avec succes les tdiches WWWhen et
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WWWhich sur les trois composantes nécessite un hippocampe intact, mais pas nécessairement
l'intégrité d'autres régions individuelles du lobe temporal médian telles que le PRC ou le POC
(Eacott et Norman, 2004 ; Langston et Wood, 2010 ; De Vito et Eichenbaum, 2010). Comme
pour les taches OP et OiC, une interaction intacte entre le LEC et le mPFC est nécessaire pour
réussir la tiche WWWhen (Chao et al., 2016). Lorsque l'on considére la mémoire de 1'ordre
temporel séparément dans le cadre de ces taches ou dans une tache dédice, il convient de noter
que 1'hippocampe, le PRC, le RSC et le mPFC ont tous été signalés comme jouant un role dans la
détection de la récence des objets (figure 16E) (Mitchell et Laiacona, 1998 ; Barker et al., 2007 ;
DeVito et Eichenbaum, 2010 ; Powell et al., 2017).

1i. Dans les modeéles de souris de la MA

Les souris Tg2576 présentent un déficit profond de la composante OL d'une tiche WW Where
des l'age de 4 mois (Lanté et al., 2013). Ce déficit dans un seul domaine peut remettre en
question la nature épisodique de leurs déficits. Les souris APPSWE/PS1dE9 présentent des
déficits dans la taiche WWWhere des I'dge de 3 mois, en l'absence de plaques marquées a la
thioflavine (Ramos-Rodriguez et al., 2013). Une autre étude a trouvé des déficits dans la version
4 objets de la tdiche OP a l'age de 5 mois, sans déficits concomitants en OR ou en récence
d'objets, mais avec formation simultanée de plaques colorées en AP42 (Bonardi et al., 2016). Des
souris TgCRNDS agées de deux mois ont également présenté¢ des déficits dans la version
allocentrique a deux objets de la tdche OP, ainsi que des déficits dans la tiche OL mais pas dans
la tache OR, et en l'absence de plaques (Hamm et al., 2017). Leur déficit précoce dans I'OP a été
bloqué en inhibant ae B- mais pas la y-secrétase, ce qui indique qu'il n'était pas causé par une
augmentation de I'AfB, mais plutdt par une augmentation du B-CTF toxique ou une diminution du

sAPPa neuroprotecteur.

Toutes ces taches associatives a 2 ou 3 domaines dépendent de 1'intégrité de I'hippocampe. Ainsi,
comme cela a été suggéré pour la mémoire spatiale, il n'est pas surprenant que presque tous les
modeles classiques aient été testés dans ces taches et aient montré des déficits de performance.
Ceci est également en accord avec le rdle crucial de I'hippocampe dans la mémoire épisodique
humaine. La mémoire associative nécessite également une communication entre le LEC et le

PFC (Wilson et al., 2013a ; Chao et al., 2016). Ceci est particulierement intéressant car il existe
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de plus en plus de preuves d'altérations pathologiques spécifiques et précoces du cortex frontal et

du LEC dans nombre de ces mode¢les de souris (Zhuo et al., 2008 ; Xu et al., 2015).

9. Inconvénients des modéles de souris transgéniques

Au cours des 20 derniéres années, les modeles de souris transgéniques nous ont permis de
comprendre l'impact physiologique des pathologies amyloides et tau de manicre plus précise que
ce qui aurait pu étre réalis¢é en clinique. Cependant, ces modéles présentent une série
d'inconvénients qui contribuent a I'apparition de phénotypes artificiels et limitent la capacité de

ces modeles a représenter la maladie.

Tout d'abord, les transgénes sont surexprimés, car ils sont contrdlés par des promoteurs artificiels
et possédent souvent de multiples sites d'insertion (Figure 12A4). La surexpression est
particuliérement critique pour I'APP, avec ses nombreux fragments protéolytiques englobant un
vaste éventail de fonctions biologiques (Muller et al, 2017), comme I'APP dans le
développement du SNC (Nicolas et al., 2014), la SAPP dans la signalisation cellulaire (Rice et
al., 2019), 'AICD dans la régulation de la transcription (Konietzko et al., 2012) pour n'en citer
que quelques-unes. Il n'est pas surprenant que plusieurs études indiquent que les fragments APP
et non-AB APP surproduits altérent le développement des régions du cerveau (Dodart et al.,
2000) et peuvent fonctionner de mani¢re non physiologique au sein des processus cellulaires
(Willem et al., 2015 ; Kerridge et al., 2015 ; Nahn et al., 2015). Il est donc difficile de déterminer
si l'origine des déficits observés chez les souris APP-Tg est uniquement liée a I'accumulation

d'AB ou a une augmentation du traitement amyloidogénique.

Deuxiemement, les souris transgéniques co-expriment la version murine du transgene (Figure
12B), sauf si elles sont croisées avec un modele knock-out. Notez que méme dans ce cas, le
promoteur endogéne du géne homologue ne contrdle pas le géne inséré (par exemple, App ou
MAPT). Les protéines endogénes co-exprimées peuvent interférer avec les processus
pathologiques induits par les protéines MA. Ceci est illustré par l'impact de la co-expression de
tau endogene chez les souris hTau, qui stoppe complétement la formation d'écheveaux (Andorfer
et al., 2003). Certains fragments d'APP ont un effet bénéfique sur la plasticité synaptique et la

cognition, notamment le sSAPPa (Meziane et al., 1998, Ishida et al., 1997) qui serait dérégulé par
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une augmentation du clivage . Les effets de perte de fonction pouvant résulter d'une ¢lévation

du clivage amyloidogéne pourraient donc étre compensés par une co-expression endogene.
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Figure 12. Exemples de co-expression ou de surexpression de protéines chez les souris transgéniques. (A)
Surexpression de fragments dérivés de I'APP chez les souris transgéniques (APP23) par rapport aux souris wt et
knock-in. (B) Co-expression de la protéine tau 4R endogene chez la souris WT et le modele transgénique 8C (hTau
sans le gene MAPT endogene éliminé). Adapte de Andorfer et al. 2003 et Saito et al. 2014.

Troisiemement, la variabilit¢ découle de la nature aléatoire dans laquelle les transgeénes sont
insérés, et de l'utilisation de différents promoteurs artificiels. Ceci est souligné par une étude
récente qui présente des différences dans le niveau d'expression et la configuration régionale du
cerveau de I'APP exogene parmi différentes lignées de souris APP-Tg (Hofling et al., 2016).
Selon I'emplacement d'insertion du transgéne, les loci endogénes peuvent étre gravement
perturbés ou détruits (Verret et al., 2012 ; Saito et al., 2016). Les promoteurs artificiels entrent en
compétition avec les promoteurs endogenes pour les facteurs de transcription, et peuvent
conduire a l'expression du transgéne dans des types de cellules qui ne l'expriment pas

normalement.
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10. Mode¢les de souris Knock In

Les inconvénients des souris transgéniques peuvent étre largement compensés par 'utilisation de
la technologie knock-in (KI). Les genes in sont alors directement insérés sous le locus de la
souris, remplagant l'expression du gene endogeéne. Par conséquent, le géne inséré n'est pas
surexprimé et il n'y a pas de co-expression du géne endogene de la souris. L'insertion du gene
étant ciblée, il ne devrait pas y avoir de perturbation des autres loci endogenes. Tous les
. R . \ s \ : .
problémes liés a l'insertion d'un promoteur artificiel, comme l'expression erronée d'un type de

cellule, sont contournés.

En 2014, Saito et ses collégues ont présenté un nouvel ensemble de souris KI homozygotes
exprimant I'AP humanisée avec des mutations FAD (Saito et al., 2014). Trois mod¢les KI ont été
créés : 1'App™* avec la mutation suédoise (KM670/671NL), 1'4pp™*" avec 1a mutation suédoise et

la mutation Beyreuther/Iberian (I716F), et '4pp™" "

avec la mutation suédoise, la mutation
Beyreuther/Iberian et la mutation Arctic (E693G) (figure 134). La mutation suédoise a été
décrite précédemment, elle affecte le clivage  de ' APP augmentant la production globale d'Ap.
La mutation Beyreuther/Iberian fonctionne comme la mutation Indiana, elle affecte le clivage vy
augmentant le ratio AP42/AP40 (Figure 13B) (Guardia-Laguarta et al., 2010). La mutation

Arctic se trouve au milieu de la séquence AP et il est démontré qu'elle augmente le taux

d'agrégation AP et la quantité de grands oligomeres AP (Nilsberth et al., 2001).

Les souris App"" n'accumulent pas de dépots amyloides, mais présentent une microgliose
mineure dans I'hippocampe (Masuda et al., 2016). Les souris App" """ présentent des dépots
amyloides hippocampiques et corticaux initiaux épars a 6 mois, ainsi qu'une gliose réactive.
Chez les souris App™ " le dépot amyloide est accéléré, les premiers dépdts apparaissant a 2
mois dans le cortex. Comme prévu, aucun des modeles KI ne forme de DNF, mais les souris
App™ T et App™T présentent des niveaux élevés de ptau dans les dendrites dystrophiques

entourant les plaques (Saito et al., 2014).
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Figure 13. Souris Knock in créées par Saito et ses collegues (2014). (A) Séquence Af humanisée avec des
mutations FAD insérées. (B) Focus sur la souris App™"*. A gauche : par rapport aux autres modéles, la souris
homozygote App™™™ présente une augmentation de 1'AP42/AB40 comme marqueur neuropathologique primaire
induit par la mutation F. Au milieu : Elle présente également une augmentation du p-CTF, et une diminution de !'o-
CTF, en raison de l'augmentation du clivage f induit par la mutation NL. Les deux figures soulignent l'absence de
surexpression par rapport au modéle de souris transgénique APP23. A droite : la formation initiale des plaques
commencerait a 6 mois, bien que méme a 9 mois, les plaques soient encore tres éparses. Adapté de Saito et al. 2014.

A partir de maintenant, je me concentrerai principalement sur la souris homozygote App™*™" car
elle a été utilisée comme lignée de souris parentale pour produire le modele de mon travail de
thése. Les souris App"~" ont montré des performances altérées a 1'age de 18 mois dans la tiche
d'alternance spontanée du labyrinthe en Y, mais pas dans la tdche de mémoire spatiale du
labyrinthe aquatique de Morris (Saito et al., 2014). Dans une autre étude (Shah et al., 2018),
l'apprentissage intact de la navigation spatiale a été confirmé a des ages plus précoces (3 et 7
mois). De maniére intéressante, les souris agées de 3 mois ont démontré une flexibilité cognitive
altérée dans l'apprentissage par inversion qui accompagnait des altérations de la connectivité
fonctionnelle hippocampe-PFC et hippocampe-RSC a I'état de repos. Parallelement, une étude

pharmacologique a révélé que les souris App™"" présentent des déficits a 12 mois, mais pas & 9

mois, dans une tache de RO a long terme (Izumi et al., 2018). Cela rappelle également une
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altération du dialogue entre 'hippocampe et le PFC. Ces résultats nous ont incités a intégrer la

tache de RO a délai de rétention de 24h dans notre batterie de taches de reconnaissance.

Saito et son équipe ont également développé un nouveau modele de souris KI pour MAPT
humanisé, le géne qui exprime la tau (Saito et al., 2019 ; Hashimoto et al., 2019). Les souris
MAPT KI expriment les 6 isoformes de tau (figure 14A), le niveau d ARNm 4R étant environ 70
% de celui de 'ARNm 3R (figure 14B). Elles ne forment pas de DNF, mais ont montré une
propagation accélérée des espéces de tau pathologiques (immunoréactives a 1'AT8) apres
l'injection de tau dérivée de la MA dans le cerveau de la souris. La souris MAPT KI a été croisée

avec les souris AppNL‘F et AppNL‘G‘F

pour créer les lignées de souris App™"“xMAPT et App™"©
FxMAPT double knock in (dKI) respectivement. Ces souris dKI ne montrent pas de changements
manifestes par rapport aux souris KI originales. Aucune des dKI ne présente de DNF mais elles
montrent des niveaux accrus de ptau par rapport aux MAPT KI simples (Saito et al., 2019)
(Figure 14C). A notre connaissance, la lignée de souris App™ "xMAPT dKI n'a jamais été

¢valuée dans des taches comportementales.
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Figure 14 : Pathologie Tau chez les souris MAPT et App"*"xMAPT dKI. A) Gel d'électrophorése PCR représentatif
réalisé pour B) comparer les niveaux de 4R-tau et 3R-tau chez les souris MAPT KI. C) Le croisement de la MAPT
KI avec I'App™" KI augmente la quantité de ptau a l'dge de 24 mois. Adapté de Hashimoto et al., 2019 et Saito et
al, 2019.
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11.Mon projet

Le butde mon projet était de détecter les premiers troubles de la mémoire de reconnaissance chez
les souris dKI, puis d'¢lucider l'origine de ce trouble précoce de la mémoire dans le modele dKI.
Mon premier objectif était de caractériser de maniere extensive les performances de la mémoire
de reconnaissance a la recherche du déficit le plus précoce en utilisant une batterie de taches
basées sur le paradigme d'exploration d'objets (Etude n°1). Le second objectif était de réaliser
une imagerie ex vivo de l'activation neuronale liée a la tache chez des souris WT et dKI afin
d'identifier la région la plus précoce affectée chez les souris dKI (Etude n°2). Avec l'aide de
Demian Battaglia, les niveaux d'activité régionale et les réseaux fonctionnels ont été évalués afin
d'évaluer les perturbations bien décrites dans les études humaines sur la MA préclinique (Etude
n°3). Le troisiéme objectif était de déchiffrer 'origine des perturbations fonctionnelles dans cette
région cérébrale. Pour atteindre cet objectif, nous avons prévu d'utiliser deux approches. En
collaboration avec Céline Héraud, je déterminerai d'abord I'importance relative des pathologies
amyloide et tau par western blot en me concentrant sur un ensemble de régions cérébrales
potentiellement impliquées dans la tdche de mémoire altérée, dont la région d'intérét. On
s'attendait a ce que cette région présente une pathologie exacerbée. Enfin, les perturbations
fonctionnelles des régions affectées seront évaluées plus précisément par des techniques
¢lectrophysiologiques avec l'aide de Romain Goutagny (Etude n°4). Dans ce texte abrégé en
francais, seulement I’étude 3 sera traduite. Cela couvrera les résultats et les méthodes les plus

pertinents.
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Etude n°3

Déficits précoces de la mémoire et désorganisation étendue du réseau cérébral dans le

modéle de souris de la maladie d'Alzheimer App NL-FxMAPT double knock-in

Christopher Borcuk', Céline Héraud', Karine Herbeaux',
Margot Diringerl, Elodie Panzer', Jil Scuto', Saito?, Hashimoto?, Saido?,

Romain Goutagny', Demian Battaglia'”**, Chantal Mathis'

1 - Laboratoire de Neurosciences Cognitives et Adaptatives (LNCA), Université de Strasbourg, Faculté de

Psychologie, 12 rue Goethe, F-67000 Strasbourg, France.

2 - Laboratoire de neuroscience protéolytique, RIKEN Center for Brain Science, 2-1 Hirosawa, Wako-city,

Saitama 351-0198, Japon.
3 Institut d'études avancées de 1'Université de Strasbourg (USIAS), F-67000 Strasbourg, France

4 Université d'Aix-Marseille, Inserm, Institut de Neurosciences des Systemes (INS) UMR_S 1106, F-
13005 Marseille, France

Article soumis aux Drs T Saito, S Hashimoto et T Saido’ pour révision selon I'accord de transfert de
matériel avant soumission a BioRiv et e-Life.
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Contexte et objectifs scientifiques

Dans I'¢tude n°1, nous avons montré que les souris dKI présentent des déficits d'OP5' des 'age
de 4 mois, sans aucun autre déficit marqué dans d'autres tiches de mémoire de reconnaissance
sensible. Dans 1'étude n°2, nous avons évalué¢ l'expression de c-Fos lice a OP5' dans deux
expériences : en comparant des souris jeunes et agées, et en comparant des souris WT et dKI
agées de 4 mois. Avec un ITI de 5 minutes, I'expression de c-Fos représente l'activité cérébrale
pendant les deux phases, ce qui devrait augmenter le bruit du signal, et peut expliquer pourquoi
aucun changement régional dans l'activité neuronale n'a été observé dans ['étude sur le
vieillissement avec les tailles d'échantillon relativement petites. Malgré cela, avec une taille
d'échantillon plus importante, des augmentations régionales significatives de 1'activité neuronale

(dans le CLA caudale) ont pu étre détectées chez les souris dKI qui ont subi la tiche OPS5'.

Quoi qu'il en soit, nous avons cherché a comprendre si le déficit d'OP résulte de perturbations de
l'activité neuronale spécifiques a la phase du test. De plus, la compréhension de la connectivité
fonctionnelle découlant du mélange d'activités d'acquisition et de rétention est problématique, et
il vaut mieux éviter d'utiliser un ITI de 5 minutes pour évaluer la connectivité fonctionnelle
dérivée de c-Fos. Avec tout cela en téte, nous avons décidé d'évaluer l'expression de c-Fos dans
la taiche OP3h avec un ITI de 3 heures (les résultats comportementaux sont présentés dans I'étude
n°l), suffisant pour séparer les deux phases de test en ce qui concerne la courbe d'expression de
c-Fos. Ainsi, l'expression de c-Fos a été analysée dans une cohorte de souris qui n'a subi que la
phase d'acquisition et dans une cohorte distincte qui a subi l'ensemble de la tiche OP3h jusqu'a la
phase de rétention. L'expression régionale de c-Fos a été évaluée pour voir si nous pouvions
détecter des changements locaux d'hyper ou d'hypo-activité associés a la MA précoce. Les
réseaux fonctionnels ont été analysés afin de déterminer si la perte de mémoire associative
pouvait étre liée a des perturbations de l'efficacité du réseau ou de la force du hub, comme on

l'observe dans le DMN de la MA précoce.

Cette analyse c-Fos est présentée avec les résultats comportementaux de 1'é¢tude n°1 sous la
forme d'un article. Cet article a été soumis aux Drs T Saito et T Saido conformément & notre
accord de transfert de matériel pour les lignées de souris App™ " KI et MAPT KI. 11 sera ensuite

soumis a BioRiv et eLife.
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Résumé

Un défi crucial dans la recherche actuelle sur la MA est de clarifier la relation entre la neuropathologie
précoce et le dysfonctionnement du réseau associé a 1'émergence de subtiles altérations de la mémoire qui
annoncent le début de la maladie. Dans le présent travail, le modéle de nouvelle génération App™"
*/MAPT a double knock in (dKI) a été utilisé pour évaluer les premiers stades de la MA. L'étape initiale
de la pathologie tau était limitée a la région périrhinale-entorhinale, épargnant I'hippocampe. Ce signe
neuropathologique discret était associé a des déficits de la mémoire associative objet-place, l'une des
premiéres mémoires de reconnaissance affectées chez les personnes a risque de développer la MA. Des
analyses de l'activation de c-Fos en fonction de la tache ont été effectuées dans 22 régions du cerveau a
travers le cortex préfrontal médian, le claustrum, le cortex rétrosplénial et le lobe temporal médian. Une
hyperactivité initiale a été détectée dans le cortex entorhinal et le claustrum des souris dKI. La phase de
rétention a été associée a une réduction de l'efficacité du réseau, en particulier dans les régions corticales
cingulaires, ce qui pourrait étre dii a une perturbation du flux d'informations dans le cortex rétrosplénial.
De plus, la relation entre 'efficacité globale du réseau et la performance de la mémoire chez la souris WT
pouvait prédire la perte de mémoire chez la souris dKI, ce qui établit un lien supplémentaire entre
l'efficacité réduite du réseau et le dysfonctionnement de la mémoire. Nos résultats suggerent que la
pathologie périrhinale-entorhinale précoce est associée a une hyperactivité locale qui se propage vers des
régions connectées telles que le claustrum, le cortex préfrontal médian et, finalement, le pivot
rétrosplénial clé qui est nécessaire pour relayer le flux d'informations des lobes frontal et temporal. La
similitude entre nos résultats et ceux rapportés dans les premiers stades de la MA suggere que le modéle

App™/MAPT dKI a un fort potentiel pour générer des informations clés sur le stade initial de la maladie.
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Abréviations

MA - Maladie d'Alzheimer

CLA - claustrum

DH - hippocampe dorsal

dKI - Souris AppNL-F/MAPT double knock-in

CF - connectivité fonctionnelle

mPFC - cortex préfontal médian

MTC - cortex temporal médian

MTL - lobe temporal médian

OP - association objet-place

PS - Séparation des motifs

RSC - cortex rétrosplénial
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Introduction

Le diagnostic et le traitement actuels de la maladie d'Alzheimer (MA) interviennent trop tard, lorsque les
symptdmes physiologiques tels que la neurodégénérescence manifeste ont déja atteint un état irréversible
(Selkoe, 2012). Les pathologies caractéristiques de la maladie d'Alzheimer sont les plaques amyloides
insolubles, initialement formées dans les cortex préfrontal et médian postérieur, qui constitue le réseau du
mode par défaut (DMN), et les dégénérescences neurofibrillaires, initialement formées dans le lobe
temporal médian (MTL). La combinaison de la neuro-imagerie fonctionnelle avec la TEP amyloide ou tau
révele que les schémas spatiaux de dépot induisent des perturbations des réseaux fonctionnels (Myers et
al., 2014 ; Jones et al., 2017), et accompagnent le déclin cognitif (Sepulcre et al., 2017 ; Pereira et al.,
2019). Cependant, le peptide amyloide (AB) soluble et les précurseurs tau hyperphosphorylés sont
généralement plus toxiques et s'accumulent dans le cerveau des décennies avant l'apparition des
symptomes typiques (Chen et al., 2017 ; Hill et al., 2020). Cela souligne I'importance de se concentrer sur
les stades les plus précoces pour comprendre I'origine de cette maladie dévastatrice et pour développer
des méthodes de détection et des thérapies plus proactives.

La déficience cognitive légere amnésique (aMCI) indique un risque plus élevé de progression vers la MA
et a été largement étudiée au cours de la derniére décennie comme un stade prodromique potentiel de la
MA (Petersen et al., 2009). La connectivité fonctionnelle (CF) au repos a été évaluée chez les patients
atteints d'aMCI par la corrélation temporelle des fluctuations du signal en IRMf, EEG ou MEG. Afin de
parvenir a une compréhension plus rigoureuse de la perturbation de la FC, la théorie des graphes a été
utilisée pour évaluer la topologie des réseaux fonctionnels. Une cognition saine nécessite probablement
une topologie efficace de petit monde, combinant une ségrégation locale entre des régions
anatomiquement et fonctionnellement similaires, et une bonne intégration entre des régions €loignées a
l'aide de concentrateurs fortement connectés (Filippi et al., 2013, Bassett et Bullmore., 2006). En ce qui
concerne 1'aMCI, de nombreuses études ont rapporté des perturbations du réseau fonctionnel au sein et
entre le DMN et le MTL, avec une intégration réduite du réseau ainsi qu'une force réduite des hubs
corticaux (Drzezga et al., 2011 ; Wang et al., 2013a ; Bai et al., 2013, Lin et al., 2019). Cependant, ces
résultats ne sont pas enticrement concluants, car d'autres ont rapporté des résultats opposés ou non
concluants (Gardini et al., 2015 ; Grajski et Bressler, 2019 ; Liang et al., 2020, Liu et al., 2012). Cette
incohérence peut étre révélatrice de 1'hétérogénéité des stades aMCI, ou il est démontré que le sens de la
perturbation (hyperconnectivité vs hypoconnectivité) change en fonction de la gravité de ['état
pathologique (Pusil et al., 2019; Jones et al., 2016). Cela souligne l'importance d'identifier des
biomarqueurs plus précoces pour détecter plus précisément les stades précliniques de la MA, précédant
méme ['aMCI. Des progres récents ont permis de développer des paradigmes sensibles de mémoire de
reconnaissance, tels que des taches de séparation de motifs et de mémoire associative, qui peuvent
détecter de légers défauts cognitifs chez les personnes atteintes de troubles cognitifs subjectifs et les
personnes dgées avec une cognition normale (Naveh-Benjamin, 2000, Sinha et al., 2018 ; Reagh et al.,
2018). Ces taches dépendent d'interactions spécifiques entre les structures DMN et MTL sensibles a la
MA précoce (Reagh et Yassa., 2014 ; Miller et al., 2014 ; Hales et Brewer, 2011 ; Caviezel et al., 2020 ;
Ritchey et al., 2020), et ont été mises en ceuvre pour détecter les premiers stades "asymptomatiques" de la
MA préclinique (Rentz et al., 2011 ; Maass et al., 2019). En évaluant les réseaux fonctionnels directement
responsables des premiers déficits de mémoire subtils, nous pourrions parvenir a une compréhension plus
claire des réseaux neuronaux affectés en premier lieu dans les premiers stades de la MA.
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Les stades initiaux de la MA sont inévitablement liés a des perturbations physiologiques et
neuroanatomiques discrétes, qui devraient étre plus facilement étudiées dans les modeles murins de la
MA (Scearce-Levie et al, 2020). En utilisant I'IRMf sur de jeunes souris transgéniques de la MA, une
augmentation de I'AP soluble (Shah et al, 2016 ; Shah et al, 2018), et des augmentations spécifiques a une
région de la neuroinflammation et du phospho-tau (Degiorgis et al, 2020) ont été liées a des perturbations
des réseaux fonctionnels a I'état de repos. Les méthodes dIRM{/EEG/MEG étant actuellement difficiles a
mettre en ceuvre chez des souris se déplacant librement, 1'imagerie ex-vivo basée sur la quantification de
l'expression régulée par 'activité des génes précoces immédiats (IEG ; c-fos, Egrl et arc) peut étre utilisée
pour évaluer 'activation neuronale liée a la mémoire (Kinnavane et al, 2015). Grace a cette technique, la
physiopathologie des premiers stades a été liée a des changements individuels dans l'activité régionale
liée a la mémoire (Hamm et al., 2017), mais pas aux réseaux fonctionnels. Cependant, en dehors de la
maladie d'Alzheimer, les corrélations entre sujets des niveaux d'IEG régulés par l'activité ont été utilisées
pour évaluer les réseaux fonctionnels directement liés a la mémoire (Tanimizu et al., 2017 ; Wheeler et
al., 2013 ; Vetere et al., 2017). Cette approche peut s'avérer utile pour évaluer la FC li¢e a la mémoire
dans les modéeles murins de la MA.

Récemment, des modeles de souris knock-in ont été créés pour exprimer des genes liés a la MA sous des
promoteurs endogénes de la souris (Saito et al., 2014). Cela supprime la surexpression des genes et les
phénotypes artificiels potentiels qui en résultent, ce qui permet une évaluation plus attentive des stades
initiaux de la MA (Sasaguri et al., 2017). Dans la présente étude, nous avons détecté des déficits de
mémoire associative objet-place (OP) comme le signe le plus précoce de déclin cognitif dans le modéle de
souris humanisé AppNL-F/MAPT double knock-in (dKI). Ce modé¢le exprime spécifiquement les six
isoformes de tau et surexprime I'AP42, ce qui entraine un dépdt amyloide marqué et une
hyperphosphorylation pathologique typique de tau a un Age avancé de 24 mois (Saito et al., 2019). Etant
donné notre intérét spécifique pour les premiers stades de la MA, ce modele a été choisi plutot que les
dKI AppNL-G-FxMAPT en raison du développement plus lent de sa neuropathologie. Cette option a
semblé heureuse car les premiers déficits de mémoire détectés dans la tiche OP ont coincidé avec
I'émergence des premiers stades de phosphorylation tau anormale dans la région entorhinal-perirhinal et
non dans I'hippocampe, ce qui indique un état pathologique précoce. L'activité dépendante de la tache a
ensuite ¢été mesurée dans les régions impliquées dans cette forme de mémoire associative, dont
principalement le DMN/MTL, et la FC a ét¢ évaluée a l'aide de techniques de théorie des graphes. Nos
résultats montrent que le déclin initial de la mémoire dans la MA pourrait étre lié a des changements
topologiques spécifiques dans les réseaux fonctionnels dépendant de la mémoire.
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Résultats

Le phénotypage comportemental révéle des altérations précoces de la mémoire associative objet-
place.

Les performances de la mémoire associative de la séparation de motifs (PS) et de 'OP sont couramment
affectées dans les stades prodromiques de la MA et chez les personnes agées cognitivement normales
(Yeung et al., 2018, Hampstead et al., 2018, Reagh et al., 2018, Reagh et Yassa, 2014), et dans les
modéles murins aux stades de dépot préplaque (Zhu et al., 2017 ; Hamm et al., 2017). Afin de détecter les
déficits de mémoire de reconnaissance les plus précocement sensibles, une étude préliminaire a été
réalisée pour évaluer les performances OP et PS, ainsi que les performances de reconnaissance d'objets a
long terme a l'age de 2, 4 et 6 mois (Figure 1-supplément figuré 1). Pour les taches OP et PS, un court
intervalle inter-trial (ITI) de 5 minutes a été choisi pour s'assurer que les déficits ne résultent pas d'une
perturbation de la consolidation de la mémoire a long terme. Etant donné le nombre élevé d'ages testés et
la nature difficile des tiches, aucun résultat n'était significatif dans cette expérience préliminaire avec
corrections pour comparaisons multiples. Tous les groupes ont réussi la tdche de reconnaissance d'objets a
long terme et la tache PS est restée non concluante car les performances de dKI étaient trés variables
(Figure 1-figure supplément 1A et 1B, respectivement). En revanche, un déficit potentiel robuste a pu étre
observé a 4 mois dans la tache OP, et a persisté a 6 mois (figure 1-figure supplément 1C).

Avec une deuxiéme cohorte indépendante de souris, nous avons confirmé que les souris dKI étaient
incapables de détecter une nouvelle association d'OP a 1'age de 4 mois (figure 1A). D'autre part, les souris
agées de 4 mois n'ont pas montré de déficits dans la reconnaissance a court terme de nouveaux objets
(Figure 1B). Ces résultats ont confirmé que le déficit PO était dii a des perturbations spécifiques de la
mémoire associative plutét qu'a des déficiences distinctes de la reconnaissance d'objets ou de la
reconnaissance spatiale.

Nous avons ensuite évalué les changements physiopathologiques précoces de la MA chez les souris dgées
de 4 mois en utilisant le western blotting (Figure 1-figure supplément 2A). Des anticorps ciblant 1’ APP,
les fragments carboxy terminaux clivés de 'APP, la protéine tau phosphorylée (Thr181) et les protéines
tau totales ont été utilisés. Les souris de type sauvage ont exprimé principalement des fragments a-CTF
d'APP, tandis que les souris dKI ont exprimé principalement des fragments B-CTF d'APP. De plus, une
augmentation du rapport B-CTF/a-CTF a été observée a la fois dans I'hippocampe (figure 1-figure
supplément 2B) et dans le cortex temporal médian (medial temporal cortex - MTC ; comprenant les
cortex entorhinal, périrhinal, postrhinal) (figure 1-figure supplément 2C), indiquant une transformation
amyloidogene régulée de I'APP. En outre, une augmentation du degré de phosphorylation de la protéine
tau sur Thr181 a été¢ observée uniquement dans le MTC des souris dKI par rapport aux souris de type
sauvage, alors que les deux modéles exprimaient des niveaux similaires de protéines tau totales. Cela
correspond au consensus général selon lequel la CTM est la zone initiale de la mise en scéne de la
protéine tau (Braak et Braak, 1995). Ces résultats soulignent que les déficits OP se produisent en
conjonction avec des changements physiopathologiques considérablement légers, ce qui s'apparente a un
stade précoce préclinique de la MA.
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Figure 1. Caractérisation comportementale de jeunes souris dKI (WT n= 11, dKIn = 11). (A) A l4ge de 4 mois, les souris dKI
ont reproduit le déficit potentiel observé dans la tache d'association objet-place lors du phénotypage préliminaire (test t & deux
¢échantillons, WT vs. dKI : t(20) = 2,85, P = 0,0098 ; test t & un échantillon, contre le hasard : dKI t(10)=0,3095, p = 0,763). Au
meéme age, les souris dKI étaient normales pour (B) la reconnaissance d'objets (test t & deux échantillons, WT vs. dKI: t(19) =
.0934, P =10.9265 ; test t a un échantillon, contre le hasard : tous les ts>3.94, ps<0.003) (une souris WT a été retirée parce qu'elle
est tombée avant le test) et (C) la reconnaissance spatiale (test t a deux échantillons, WT vs. dKI : t(20) = 1,052, P =0,9173 ; test
t a un échantillon, contre le hasard : tous les ts>3,03, ps<0,013), indiquant que la perte de mémoire associative n'était pas due a
une perte singuliere dans les domaines de la reconnaissance d'objet & court terme ou de la mémoire de localisation d'objet. Les
graphiques a barres représentent la densité moyenne (+ SEM) * différence entre les génotypes **p<.01 (test t & deux échantillons)
; #, différence par rapport au hasard, #p<.05 (test t & un échantillon).
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Figure 1 - supplément a la figure 1. Phénotypage préliminaire de jeunes souris dKI avec des paradigmes de mémoire de
reconnaissance sensibles. Les souris ont été testées a 2 mois (WT n= 10, dKIn =10), a4 mois (WTn=12,dKIn=9)eta 6
mois (WT n =8, dKIn = 11). Une cohorte supplémentaire de (WT n =3, dKIn = 1) a été testée a 2 mois dans l'association objet-
place car le groupe initial n'a pas atteint une signification supérieure a 0. (A) Dans la tache de reconnaissance d'objet & long
terme, les souris dKI n'étaient pas du tout affectées. (B) Dans la tache de séparation des formes, les souris dKI étaient trés
variables, de sorte qu'elles n'étaient pas significatives par rapport au hasard, quel que soit I'dge (test t a un échantillon, par rapport
au hasard : tous les ts dKI<.996, ps>0.055). Cependant, la signification entre les groupes n'a été obtenue qu'a 'dge de 6 mois (WT
vs. dKI : t(17) = 2,364, P = 0,030). Cette variabilité peut représenter une variété de facteurs, y compris peut-étre une neurogenese
DG affectée (Scopa et al., 2020). (C) Le déficit significatif le plus précoce chez les souris dKI est apparu a 4 mois dans la tache
d'association objet-place, un déficit qui a été conservé a 6 mois (test t a deux échantillons, WT_4mo vs. dKI 4mo : t(20) = 2,325,
P =0.0313 ; test t 2 un échantillon, contre le hasard : dKI t(8) = 0,2086, P = 0,8399 ; test t a deux échantillons, WT _6mo vs.

dKI 6mo : t(17) = 2,132, P =0,0479 ; test t a un échantillon, contre le hasard : dKI t(10) = 0,7196, P = 0,4883). Bien que la
variabilité observée lors de la séparation des motifs puisse étre intéressante, nous avons choisi de poursuivre notre étude avec le
déficit objet-place, plus robuste. Les graphiques a barres représentent la densité moyenne (+ SEM). Différence entre les
génotypes *p<.05 (test t & deux échantillons) ; différence par rapport au hasard, #p<.05 (test t & un échantillon). Aucune
correction pour comparaisons multiples n'a été effectuée pour ces comparaisons préliminaires.
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Figure 1 - supplément 2 a la figure. Stade précoce de la maladie de type Alzheimer chez des souris males dKI agées de 4 mois.
(A) Blots représentatifs des fragments APP clivés, des protéines tau phosphorylées sur le site thréonine 181 et des protéines tau
totales dans I'hippocampe et le cortex temporal médian de souris WT et dKI. Analyse du rapport des fragments B-CTF sur a-CTF
et du degré de phosphorylation de tau sur Thr181 dans I'hippocampe (B) et dans le cortex temporal médian (C). Les résultats ont
montré que les souris dKI exprimaient principalement le B-CTF alors que les souris WT exprimaient principalement le a-CTF et

que le rapport B-CTF/a-CTF augmentait dans les deux régions du cerveau. Seul le MTC a présenté une augmentation des
protéines tau phosphorylées. Les graphiques a barres représentent la densité moyenne (+ SEM). * p<0,05, ** p<0,01, ***

p<0,001 et **** p<(,0001 (test t a deux échantillons).
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Evaluation des changements de I'activité cérébrale dépendant de I'OP

Alors que les processus d'encodage sont connus pour étre perturbés chez les patients atteints de la MA
(Granholm et Butters, 1988), des études récentes sur des modeles animaux trouvent également un
dysfonctionnement de la récupération des engrammes comme mécanisme de perte de mémoire dans les
premiers stades de la pathologie de MA (Roy et al., 2016 ; Etter et al., 2019). Nous avons donc cherché a
¢évaluer les modifications de 'activité cérébrale dépendantes de I'encodage versus le rappel en lien avec le
déficit OP, par une évaluation indépendante des deux phases de test. Ainsi, l'activation de c-Fos a été
quantifiée dans le cerveau de souris ayant subi soit la phase d'acquisition (encodage) (figure 2A), soit la
phase de rétention (rappel) (figure 2B) de la tdche OP. Afin de tenir compte de la courbe d'expression de
la protéine c-Fos, I'TI a été prolongé jusqu'a 3 heures, le délai le plus court permettant d'isoler
définitivement les phases de test. Comme pour I'ITI de 5 minutes, les souris dKI qui ont subi la phase de
rétention apres un ITI de 3 heures étaient également incapables de détecter la nouvelle association OP
(Figure 2C). Nous avons ensuite choisi d'évaluer 22 régions d'intérét (ROI) englobant des sous-régions du
cortex préfrontal médian (mPFC), du claustrum (CLA), du cortex rétrosplénial (RSC), de I'hippocampe
dorsal (DH) et du cortex temporal médian (MTC) (Figure 2D-J). L'hyperactivité neuronale est une
caractéristique commune au début de la MA et chez les jeunes souris pré-plaques (Zott et al., 2019).
Nous avons donc d'abord évalué les changements de l'activité régionale en fonction de la phase de test et
du génotype.

L'acquisition induit une activité régionale plus importante que la rétention

Toutes les régions sauf le DH présentaient des niveaux d'activité plus ¢élevés dans la phase d'acquisition,
bien que dans le LEC cette augmentation de l'activité ait été nettement moins radicale. On peut s'attendre
a cela dans la phase initiale, car les souris sont soumises & des changements plus forts avec deux
nouveaux objets dans des emplacements précédemment inoccupés par rapport a la phase de rétention, ou
le seul changement est une nouvelle association OP. Pendant I'acquisition, les souris encodent activement
plusieurs nouvelles caractéristiques, de nouveaux objets et leur emplacement unique dans le champ
ouvert. De plus, cela permet de confirmer I'absence de c-Fos résiduel dans les groupes de rétention. Si le
c-Fos résiduel persistait entre 1'encodage et la perfusion apres la phase de rétention, on s'attendrait a une
densité de c-Fos similaire ou accrue pendant la phase de rétention, et non a une diminution.

Hyperactivité dans le claustrum et le cortex entorhinal des souris dKI

Le CLA et le LEC ont montré une activation accrue chez les souris dKI, quelle que soit la phase de test .
La MEC a révélé une activation accrue chez les souris dKI, spécifiquement pendant la phase d'acquisition
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Région Acronyme
Cortex prélimbique PRL
Cortex cingulaire CGl1
Cortex infralimbique IL
Claustrum rostral rCLA
Claustrum caudal cCLA
Corpus ammoniss 1 CAl
Corpus ammoniss 3 CA3
Gyrus denté lame suprapyramidale DG sp
Gyrus denté lame infrapyramidale DG ip
Dysgranularité du cortex rétrosplénial rostral (RSD) | rRSCd
Cortex rostral rétrosplénial granulaire (RSG) rRSCg
Dysgranularité du cortex rétrosplénial caudal (RSD) | cRSCd
Cortex rétrosplénial caudal granulaire (RSG) cRSCg
Cortex périrhinal rostral dorsal (Ect) rPRCd
Cortex rostral perirhinal ventral (PRh) rPRCv
Cortex périrhinal caudal dorsal (Ect) cPRCd
Cortex périrhinal caudal ventral (PRh) cPRCv
Cortex entorhinal latéral rostral (DLEnt,DIEnt,VIent) | r[LEC
Cortex entorhinal latéral caudal (DLEnt,DIEnt,VIent) | cLEC
Cortex entorhinal médian (MEnt) MEC
Cortex entorhinal médian caudal (CEnt) CMEC
Cortex postrinal (Ect,PRh) POC

Etuden 3

Tableau 1. Liste des régions évaluées. Les régions ont été choisies a priori en fonction de leur pertinence dans la pathologie
précoce de la MA et dans le traitement de la mémoire associative. Entre parenthéses figurent les identifications des régions selon

la troisiéme édition du Franklin and Paxinos Mouse Brain Atlas.
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Figure 2. Activité régionale pendant les deux phases de 1'OP. Des cohortes distinctes de souris WT et dKI ont été testées soit (A)
dans la phase d'acquisition uniquement, soit (B) dans la totalité de la tiche OP3h, c'est-a-dire les phases d'acquisition et de
rétention. Quatre-vingt-dix minutes apres une phase de test, les cerveaux ont été perfusés et I'expression du geéne régulé par
l'activité, c-Fos, a été évaluée par immunohistochimie. (C) Les souris dKI qui ont subi l'ensemble de la tdche OP3h ont reproduit
un déficit de la mémoire associative objet-place. différence entre les génotypes, **p<.01 (test t a deux échantillons) ; différence
par rapport au hasard, #p<.05 (test t a un échantillon).(D-J) Graphiques illustrant le nombre de c-Fos normalis¢ par rapport au
groupe WT-Acquisition. Pour chaque groupe de régions, une ANOVA a 3 facteurs a été réalisée pour les effets de la phase de test
(lignes d'acquisition, grille de rétention), du génotype (WT-vert, dKI-violet) et de la sous-région. La signification des effets de la
phase de test et du génotype est indiquée au-dessus de chaque graphique de région ; *p<.05, **p<.01, ***p<.001. (D-E,G-J) On a
constaté une augmentation de l'activité pendant la phase d'acquisition dans toutes les régions, a l'exception de I'hippocampe
dorsal (F). Le claustrum (E) et le cortex entorhinal latéral (G) ont présenté une augmentation de l'activité chez les souris dKI,
quelle que soit la phase de test. Le cortex entorhinal médian (I) était toutefois hyperactif spécifiquement pendant la phase
d'acquisition ***p<.001 (Tukey post hoc). Les graphiques a barres représentent la densité moyenne (+ SEM). Préfixes des sous-
régions - 1, rostral ; ¢, caudal ; suffixes - RSCd, dysgranulaire ; RSCg, granulaire ; PRCd, dorsal ; PRCv, ventral ; ip,
infrapyramidal ; sp, suprapyramidal. Les barres d'erreur indiquent le SEM. Les schémas indiquant I'emplacement général des
régions cérébrales ont été adaptés des images vectorielles dérivées du Mouse Brain Atlas d'Allen (Lein et al., 2007).
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Calcul des couplages fonctionnels

On peut dire que les régions du cerveau dont l'activité est corrélée présentent une CF, car les co-
modulations de l'activité peuvent étre un marqueur du partage d'informations entre les régions. Chez
I'homme ou chez les rongeurs anesthésiés ou téte-fixe, les enregistrements sont effectués par EEG, MEG
(pour les signaux électriques) ou IRMf (pour le taux métabolique), et la FC est calculée a partir de la
covariance dans le temps. Dans les méthodes utilisant I'expression régionale de c-Fos, la FC peut étre
mod¢élisée par la covariance de l'activité régionale entre les sujets afin d'étudier les réseaux mobilisés par
la mémoire chez la souris (Wheeler et al., 2013 ; Tanimizu et al., 2017). La validité de cette approche a
été confirmée a l'aide de techniques pharmaco-génétiques (Vetere et al., 2017).

A partir du signal c-Fos, nous avons évalué la CF en calculant les coefficients de corrélation
interrégionale de Spearman (r) pour chaque groupe Génotype-Phase. Des matrices de corrélation ont été
utilisées pour visualiser toutes les corrélations possibles au sein de chaque groupe (Figure 3A-B). Nous
avons d'abord évalué la force globale des CF en prenant la valeur r moyenne de chaque matrice. La
plupart des couplages CF étaient positifs, cependant nous avons trouvé quelques paires de régions
faiblement anti-corrélées. Lors de I'évaluation de la CF, il y avait 3 fagons de considérer ces corrélations
négatives : comme perturbatrices, comme trés faibles ou comme contribuant de maniére égale aux
corrélations positives. Les trois cas ont été évalués en prenant le r moyen avec des corrélations négatives
conservées, quasi nulles et a valeur absolue respectivement. Dans le cas d'une valeur proche de zéro, les
corrélations négatives ont été réduites a une valeur de 0,000, la plus petite corrélation positive observée.

Pendant 1'acquisition, nous n'avons constaté aucun changement significatif de la force globale de la CF
entre les groupes WT et dKI, pour aucune des trois fagons de traiter les corrélations négatives de la CF
(figure 3C). Cependant, pendant la rétention, il y avait une diminution de la force globale de la CF chez
les souris dKI par rapport au groupe WT. Cette diminution est significative lorsqu'on considére les
corrélations négatives comme perturbatrices ou comme trés faibles, mais pas lorsqu'on prend leur valeur
absolue (figure 3D). Cela indique que deux phénoménes coexistent : premicrement, une réduction des
corré¢lations interrégionales positives, correspondant a une diminution de la " coopération " entre certaines
régions ; deuxiémement, une augmentation de la force absolue des corrélations négatives interrégionales,
correspondant a une augmentation du " conflit " entre certaines régions.
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Figure 3. La connectivité fonctionnelle est représentée par des matrices montrant les corrélations de Spearman interrégionales
entre les sujets pour l'expression de c-Fos pendant (A) la rétention et (B) l'acquisition. Les couleurs reflétent la force de la
corrélation (échelle, a droite). Nous avons évalué la force globale de la CF en prenant la valeur r moyenne de chaque matrice
avec les corrélations conservées, presque nulles et négatives a valeur absolue. Dans le cas des corrélations quasi-nulles, les
corrélations négatives ont ét¢ réduites a une valeur de 0,006, la plus petite corrélation positive observée. (C) Nous n'avons trouvé
aucun changement dans la force globale de la CF pour aucun des trois cas pendant 1'acquisition. (D) Pendant la rétention,
cependant, il y avait une diminution significative de la force globale de la FC avec les corrélations originales et proches de zéro,
mais pas lorsqu'elles ont une valeur absolue. Les graphiques a barres représentent la valeur bootstrap moyenne, et les barres
d'erreur représentent l'intervalle de confiance bootstrap de 95 %. * -1'IC de 95% pour la différence > 0
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Génération de réseaux fonctionnels

Chaque matrice de connectivité fonctionnelle peut étre considérée comme la matrice d'adjacence d'un
réseau non dirigé pondéré (Rubinov et Sporns, 2010) et, en tant que telle, son organisation peut étre
¢valuée par l'analyse des réseaux fonctionnels, en utilisant des techniques issues de la théorie des graphes.
A partir de chaque matrice, un réseau fonctionnel a été généré sous la forme d'un graphe pondéré
entiérement connecté. Dans ces graphes, les régions sont représentées par des noeuds et les connexions
fonctionnelles entre les régions sont représentées par des arétes. La force d'une connexion entre deux
régions, représentée par le poids de I'aréte, est déterminée par la force de leur corrélation interrégionale.
Comme les corrélations négatives sont faibles et posent des difficultés d'interprétation lors de l'utilisation
de nombreuses techniques de théorie des graphes, nous avons décidé pour toutes les analyses suivantes de
les remplacer par des valeurs proches de zéro lors de la construction de nos réseaux fonctionnels, en
accord avec d'autres études de réseaux fonctionnels dérivés de c-Fos in-vivo (Vetere et al., 2017). Il a été
démontré que l'organisation communautaire des réseaux structurels peut changer entre des individus sains
et différents stades de MCI (Pereira et al., 2016). Nous avons décidé d'évaluer I'organisation
communautaire de chaque réseau fonctionnel pour voir si des changements cohérents ou spécifiques a une
phase pouvaient &tre détectés entre les génotypes. Cela pourrait également nous aider a obtenir une
compréhension qualitative de l'organisation du flux d'informations dans chaque réseau. Les communautés
de réseaux ont été détectées par une procédure de maximisation de la modularité (voir Matériaux et
méthodes). Cet algorithme non supervisé sépare les nceuds en groupes distincts (les communautés), de
sorte que les nceuds d'une communauté interagissent plus fortement entre eux qu'avec les nceuds d'autres
communautés. La séparation des communautés varie partiellement de fagon stochastique pour différentes
exécutions de 'algorithme et différentes instances bootstrap de la matrice CF. Pour extraire un ensemble
consensuel robuste de communautés, nous avons ensuite calculé des matrices d'allégeance (Bassett et al.,
2015), qui représentent le pourcentage de fois qu'une paire donnée de régions est attribuée a la méme
communauté parmi les bootstraps (Figure 4).

Les réseaux WT engagent de maniére différentielle le DH et le mPFC.

Une communauté stable est trouvée dans les deux phases de la tache, englobant la plupart du MTC et du
cRSC (Figure 4A,B ; zone rouge en bas a droite de chaque matrice d'allégeance WT). La principale
différence entre les groupes WT-Acquisition et WT-Retention était I'implication différentielle de la DH
ou du mPFC dans cette communauté MTC. Pendant l'acquisition, la DH a partagé une communauté
principalement avec le mPFC (Figure 4A ; zone rouge en haut a gauche de la matrice d'allégeance).
Pendant la rétention, le mPFC a partagé une allégeance a travers le réseau (Figure 4B ; zone rouge le long
des lignes du mPFC en haut de la matrice d'allégeance). Cette incorporation plus globale du mPFC
semblait étre dirigée en grande partie par le RSC (figure 4B ; zone carrée rouge plus foncée située au
milieu des trois rangées supérieures du mPFC).

Les réseaux de dKI révélent des écarts constants par rapport a la structure communautaire du WT.

Pendant l'acquisition, la communauté DH s'est largement désengagée du mPFC par rapport au groupe
WT-acquisition (Figure 4C ; carré vert en haut a gauche de la matrice d'allégeance). De plus, la
communauté DH semble étre plus fortement alignée avec le CMEC, le MEC et le POC par rapport au
reste du MTC (Figure 4C ; la zone plus rouge/orange a droite des rangées DH).
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Pendant la rétention, le mPFC et la DH se sont désengagés du MTC. Cela a conduit & des communautés
distinctes contenant le mPFC/CLA, la DH et le MTC (figure 4D ; trois carrés rouges distincts de la
matrice d'allégeance). Comme pour la phase d'acquisition, les régions MEC/CMEC/POC ont été
fortement recrutées par les communautés mPFC et DH (figure 4D ; zone rouge en haut a droite), au prix
d'un désengagement avec la communauté MTC (figure 4D ; zone verte en bas a droite de la matrice
d'allégeance). Le recrutement cohérent de la MEC/CMEC/POC dans les deux groupes dKI ¢lucide un role
possible de ces régions comme plaques tournantes compensatoires dans ce modéle de souris.

9 desysyoog
9 densjoog

9 densjoog
9 densjoog

COmPFC [JclA [IDH [CIRSC [MTC

Figure 4. Les réseaux fonctionnels ont été calculés sous forme de graphes pondérés entiérement connectés, les régions étant les
nceuds (cercles) et les forces de corrélation interrégionales les poids des bords (épaisseur des lignes). Pour 1'examen visuel des
réseaux, les nceuds ont été placés de manicre a ce qu'ils soient plus proches des nceuds avec lesquels ils sont fortement connectés,
et ont été codés par couleur en fonction des sous-domaines de la région a priori. Les communautés ont été détectées par
maximisation de la modularité, ce qui permet de trouver des communautés de régions qui ont des connexions plus fortes les unes
avec les autres par rapport au reste du réseau. Les communautés ont été détectées a travers des réseaux bootstraps, et des matrices
d'allégeance ont été utilisées pour décrire la stabilité de la communauté comme le pourcentage de bootstraps qui contiennent une
paire donnée de régions dans la méme communauté. (A,B) Dans les deux groupes WT, il existe une communauté MTC/cRSC
stable (zone rouge en bas a droite de chaque matrice d'allégeance WT). (A) Dans le groupe WT-Acq, il existe une communauté
DH/mPFC stable (zone rouge en haut a gauche de la matrice d'allégeance). (B) Dans le WT-Ret, le mPFC partage l'allégeance
communautaire avec l'ensemble du réseau (zone rouge le long des rangées du mPFC en haut de la matrice d'allégeance) par
l'intermédiaire du RSC (carré rouge plus foncé au milieu des trois rangées supérieures du mPFC). (C,D) Dans les deux groupes
de dKI, les régions MEC/CMEC/POC semblent présenter une allégeance communautaire constamment modifiée par rapport au
WT, s'associant davantage avec le DH/mPFC et parfois moins avec le reste du MTC (zone rouge en haut a droite de chaque
matrice d'allégeance de dKI, quelques zones vertes en bas a droite).
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Flux d'informations dans les réseaux fonctionnels

Il est démontré qu'une intégration efficace du flux d'informations a travers des réseaux fonctionnels
favorise la fonction cognitive (Wang et al., 2013a ; Martinez et al., 2018). Si l'on interpréte les liens du
réseau comme des "tuyaux", l'efficacité avec laquelle un réseau permet a l'information de circuler ne
dépend pas seulement de la largeur des tuyaux individuels, mais aussi de la fagon dont les tuyaux sont
disposés et alignés pour former des conduites entre les noeuds qui doivent communiquer, sans trop
d'étapes et de goulots d'étranglement. La capacité générale d'un réseau a soutenir des flux efficaces est
quantifiée en théorie des graphes par des mesures telles que l'efficacité globale (voir Matériaux et
méthodes ; Latora et Marchiori, 2001). Il est important de noter que méme si la force globale de la
CFMTC d'un réseau est réduite, son efficacité globale peut rester inchangée s'il existe des régions
"pivots" bien placées pour faciliter la communication indirecte. Pour évaluer le flux d'informations au
niveau régional, on utilise les mesures de la force nodale et de l'efficacité nodale. La force nodale mesure
le degré auquel chaque région spécifique peut échanger des informations directement avec toutes les
autres régions du réseau. Une région dont la force nodale est faible peut néanmoins étre en mesure de
communiquer avec son réseau de maniére indirecte, probablement par l'intermédiaire de régions pivots.
Cette communication indirecte peut étre mesurée a l'aide de l'efficacité nodale. L'organisation du flux
d'informations dans un réseau peut étre examinée a travers les distributions de force et d'efficacité. On
peut considérer que les régions dont la force et I'efficacité sont plus €élevées contribuent davantage a leur
réseau. Il est également démontré qu'une connectivité directe élevée d'une région, telle qu'une force
¢levée, décrit des régions pivots potentielles (Vetere et al., 2017) qui, comme nous l'avons décrit, sont
nécessaires pour faciliter le flux d'information indirect et maintenir I'efficacité globale.

Nous avons comparé le flux d'information entre les réseaux WT et dKI dans chaque phase de test.
L'organisation du flux d'information a d'abord été évaluée par un examen qualitatif des distributions de la
force des nceuds et de l'efficacité des noeuds. Pour mieux visualiser les distributions, les valeurs de
force/efficacité ont été élevées au carré et normalisées a la valeur la plus élevée au sein de chaque réseau,
et ont été affichées sous forme de diagrammes en collier (acquisition - Figure 5SA,B) (rétention - Figure
5F,G). Nous avons ensuite comparé directement I'efficacité globale et la force/efficacité nodale entre les
génotypes dans des analyses ultérieures (acquisition - Figure 5C,D,E) (rétention - Figure 5H,LJ).

Acquisition- la DG_sp maintient son efficacité malgré une baisse de force

Au cours de I'acquisition, les distributions de la force et de I'efficacité étaient largement conservées entre
les génotypes, avec un fort accent sur les régions RSC et MTC. Pourtant, chez les dKIs il semble y avoir
une implication supplémentaire des mPFC, MEC et POC (Figure 5A,B). Néanmoins, 1'efficacité globale
n'a pas été gravement affectée dans le réseau dKI (figure 5C). La seule baisse significative de la force
nodale a été observée dans le DG _sp (figure 5D), mais comme il n'y avait pas de baisse de l'efficacité
nodale (figure 5E), il pouvait encore communiquer efficacement avec le reste du réseau de manicre
indirecte. Ce maintien de la communication indirecte, malgré les baisses de la communication directe,
refléte I'importance potentielle des nceuds compensatoires rRSC ou MEC/CMEC/POC.

Rétention - pertes sévéres de l'efficacité du réseau, en particulier dans le cortex cingulaire.

Pendant la rétention, l'accent était mis sur les régions mPFC et RSC dans le réseau WT. Dans le réseau
dKI, cette emphase a été largement perdue et les distributions prennent une structure plus homogéne, bien
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que les sous-régions rRSCg et mPFC semblent toujours étre parmi les plus impliquées (Figure 5F,G).
L'efficacité globale a été considérablement réduite dans le réseau dKI (figure SH), avec de fortes baisses
de force observées dans le PRL et le POC, mais plus sévérement dans les deux sous-régions du RSCd
(figure 51). La perte d'efficacité nodale était encore plus étendue, avec des réductions supplémentaires
dans le CG1 et le cRSCg (Figure 5J). Ces résultats suggerent que l'intégration fonctionnelle dépendante
de la rétention dans le cortex cingulaire est gravement perturbée dans le dKI, et peut étre liée a la
réduction de la force du hub du RSCd.
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Figure 5. L'organisation en réseau du flux d'informations a été évaluée par l'examen des distributions de la force des nceuds et de
l'efficacité nodale dans les deux phases de test (acquisition, rétention). Ces distributions ont été visualisées a l'aide de
diagrammes en collier, ou la taille des cercles refléte la force® (strength) et l'efficacité? (effiency) normalisées au sein du réseau
(A,G). L'efficacité globale a ensuite été comparée directement entre les génotypes pour évaluer (C,F) l'intégration du réseau.
(D,I) La force nodale (strength) et (E,J) l'efficacité nodale (efficiency) ont été comparées entre génotypes pour évaluer les
changements dépendants de la région dans le flux d'information direct et indirect, respectivement. (A,B) Pendant l'acquisition, les
distributions de la force et de l'efficacité étaient a peu prés conservées entre les génotypes, avec un fort accent sur les régions
RSC et MTC, bien que dans le dKI, les sous-régions mPFC, MEC et POC étaient beaucoup plus impliquées. (C) L'efficacité
globale n'était pas séverement affectée chez les souris dKI. (D) Une baisse de la force de la région a été observée dans la DGsp,
(E) mais son efficacité n'a pas été affectée. (G,H) Pendant la rétention, 1'accent était mis sur les régions du mPFC et du RSC dans
le réseau WT. Dans le dKI, cette emphase est largement perdue. (F) L'efficacité globale du réseau dKI était significativement
réduite par rapport au réseau WT. (I) Des réductions de la force des régions ont été observées dans le POC, le PRL, et plus
séverement dans les deux sous-régions du RSCd. (J) Les réductions de I'efficacité ont été conservées parmi ces régions, avec des
pertes supplémentaires dans le CG1 et le cRSCg. Les graphiques a barres et les graphiques a points représentent la valeur
bootstrap moyenne, et les barres d'erreur représentent l'intervalle de confiance bootstrap de 95 %. * -1C & 95 % pour la
différence > 0 ; ** -1'IC a 99 % pour la différence > 0.
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Relation entre I'efficacité du réseau et la mémoire

Enfin, nous avons abordé la question de savoir si la réduction des performances de la mémoire OP chez
les souris dKI pouvait étre expliquée par la réduction de l'efficacité du réseau observée pendant la
rétention. Notre objectif était donc de déterminer si une relation pouvait étre trouvée entre 1'efficacité
globale et l'indice de mémoire chez les WT et étre utilisée pour prédire la perte de mémoire des dKI.
Cette relation a été évaluée par des tests de corrélation sur des populations WT sous-échantillonnées,
chaque sous-échantillon correspondant a I'élimination d'une souris. A partir de chaque sous-échantillon,
l'indice de mémoire moyen et l'efficacité globale résultante ont été calculés, et la signification de la
corrélation a été testée avec les coefficients de corrélation de Pearson et de Spearman.

L'efficacité globale présente une corrélation positive avec un indice de mémoire ajusté a
I'exploration et permet de prédire les déficiences de mémoire dans le dKI.

Aucune corrélation significative n'a été trouvée entre 1'efficacité globale et l'indice de mémoire dans les
sous-échantillons WT (figure 6 - supplément 1A a la figure). Cependant, nous avons remarqué que,
parmi les souris présentant un indice de mémoire €levé, celles dont le temps d'exploration était plus long
(temps total d'exploration des deux objets) semblaient contribuer plus faiblement a I'efficacité globale.
Cela laisse supposer un effet d'amortissement potentiel de I'exploration générale de 'objet sur I'indice de
mémoire. Il convient de noter que l'augmentation du temps d'exploration peut étre interprétée comme un
signe supplémentaire d'altération de la fonction de mémoire, au-dela des réductions de l'indice de
mémoire MI défini précédemment. Nous avons donc défini un indice d'exploration EI, quantifiant le
temps d'exploration de la souris normalisé par rapport au groupe et l'avons utilisé pour calculer également
un indice de mémoire ajusté a I'exploration comme l'indice de mémoire divisé par l'indice d'exploration
(MI/EI). La diminution d'un tel indice de mémoire ajusté a l'exploration peut refléter a la fois la
diminution de I'IM et l'augmentation de I'[E, résumant ainsi les deux facettes étudiées de l'altération du
comportement lié¢ a la mémoire. Comme dans le cas de la MI seule, nous n'avons pas trouvé de corrélation
significative entre I'efficacité globale et l'indice EI (figure 6 - supplément de figure 1B). Une corrélation
positive significative a toutefois été trouvée entre 1'efficacité globale et l'indice de mémoire ajusté MI/EI
dans les réseaux du sous-échantillon WT (figure 6).

De plus, nous avons pu montrer que I'extrapolation de la ligne de meilleur ajustement pour I'ensemble WT
a des baisses d'efficacité globale aussi importantes que celles observées dans I'ensemble dKI prédisait
¢galement la baisse dKI observée de l'indice de performance comportementale MI/EL. Ceci est illustré
dans la figure 6 ou la continuation en pointillés de la ligne verte (I'extrapolation de la ligne de meilleur
ajustement a l'ensemble WT) croise le nuage de points violets (I'ensemble des sous-échantillons dKI). La
prédiction de l'indice MI/EI des sous-échantillons dKI basée sur I'extrapolation de la loi ajustée sur les
sous-échantillons WT a donné des erreurs bien plus petites que celles attendues au niveau de chance,
comme nous avons pu le vérifier par comparaison avec une distribution nulle d'erreurs de prédiction
construite a partir de 1000 mode¢les ajustés aléatoirement a l'ensemble WT. Ceci est illustré dans
I'histogramme de la figure 6, ou la ligne verticale verte (erreur de prédiction du meilleur ajustement a
'ensemble WT) se trouve a gauche de la ligne verticale rouge la plus a gauche (extrémité inférieure de la
distribution nulle, IC a 95%).
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Cela suggere que les sujets ayant un indice de mémoire élevé mais un temps d'exploration total faible sont
donc plus susceptibles d'avoir une efficacité globale plus élevée. Contrairement a l'indice de mémoire, il
n'y a pas de différence significative détectable dans le temps total d'exploration des objets entre les
groupes WT et dKI (figure 6 - supplément de figure 1C). L'indice de mémoire est donc une mesure plus
sensible des changements comportementaux subtils et complexes, qui sont suivis par une diminution de
l'efficacité globale entre le groupe WT et le groupe dKI. Ces résultats soutiennent la réduction de
l'intégration du réseau comme facteur potentiel de l'altération du rappel de la mémoire OP chez le dKI.

©
o
T L ]
Pearson's r = 0.59, p =0.025
Spearman's p = 0.56, p =0.042
>0 .
g :
L
lg ///
=
I -
S <
0 © i o
— 7 o
S dki
- %]
// 5
e % oo "7 S
) =2
2 g ¥
//./ E
g = /// [ ]
- (=2 e i 3
0.0 0.2 0.4

Mean absolute error to dKiI
|Best fitto WT  195% CI

005 000 005 010 015 020 0.25
Exploration Adjusted Memory Index (MI/EI)
average of sub-sample

Figure 6. Association entre l'efficacité du réseau et l'indice de mémoire ajusté a l'exploration "MI/EI". Des sous-échantillons ont
été générés a partir de chaque groupe de rétention en rééchantillonnant n-1 souris sans remplacement. A partir de chaque sous-
échantillon, l'indice MI/EI moyen et 'efficacité globale du réseau ont été calculés, chaque sous-échantillon étant représenté par
un point sur le graphique. La relation entre l'efficacité globale et le MI/EI a été évaluée uniquement sur les sous-échantillons WT
(ligne verte pleine), et une relation linéaire positive significative a été trouvée. Il est intéressant de noter que lorsque cette loi
linéaire sur les sous-¢chantillons WT a été extrapolée vers le bas (ligne verte pointillée) a I'efficacité globale réduite des sous-
échantillons dKI, elle a pu prédire leur réduction de MI/EI (I'intersection de la ligne verte pointillée au nuage de points violets).
La prédiction de I'indice MI/EI des sous-échantillons dKI basée sur I'extrapolation de la loi ajustée sur les sous-échantillons WT a
donné des erreurs bien plus petites que celles attendues au niveau du hasard, comme nous avons pu le vérifier par comparaison
avec une distribution nulle des erreurs de prédiction construite a partir de 1000 mode¢les ajustés au hasard. Voir I'histogramme en
médaillon : la ligne verticale verte (erreur du meilleur ajustement linéaire 8 WT) se trouve a gauche de la ligne verticale rouge la
plus a gauche (extrémité inférieure de la distribution nulle, IC & 95%).
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Figure 6-figure supplement 1 (A) Aucune relation n'a été trouvée entre l'efficacité globale et 1'indice de mémoire. Cependant,
nous avons remarqué que parmi les souris présentant un indice de mémoire ¢élevé, celles dont le temps d'exploration était plus
long (temps total d'exploration des deux objets) semblaient contribuer plus faiblement a 'efficacité globale. Pour prendre en
compte un effet de perturbation de 1'exploration sur la FC liée a la mémoire, un indice de mémoire ajusté a 1'exploration a été
calculé comme l'indice de mémoire divisé par l'indice d'exploration (MI/EI), ou l'indice d'exploration (EI) est le temps
d'exploration de la souris normalisé au groupe. (B) Nous avons vérifié qu'il n'y avait pas de relation directe entre l'efficacité
globale et I'[E. (C) Il n'y avait également aucune différence dans l'exploration totale entre les souris WT et dKI.
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Conclusion finale

Nous avons montré que le déclin initial de la mémoire affecte la mémoire associative dés I'age de
4 mois puis la mémoire de séparation de motifs chez les souris dKI a partir de 6 mois. Ce déclin
cognitif s'accompagne d'altérations fonctionnelles, notamment une hyperactivité du MTC, une
réduction de l'efficacité du réseau et une hypo-connectivité du mPFC et du RSC pendant le
rappel de la mémoire associative objet-place. Nous avons également détecté une hyperactivation
d’une structure connectée au MTC, le CLA, une région qui mérite d'étre étudi¢e de plus pres
dans le cadre de futures recherches sur la MA préclinique. Enfin, ces altérations cognitives et
fonctionnelles étaient accompagnées d'une augmentation du ptau encore circonscrite au MTC,
sans formation d'agrégats de tau. Jusqu'a présent, nos études sur les changements
comportementaux, fonctionnels et neuropathologiques du modéle dKI correspondent
remarquablement bien au stade préclinique de la MA. Le fait que I'étape initiale de la pathologie
des souris dKI est semblable a celle de la MA a un stade précoce, avant les altérations
structurelles et fonctionnelles liées a I'age, en fait un modele extrémement précieux pour mieux

comprendre les tout premiers stades de développement d’une MA.
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Déficits précoces de la cognition et de la connectivité cérébrale chez la Souris
App"f/MAPT: modélisation du stade prodromal de la maladie d’Alzheimer

Summary

A critical challenge in current research of Alzheimer’s disease (AD) is to clarify the relationship between early
neuropathology and network dysfunction associated to the emergence of subtle memory alterations which
announce disease onset. In the present work, the new generation App"""xMAPT double knock in (dKI) model was
used to evaluate early stages of AD. The initial step of tau pathology was restricted to the perirhinal-entorhinal
region, sparing the hippocampus. This discrete neuropathological sign coincided with deficits in object-place
associative memory, one of the earliest recognition memory forms affected in individuals at risk for developing AD.
Analyses of task-dependent c-Fos activation were carried out in regions susceptible to early AD pathology. Initial
hyper-activity was detected in the entorhinal cortex and the claustrum of dKI mice. Decreased network efficiency
during memory recall was directly linked to poor memory performance. This decreased efficiency was especially
prevalent in the cingulate cortex, and may be caused by a blockade of information flow through the retrosplenial
cortex. Our results suggest that early perirhinal-entorhinal pathology is associated with local hyper-activity which
spreads towards connected regions such as the claustrum, the medial prefrontal cortex and ultimately the key
retrosplenial hub which is needed to relay information flow from frontal to temporal lobes. The similarity between
our findings and those reported in the earliest stages of AD suggests that the App""" dKI model has a high potential
for generating key information on the initial stage of the disease.

Résumé

L'un des défis majeurs de la recherche actuelle sur la maladie d'Alzheimer (MA) est de clarifier la relation entre la
neuropathologie précoce et le dysfonctionnement des réseaux associés a I'émergence de subtiles altérations de la
mémoire qui annoncent I'apparition de la maladie. Dans ce travail de thése, le modéle App™*/MAPT de nouvelle
génération double knock-in (dKl) a été utilisé pour évaluer les stades précoces de la maladie d'Alzheimer. A I'adge
de 4 mois, I'émergence de de la pathologie tau est limitée a la région périrhinale-entorhinale, en épargnant
I'hippocampe. Ce signe neuropathologique discret coincide avec des déficits de la mémoire associative objet-place,
I'une des premieres formes de mémoire de reconnaissance affectée chez les personnes a risque de développer la
MA. Des analyses de I'activation des c-Fos associée a la tache ont été effectuées dans des régions susceptibles de
présenter une neuropathologie précoce. Une hyperactivité a été détectée dans le cortex entorhinal et le
claustrum. La diminution de I'efficacité du réseau pendant le rappel de la mémoire est directement liée a de
mauvaises performances dans la tache. Cette diminution de I'efficacité était particulierement fréquente dans le
cortex cingulaire, et peut étre causée par un blocage du flux d'information au niveau du cortex rétrosplénial. Nos
résultats suggerent que la pathologie périrhinale-entorhinale précoce est associée a une hyperactivité locale qui se
propage vers des régions connexes telles que le claustrum, le cortex préfrontal médian et finalement le principal
hub rétrosplénien qui est nécessaire pour relayer le flux d'information des lobes frontaux vers les lobes temporaux.
La similitude entre nos résultats et ceux rapportés dans les premiers stades de la MA suggére que le modéle App™
*/MAPT a un fort potentiel pour générer des informations clés sur le stade initial de la maladie.



