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“Travel isn’t always pretty. It isn’t always comfortable. Sometimes it hurts, it even breaks your heart.
But that’s okay. The journey changes you; it should change you. It leaves marks on your memory, on

your consciousness, on your heart, and on your body. You take something with you. Hopefully, you

leave something good behind.”
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Abstract

. ABSTRACT

Effective strategies to prevent or treat Alzheimer’s pathology remain elusive. To confront a disease
with such a long prodromal phase is crucial to understand the mechanisms altered at early stages.
Hippocampal synaptic dysfunction, broadly accepted to be caused by soluble forms of amyloid-f3
peptide (0AB), strongly correlates with the cognitive decline observed in Alzheimer’s disease (AD)
patients and is thought to underlie its initial development. Postsynaptic forms of hippocampal long-
term potentiation (LTP) and long-term depression (LTD) processes are widely believed to underlie
some forms of learning and memory. These changes in synaptic efficacy are tightly regulated by
ionotropic glutamate receptors (iGluRs) levels at the synapse and activity-induced gene
transcription. In this regard, nuclear receptors subfamily 4 group A (Nr4a) have emerged as
possible modulators of hippocampal synaptic and cognitive functions, although the underlying
molecular mechanisms remain unknown. The aim of this study is to investigate at the molecular,
synaptic and behavioral level the potential role of Nr4a2 in the synaptic failure occurring at early
stages of AD, focusing on the functions of Nr4a2 transcription factor in hippocampal synaptic
plasticity. We observed that, in mature hippocampal-cultured neurons, Nr4a2 expression increased
upon neuronal stimulation in a mechanism dependent on calcium entry though iGluRs and on the
activation of the CREB/CRTC1 signaling pathway and the phosphatase calcineurin. Notably,
protein levels and extracellular release of BDNF, as well as GluA1-AMPAR and GIuN1-NMDAR
subunit protein levels were reduced in absence of Nr4a2 and increased with its activation. In
addition, Nr4a2 activation was also able to upregulate postsynaptic AMPAR levels in CA1
pyramidal neurons and to block LTD at Schaffer collateral to CA1 synapses. Importantly, the
activity-dependent increase of Nr4a2 protein levels was disrupted in mature hippocampal-cultured
neurons exposed to oAB, and the activation of Nr4a2 was able to block the oAp-mediated
depression as well as the oAB-dependent LTP impairments. We also examined the effects of virally
mediated Nr4a2 hippocampal overexpression in the APPgsyina mouse model of AD by using a
battery of tests to explore the Behavioral and Psychological Symptoms of Dementia (BPSD)-like
behaviors, the abolishment of daily living activities and the cognitive deficits in an early and
moderate stage of the pathology. Remarkably, we found that Nr4a2 hippocampal overexpression
not only partly ameliorated the cognitive deficits but also significantly rescued the increased
anxiety-related behaviors in the APPg,, 1n¢ mouse model of AD at both ages. Altogether, our findings
strongly support that Nrd4a2 transcription factor is involved in glutamatergic synaptic plasticity
associated to hippocampal-dependent learning and memory events, opening the possibility to
emerge as a possible disease-modifying therapy targeting the synaptic dysfunction that occurs at

early stages of AD.






Resum

Il. RESUM

Actualment no existeixen estrategies efectives per prevenir o curar la patologia d’Alzheimer. Per
combatre una malaltia amb una fase prodromica tant llarga, és crucial entendre els mecanismes
alterats en estadis inicials. Actualment es creu que les formes solubles oligomériques del péptid B-
amiloide (0AB) generen la disfuncié sinaptica hipocampal, la qual correlaciona amb el
deteriorament cognitiu que s’observa en pacients amb la malaltia d’Alzheimer i podria ser
subjacent a l'inici de la patologia. Les formes post-sinaptiques hipocampals de potenciacié a llarg
termini (LTP) i depressio a llarg termini (LTD) es troben a la base d’alguns processos
d’aprenentatge i memoria dependents d’hipocamp. Aquests canvis en l'eficacia sinaptica estan
fortament regulats pels nivells dels receptors ionotropics de glutamat (iGluRs) a la sinapsi i per la
transcripcié geénica induida per activitat. En aquest context, la subfamilia 4 grup A de receptors
nuclears (Nr4a) han emergit com a possibles moduladors de les funcions sinaptiques i cognitives
hipocampals, encara que no es coneixen els mecanismes moleculars implicats. L’objectiu d’aquest
estudi es basa en investigar a nivell molecular, sinaptic i conductual el potencial rol de Nr4a2 en la
fallida sinaptica que té lloc en estadis inicials de la malaltia d’Alzheimer, basant-nos en les
funcions d’aquest factor de transcripcio en la plasticitat sinaptica hipocampal. Vam observar que,
en neurones hipocampals madures en cultiu, 'expressié de Nr4a2 incrementava amb I'estimulacié
neuronal a través d’'un mecanisme dependent de I'entrada de calci a través dels iGluRs i de
I'activacié de la via de senyalitzaci6 CREB/CRTC1 i la fosfatasa calcineurina. A destacar es troba
el fet que els nivells proteics i I'alliberacié extracel-lular de BDNF, aixi com els nivells proteics de
les subunitats GIuA1-AMPAR i GIuN1-NMDAR es van trobar disminuits en abséncia de Nr4a2 i
incrementats amb la seva activacid. A més, 'activacié de Nr4a2 també va augmentar els nivells
d’AMPARSs post-sinaptics en neurones piramidals de CA1 i va bloquejar la LTD a les sinapsis
col-laterals de Schaffer a CA1. Cal ressaltar que els oA van afectar 'augment dels nivells proteics
de Nr4a2 dependents d’activitat en neurones hipocampals madures en cultiu, mentre que
I'activacié de Nr4a2 va se capag¢ de bloquejar la depressio sinaptica causada pels oA aixi com el
deteriorament que els oAB generen sobre la LTP. També vam examinar els efectes de la
sobreexpressié hipocampal de Nr4a2 utilitzant vectors virals en el model transgénic de ratoli
APPsy.ng utilitzant una bateria de tests per avaluar els simptomes conductuals i psicologics de la
demeéncia, coneguts amb les sigles BPSD en anglés, la cessacié de les activitats diaries i els
deficits cognitius en una etapa inicial i moderada de la patologia. Sorprenentment, vam observar
que la sobreexpressio hipocampal de Nr4a2 no només va pal-liar els déficits cognitius, sind que
també va reduir significativament el comportament ansios dels ratolins APPsy ina @ ambdues edats.
En conjunt, els nostres resultats recolzen el paper del factor de transcripcié Nr4a2 en la plasticitat
sinaptica glutamatérgica associada als processos d’aprenentatge i memodria dependents
d’hipocamp, obrint la possibilitat d’emergir com una possible diana terapéutica per combatre la

disfuncié sinaptica que té lloc en estais inicials de la malaltia d’Alzheimer.
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Introduction

Preface

In 1906, Aloysius Alois Alzheimer described the neuropathology of the disease that was to
bear his name; a disease that has become the most prevalent cause of dementia and
currently affects more than 40 million people worldwide. Despite major efforts to
understand its basic biology and clinical pathophysiology, with more than 100,000
published articles concerning this disorder and more than 450 failed clinical trails so far,

strategies to prevent or treat Alzheimer’s pathology are still far from being effective.

The structure of the brain is enormously complex. It contains about 100 billion nerve cells
or neurons that are intertwined in an intricate network through thousand trillion
connections, the so-called synapses. Long-lasting changes of synaptic efficacy are
mediated by activity-induced gene transcription and are essential for neuronal plasticity
and memory. Synaptic dysfunction, occurring several years before symptoms become
evident, is widely accepted to underlie the cognitive decline that will lead to dementia in
Alzheimer’s disease. Therefore, understanding the molecular pathways regulating gene
expression profiles may help to identify new synaptic therapeutic targets. In this scenario,
transcription factors have emerged as pivotal players underlying synaptic plasticity and
the modification of neural networks required for memory formation and consolidation.
Among them, the Nr4a family of transcription factors has been reported to have a role in

multiple processes altered in Alzheimer’s pathology.

The aim of this study is to investigate the functions of Nr4a2 in hippocampal synaptic
plasticity and its involvement in the synaptic failure occurring early in Alzheimer’s
pathology to ultimately use Nr4a2 activation as a possible therapeutic approach to prevent

or delay the progression of this devastating disease.

Initially, the conceptual basis of this project will be discussed, with a revision of
Alzheimer’'s neuropathology focusing on hippocampal synaptic dysfunction as a key-
triggering factor. Then, differential gene expression in Alzheimer's hippocampus with
special emphasis on transcription factors will be reported to eventually introduce Nr4a2
activation as a potential effective disease-modifying therapy for the treatment of

Alzheimer’s pathology.
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Introduction

1. Alzheimer’s disease
1.1. General features: triggers, progression and clinical pathology

Alzheimer’s disease (AD) is a multifactorial neurodegenerative disorder characterized by
severe synaptic and neuronal loss and two major histopathological hallmarks: amyloid
plagues and neurofibrillary tangles (NFTs). Amyloid plaques consist in extracellular
deposits of aggregated amyloid-B (AB) peptides, which are typically surrounded by
neurons with dystrophic neurites. Otherwise, NFTs are inclusions of filamentous
aggregates of hyperphosphorylated tau protein species formed in neuronal cell bodies,
which are referred to as threads if they are formed in dendrites or axons (Blennow, Leon &
Zetterberg, 2006) (figure 1).

Monomers Early aggregates Protofibrils Fibrils Plaque
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Figure 1. Main histopathological hallmarks of AD. Top panel: monomers of amyloid-B (AB) leading to
amyloid plaques. AR monomers spontaneously self-assemble to form aggregates and then protofibrils,
which ultimately form insoluble amyloid plaques. Bottom panel: monomers of tau leading to
neurofibrillary tangles (NFT). Soluble tau aggregates of hyperphosphorylated species (shown by blue
spots) assemble to paired helical filaments that will eventually form intracellular NFT or threads.
Modified from Graham, Bonito-Oliva & Sakmar, 2017.

The neuropathology in AD comprises a broad range of alterations including dysregulation
of calcium homeostasis (Demuro et al., 2005), increased oxidative stress (De Felice et al.,
2007, de la Monte & Wands, 2006), mitochondrial dysfunction (Alberdi et al., 2010; Paula-
Lima et al., 2011), inhibition of axonal transport of vesicles, neurotrophins and organelles
(Decker et al., 2010b; Pigino et al., 2009; Poon et al., 2011), endoplasmic reticulum (ER)
stress (Umeda et al., 2011), impaired protein-folding function and deficient proteasome-
mediated and autophagic-mediated clearance of damaged proteins (Hoozemans et al.,

2005; Tseng et al., 2008), cell cycle re-entry (Varvel et al., 2008) and recruitment of
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astrocytes and microglia (Maezawa et al., 2011; Tomiyama et al., 2010). These events,
either directly or indirectly, contribute to the severe synaptic and neuronal loss observed in
AD.

Current research identifies three stages of the pathology: presymptomatic or preclinical
AD, which can last for years in which the pathophysiological process has started but the
clinical symptoms are not still present (Sperling, Mormino, & Johnson, 2014), mild
cognitive impairment (MCI) due to AD, which can also last for years, and dementia due to
AD (figure 2). Approximately 15-20% of people older than 65 years have MCI, an
intermediate stage from normal cognition to dementia that identifies a spectrum of
diseases that include impairment in both memory and non-memory cognitive domains
(Roberts & Knopman, 2013). MCI due to AD links the MCI syndrome to a specific etiology
by the use of biomarkers for AD. From those patients with MCI due to AD, around 30%
will develop dementia due to AD in the next 5 years. This reflects the slow, insidious and
uncertain progression of AD. Compensation processes may explain the delay between
initial signs of synaptic loss and the clinical manifestation of memory deficits (Katzman,
2004). For simplicity purposes, in the rest of the text MCI will refer to MCI due to AD, and

AD will refer to dementia due to AD.
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Figure 2. Schematic representation of the relationship between the progression of cognitive
function and the neuropathological events in the transition from presymptomatic AD to MCI and
dementia due to AD. Modified from Forlenza, Diniz & Gattaz, 2010.

Typically, the symptoms of the disease begin with insidious episodic memory difficulties
and gradually progress towards a prominent impairment in memory, executive functions,
visuospatial abilities, language and other domains of cognition and behavior. Agitation,

hallucinations, delusions, depressive symptoms (changes in sleeping habits, irritability and
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aggressiveness) and other behavioral disturbances can also appear as the disease
progresses (Voisin & Vellas, 2009). Cognitive and behavioral deficits interfere with

complex activities of daily life and the pathology eventually becomes incapacitating.

1.1.1. APP processing and amyloid cascade hypothesis

Amyloid plaques, one of the main histopathological features of the disease, are primarily
composed by AR peptides (Glenner & Wong, 1984), which originate from proteolysis of
the type | integral membrane glycoprotein amyloid precursor protein (APP) (Kang et al.,
1987; for review Querfurth & Laferla, 2010). The human APP gene is located on
chromosome 21 with three major isoforms arising from alternative splicing, APP695,
APP751 and APP770, with APP695 being predominantly expressed in neurons. Although
APP has been the subject of much study since its identification, its physiological function
remains largely undetermined. A role for APP has been suggested in various processes
such as neurite outgrowth and synaptogenesis, neuronal trafficking, transmembrane

signal transduction, cell adhesion or calcium metabolism (Zheng & Koo, 2006).

Two mutually exclusive pathways process APP, the anti-amyloidogenic and the pro-
amyloidogenic processing. The anti-amyloidogenic cleavage of APP is initiated by the a-
secretase ADAM10 (Kuhn et al., 2010; Lammich et al., 1999), which releases a large
soluble APP ectodomain (sAPPa) and leaves an 83-residue C-terminal fragment (a-CTF).
a-CTF is then digested by y-secretase, giving rise to an extracellular p3 and the amyloid
intracellular domain (AICD), which has been implicated in gene transcription and calcium
signaling (Huifang et al., 2007). sAPPa has an important role in neuronal plasticity and

survival, and it is protective against excitotoxicity (Furukawa et al., 1996).

Conversely, the pro-amyloidogenic processing of APP is accomplished by two-step
proteolitic cleavage initiated by the [-secretase beta-site amyloid precursor protein-
cleaving enzyme 1 (BACE-1) (Vassar et al., 1999), which cleaves near the N-terminus of
the AB domain of APP to generate secreted sAPP- and leaves a membrane bound [3-
CTF containing the entire AR domain. Although sAPP-B only differs from sAPPa by
lacking the AB1-16 region in the carboxyl-terminus, sAPP- has been reported to mediate
axonal pruning and neuronal cell death (Nikolaev et al., 2009). The AR domain is further
cleaved by y-secretase, a protein complex with presenilin 1 as its catalytic core, giving rise
to AICD and different Ap peptides of varying lengths (39 to 43 amino acids) depending on
the site of cleavage (figure 3). Therefore, AP monomers are natural products of

metabolism, being ABs and AB4. peptides the ones that aggregate in vivo and have
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pathogenic effects. AR monomers are much more prevalent and less prone to aggregate

than AR,z species.
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Figure 3. Amyloid precursor protein processing and the formation of amyloid- peptides. A) Pro-
amyloidogenic and anti-amyloidogenic processes of APP. Sequence of events are detailed in the main
text. B) Schematic structure of APP and sequence of AR, and AB4, peptides, with secretase cleavage
sites indicated with arrows. AB, amyloid 3; AICD, amyloid intracellular domain; APP, amyloid precursor
protein; CTF, C-terminal fragment; sAPP, soluble APP. Modified from Sheng, Sabatini & Su, 2015.

AB42 spontaneously self-aggregates into multiple coexisting forms. AR oligomers or
soluble forms of AB peptide (0AB) include dimers, trimers, AB*56 (a putative dodecameric
AB assembly, 56 kda), spices immunoreactive to AB-derived diffusible ligands (ADDLS)
(docecamers, 35-60 kda)/globulomers (dodecamers, 38-48 kda) antibodies, and annular
protofibrils (Wang et al., 2016b). oAB follow a trimer-based expansion in size under
physiological conditions, but in pathological conditions monomeric AR becomes misfolded
into dimers, which can rapidly expand to create dimer-based protofibrils, ultimately
arranging themselves into B-sheets to form insoluble fibers constituting the amyloid

plaques.

The amyloid cascade hypothesis, formulated in 1991 (Hardy & Allsop, 1991), broadly
posited that an imbalance between production and clearance, with the consequent
aggregation of AR peptides, caused AR to accumulate into amyloid plaques, which was
thought to be the primary cause of AD (Hardy & Higgins, 1992; Hardy & Selkoe, 2002).
The original formulation of the amyloid hypothesis was based in part on the discovery that
the APP gene was on chromosome 21, implying that individuals with Down’s syndrome
(trisomy of chromosome 21) developed typical AD neuropathology because they
produced more AB (Kolata, 1985). Evidence was also built on the overproduction of AR

peptides in nearly all familiar forms of AD (see section 1.1.3 introduction).

The precise meaning of the amyloid hypothesis changed over years due to poor

correlation between amyloid plaque load and cognitive functions in AD patients (Roth,
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Tomlinson & Blessed, 1966; Terry, 1996). The original amyloid cascade hypothesis of AD
switched to the oligomer hypothesis of AD, which specifically points out the oAB as the
neurotoxic forms causing synaptic toxicity and leading to synaptic dysfunction and
eventual loss (Cleary et al., 2005; Klein, Krafft, & Finch, 2001; Lesne et al., 2006; Shankar
et al., 2007, 2008; for review Selkoe & Hardy, 2016; Walsh & Selkoe, 2007) (figure 4).
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Figure 4. Sequence of major pathogenic events leading to dementia due to AD proposed by the
oligomer cascade hypothesis. Both dominantly inherited and non-dominant forms of AD (reviewed in

section 1.1.3 introduction) lead to accumulation of 0AB, synaptotoxins able to directly injure synapses in
addition to cause neuroinflammation, oxidative stress and other neuropathological insults that will

eventually cause selective neuronal loss and dementia. From Selkoe & Hardy, 2016.

&
4
4
g
L
¥
o
L]
L]
L]
o
R
"
a
L
-

o
-
:
%
L
.
L)
L
L
%
OII

16



Introduction

Cognitive impairments, beginning early in the disease, have been attributed to oApB-
induced disruption of synaptic plasticity, with later stages of dementia attributed to oApB-
induced synapse and cellular degeneration and death (Ferreira & Klein, 2011). Indeed,
OAB levels strongly correlate with synaptic loss (Koffie et al., 2009; Lue et al., 1999) and
the severity of the disease (Mc Donald et al., 2010; McLean et al., 1999). Synaptotoxic
effects of 0AB have been mainly demonstrated in transgenic mice that express human
mutant APP and overproduce human AB.gu42 and in slices from wild-type (WT) mice that
are acutely exposed to various preparations of AB aggregates (Sheng et al., 2015;

reviewed in detail in sections 1.3.4 and 1.3.5 of the introduction).

Although the oligomer hypothesis is currently supported by more than a decade of further
investigation, it also arises some concerns. A longstanding debate exists about the
neurotoxic properties of 0AB. It has been reported that mouse models with high levels of
both AB4 and AB4. without APP overexpression do not show either neuronal loss nor
cognitive deficits (Kim et al., 2013), indicating that AR peptide, including oAB, was not
cytotoxic. In addition, various immunotherapies targeting AB in AD patients have been
effective decreasing its deposition but have not lead to improvement of cognitive
symptoms or decreased accumulation of tau protein (Doody et al.,, 2014; Giacobini &

Gold, 2013; Salloway et al., 2014; see also introduction, section 1.2).

1.1.2. Tau hypothesis

Hyperphosphorylation and consequent aggregation of tau is the other main
histopathological hallmark of AD. Tau is a soluble, unfolded microtubule-associated
protein that regulates the cytoskeletal dynamics of neurons, promoting assembly of tubulin
and stabilizing microtubules (Trinczek et al., 1995). Although tau is primarily an axonal
cytoplasmic protein, it has also been found at both the pre- and post-synapse in human
brains (Tai et al., 2012). Interestingly, tau directly interacts with synaptic proteins,
suggesting a role for tau in regulating intracellular signaling pathways (Pooler & Hanger,
2010). Extracellularly, tau is also found in brain fluids such as interstitial and cerebrospinal
fluid (CSF; Arai et al., 1998; Yamada et al., 2011).

In AD brains, tau is mis-localized from axons to cell bodies and dendrites and it is
accumulated in a hyperphosphorylated state in pathological inclusions (Goedert, 1993),
the so-called NFT or threads, affecting selectively vulnerable brain regions that are
essential for learning and memory (Hyman et al., 1984). Moreover, several studies have
demonstrated active secretion and interneuronal transfer of tau in different AD models (de

Calignon et al., 2012; L. Liu et al., 2012; Saman et al., 2012). Tau pathology is associated
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with loss of synaptic proteins (Kopeikina et al., 2013) and neurodegeneration (Hutton et
al., 1998; for review Igbal et al., 2005). Spreading of tau is strongly correlated with the
extent of cognitive and clinical symptoms (Bejanin et al., 2017). The tau hypothesis posits

this protein as the principle causative substance for AD pathology.

Of interest is to mention that both oligomers of AB and tau are thought to spread through
the brain in a way much like misfolded cellular prion protein (PrP®) (Kim & Holtzman,
2010; Novak, Prcina & Kontsekova, 2011; Prusiner, 1984). Misfolded AB and tau have a
seeding effect, and can induce normal A and tau to misfold, spread and become toxic
(de Calignon et al., 2012; Harris et al., 2010; Kane et al., 2000; Liu et al., 2012), so the
disease seems to become self-propagating once it has started. Therefore, AD can be
regarded as a disease that harbors two proteins with prion-like behavior (Nussbaum,
Seward & Bloom, 2013).

What is indubitable is that increasing evidences are displacing the unitary view of AD as a
disease with a single sequential pathological pathway, in which AB or tau are considered
the only initial and/or causal event, towards a more complex picture in which AD is

considered as a multiparameter pathology (Chetelat, 2013; Kametani & Hasegawa, 2018).

1.1.3. AD forms: familial and sporadic

Familial AD (FAD) is a very rare (estimated less than 0.5% of cases) autosomal dominant
disease with early onset, caused by multiple point mutations in the APP or in presenelin-1
(PSENT) or presenelin-2 (PSENZ2) genes, being PSEN1 mutations the most common
cause of FAD (Bekris et al., 2010). APP mutations are clustered near 3-secretase or y-
secretase cleavage sites and are associated with either an increase in AB production
and/or a shift in the AB42/AB4o ratio toward the more pro-amyloidogenic form ABs.. As
aforementioned, presenilins are the catalytic component of the y-secretase complex,
responsible for APP cleavage. Beyond that, they have a multitude of functions involving
synaptic function and neurodegeneration (Pimplikar et al., 2010; Saura et al., 2004; Shen
& Kelleher, 2007).

The vast majority of AD cases are sporadic, with age being the greatest risk factor. AD
prevalence rises exponentially after 65 years old (Blennow, Leon & Zetterberg, 2006).
However, it is important to stress that Alzheimer’'s dementia is not a normal part of aging
(Nelson & Schmitt, 2011) and that older age alone is not sufficient to cause AD. Another
risk factor is family history of AD, with an extent of heritability of almost 80% (Gatz et al.,
2006).
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There are also genes implicated in sporadic AD. The most firmly established genetic risk
factor for sporadic AD is the allele e4 of the apolipoprotein E (ApoE) gene (Corder et al.,
1993), which increases the risk to develop AD threefold to fourfold in heterozygous dose
and around fifteen times in homozygous (Kim, Basak & Holtzman, 2009). ApoE-e4 allele
is associated with deficient clearing of AR from the brain (Castellano et al., 2011; Robert
et al., 2017) and increased tau-mediated neurodegeneration and neuroinflammation (Shi
et al., 2017). Other biological processes also confer risk to develop AD such as
inflammation or endosomal vesicle recycling (Jones et al., 2010; for review Selkoe &
Hardy, 2016).

Pathogens as possible risk factors for AD have also been profoundly debated (Harris &
Harris, 2015). Indeed, growing evidences have suggested that infection with herpes
simplex virus (HSV)-1 may play a role in the progression of AD (ltzhaki, 2014). HSV viral
deoxyribonucleic acid (DNA) has been found in AD brains (Readhead et al., 2018), being
HSV-1 viral DNA associated with AB plaques (Wozniak, Mee, & ltzhaki, 2009), meanwhile
an association between ApoE-e4 and HSV-1 has also been established (Corder, Lannfelt,
& Mulder, 1998). Furthermore, epidemiological studies have provided evidence that a
previous infection or a recent HSV-1 reactivation in elderly individuals increases the risk of

developing AD (Letenneur et al., 2008; Tzeng et al., 2018).

Although some controversies exist, distinct environmental factors such as education,
physical, cognitive and social activities, diet, sleep, circadian rhythm and cardiovascular
risk factors (especially diabetes, obesity, smoking and hypertension) are also thought to
affect sporadic AD as they influence the risk for dementia (Baumgart et al., 2015; for
review James & Bennett, 2019). Of especial interest is the interrelation between AD and
diabetes. Indeed, although not widely accepted as a clinical diagnosis, the term “type 3
diabetes” has been proposed to describe people who suffer from type 2 diabetes and they
are also diagnosed with dementia due to AD (de la Monte & Wands, 2008; Kandimalla,
Thirumala & Reddy, 2017). This condition has also been used to describe a form of brain-
specific diabetes, suggesting that a brain-specific insulin resistance and insulin-like growth
factor (IGF) signaling dysfunction represent early and progressive abnormalities that could
account for the majority of molecular, biochemical and histopathological lesions in AD
(Steen et al., 2005). Specifically, it has been demonstrated that induction of diabetes in
rabbits leads to brain oA accumulation and tau hyperphosphorylation (Bitel et al., 2012)
and, importantly, glucose concentrations observed in diabetic patients facilitate AP

oligomerization (Kedia, Almisry & Bieschke, 2017).
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1.2. Lack of effectiveness in AD therapies

Despite several decades of research and investment, no therapeutic strategy for AD
treatment has demonstrated long-term efficacy to date. The U.S. Food and Drug
Administration (FDA) approved four drugs that are currently marketed for the treatment of
AD. Three of these drugs, donezepil, galantamine and rivastigmine, act on central
nervous system (CNS) cholinergic pathways, severely affected in AD. All three drugs have
anticholinesterase activity, and galantamine is also active as an allosteric modulator of
nicotinic acetylcholine receptors (nAChRs). Memantine is the most recently approved
drug, in 2013, which targets N-methyl-D-aspartate (NMDA) receptors (Winblad & Poritis,
1999). Evidence exists for both cholinergic and glutamatergic involvement in the etiology
of AD (Francis, 2005).

In addition, non-pharmacological therapies are often utilized with the goal of maintaining
or improving cognitive function, the ability to perform daily living activities or overall quality
of life in AD patients. They are also used to reduce behavioral symptoms such as
depression, apathy, wandering, sleep disturbances, agitation and/or aggression. Among
these non-pharmacological therapies, regular physical exercise and cognitive training
have been found modestly beneficial to AD patients (Groot et al., 2016; Hill et al., 2017;
Zucchella et al., 2018).

Currently approved drugs are merely symptomatic if so, whose efficacy is limited in
magnitude and by disease stage. Effective strategies to prevent and/or treat AD remain
elusive despite major efforts to understand its basic biology and clinical pathophysiology.
Given the involvement of oAB in the synaptic dysfunction and memory impairment,
researchers have focused their efforts, but not limited to, in finding therapeutic agents that
prevent the production of oAB or eliminate them. Various candidate drugs have been
tested so far, including y-secretase or BACE1 inhibitors to modulate AB production, AB
immunotherapies to increase AB clearance, AR fibrillisation inhibitors, and also drugs to
target hyperphosphorylated or specific conformations of tau protein, anti-inflammatory
drugs, cholesterol-lowering drugs, oestrogens or antioxidants, among others (Cline et al.,
2018; Graham et al., 2017; Sun & Alkon, 2019).

Even these attempts, more than 450 clinical trials have failed since the last drug for AD
was approved and is more than evident that new approaches are needed (Cummings,
Morstorf & Zhong, 2014). The high failure rate to develop successful disease-modifying
therapies might be due, in part, to the advance stage of the patients enrolled in clinical
trials because of the lack of early biomarkers for diagnosis, and also to the complexity of

measuring drug efficacy in a disease with a long prodromal phase, often-insidious onset,
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rates of progression that vary widely from individual to individual, and high-probability of

co-morbidities (Sperling et al., 2014).

Moreover, one frustrating issue with clinical trials is their inability to therapeutically target
the pathophysiological core underlying the dementia, which is the structural and functional
deficits in synapses, known to strongly correlate with cognitive decline in AD patients
(Bereczki et al., 2016; DeKosky & Scheff, 1990; Masliah et al., 2001; Scheff et al., 2006,
2007; Terry et al., 1991).

The continuous failures of AD clinical trials over the last decades unquestionably indicate
that in order to find promising disease-modifying therapeutic agents an evaluation of the

field is necessary.

1.3. Hippocampal synaptic dysfunction as a key-triggering factor for AD
1.3.1. Hippocampal pathology in AD

Prior to dementia due to AD, network dysfunctions occur in the medial temporal lobe
(MTL) and related cortical areas essential for memory encoding and storage and
collectively known as the default network (Hyman et al., 1984; Reitz et al., 2009; Sperling
et al., 2010). The MTL includes the hippocampal formation (cornu ammonis —CA- field,
divided into different subfields comprising CA1 to CA3, dentate gyrus -DG- and
subiculum), amygdala and adjacent cortical regions (entorhinal cortex —EC—, perirhinal
and parahippocampal cortices). The EC receives cortical sensory information and projects
axons (perforant path) to DG granule cells. Axons from the lateral and medial EC
innervate the outer and middle third of the granule cells dendritic tree, respectively.
Glutamatergic granule cells of the DG project, through their axons (mossy fibers), to the
proximal apical dendrites of CA3 pyramidal cells. The mossy fibers extend through the
polymorphic layer, also known as hilus. In turn, CA3 pyramidal neurons project to
ipsilateral CA1 pyramidal cells through Schaffer collaterals and to contralateral CA3 and
CA1 pyramidal cells through commissural connections. In addition to this sequential
trisynaptic circuit, there is also a dense associative network interconnecting CA3 cells on
the same side. CA3 and CA1 pyramidal neurons are also innervated by direct inputs of

the layer Il and Il of the EC, respectively (figure 5).
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Figure 5. Basic connections of the hippocampus. Hippocampal connectivity is defined by a
trisynaptic loop. Sensory information is carried by axons of the entorhinal cortex (perforant path) to
granule cells of the dentate gyrus. Granule cells project their axons (mossy fibers) to CA3 pyramidal
cells, which, in turn, project to ipsilateral CA1 pyramidal cells through Schaffer collaterals and to
contralateral CA3 and CA1 pyramidal cells through commissural connections. For simplicity, inhibitory
neurons and different modulatory inputs to hippocampal neurons are not depicted. From Neves, Cooke
& Bliss, 2008.

Schaffer collaterals

Based on tau pathology, Braak and Braak distinguished six AD stages that can be
summarized in three: entorhinal, limbic and isocortical (Braak & Braak, 1991). Specifically,
tau pathology starts in the EC and continues to CA1 prior to clinical symptoms (Braak
stages I-1l). Next, tau pathology accumulates in limbic structures such as the subiculum of
the hippocampal formation, amygdala and thalamus (Braak stages IlI-IV). Finally,
pathological inclusions of tau spread to all isocortical areas with the associative areas
being affected prior and more severely than the primary sensory, motor and visual areas
(Braak stages V-VI) (Serrano-Pozo, Frosch, Masliah & Hyman, 2011) (figure 6). In
addition to the tau staging scheme, there are also other scoring systems based on AR
pathology such as the Consortium to Establish a Registry for Alzheimer's disease
(CERAD) and the Thal AB phase (TAP) (Hyman et al., 2012).

Hippocampal formation, affected very early in the disease process, is required for
consolidation of long-term declarative or explicit memories (Jeneson & Squire, 2011),
which can be divided into episodic (referring to the ability to recall personally experienced
events) and semantic memories (regarding the meaning of words and concepts).
Functional magnetic resonance imaging studies reported increased activity of cortical and
temporal lobe regions, particularly the hippocampus, during memory tasks in preclinical

and MCI patients, meanwhile decreased activity and connectivity of the hippocampus,

22



Introduction

temporal and prefrontal cortices during episodic memory tasks was found in AD patients
(Dickerson & Sperling, 2009; Setti, Hunsberger & Reed, 2017).

A decrease in the number of synapses by 25-30% in the frontal and temporal cortices has
been reported in AD brain biopsies (Davies et al., 1987), primarily affecting the
hippocampus (Coleman & Yao, 2003; Scheff et al., 2006, 2007). Synaptic loss has been
shown to not only happen in degenerating neurons but also in the still surviving neurons
(Masliah et al., 2001), and the major synaptic loss occurs very early in the AD process.
Noteworthy, hippocampus, and specially CA1 subfield, undergoes atrophy, with reduced
spine density (Perez-Cruz et al., 2011) and hypometabolism not only in dementia but also
in MCI due to AD (Mosconi et al., 2005; La Joie et al., 2013).

Preclinical AD Prodromal AD

Around 20 years MCI due to AD (7-10 years)

Medial temporal lobe Medial temporal lobe
No clinical symptoms, but EC and hippocampus
underlying pathology present STM loss and attention deficit

Alzheimer’s disease progression

Mild AD Moderate AD Severe AD
(2-5 years) (2-5 years) (3-6 years)

Lateral temporal and parietal lobes Frontal lobes Occipital lobes

Affectation to DLA, compromised Attention and language deficits, Visual problems, weight loss,
judgment and confusion, mood and loss of impulse control, anxiety lack of bowel and bladder control,
personality changes and perceptual motor problems difficulty swallowing

Figure 6. Schematic representation of the brain areas affected during AD progression and the
consequent clinical manifestations. DLA, daily living activities; EC, entorhinal cortex, STM, short-term
memory. Modified from Govindarajulu et al., 2018.
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1.3.2. Hippocampal synaptic plasticity

Generally, plasticity refers to the ability of the nervous system to dynamically modulate its
function in response to ongoing internal activities or external experiences (Jackson et al.,
2019). Plasticity can be classified into different levels of function, from biochemical events
to integrated behavioral responses. Structural plasticity refers to the physical morphology
and number of synapses and the term synaptic plasticity describes persistent and activity-
dependent changes in synaptic strength. These changes occur globally during
homeostatic scaling or locally at individual synapses during Hebbian plasticity (Morris,
1999).

Long term potentiation (LTP) and long term depression (LTD) are the most actively
studied forms of Hebbian plasticity that are thought to represent cellular correlates of
particular types of learning and memory (Bliss & Lomo, 1973; Malenka & Bear, 2004; for
review Nicoll, 2017). The specific cellular and molecular mechanisms mediating these
processes depend on the synapses and circuits that are being activated and the specific
pattern of activity. Changes in the properties and postsynaptic abundance of a-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid (AMPA) and NMDA receptors (AMPAR and
NMDAR, respectively) underlie these forms of synaptic plasticity of excitatory transmission
in the hippocampus (Bliss & Collingridge, 2013), besides for LTP occurring between
mossy fiber synapses onto CA3 pyramidal dendrites, which is independent of NMDAR
and is entirely expressed pre-synaptically (Nicoll & Schmitz, 2005).

NMDARs are heterotetrameric complexes formed by different assemblies of seven
subunits (GIUN1, GIuN2A-D and GIuN2A-B), being most native NMDARs composed of
two GIuN1 and two GIuN2 subunits (Hansen et al., 2018). NMDARs activation has a
central role in excitatory synaptic plasticity, as it can induce either LTP or LTD depending
on the downstream activation of specific intracellular cascades in response to the extent
of intracellular calcium rise in the dendritic spines (Kasai et al.,, 2010). The best-
characterized form of both LTP and LTD occurs between CA3 and CA1 pyramidal
neurons of the hippocampus. Both are expressed post-synaptically, require NMDARSs
activation, involve trafficking of existing AMPARs (Malenka & Bear, 2004) and require

additional transcription and translation mechanisms.

LTP and LTD processes can be induced by a variety of electrical paradigms (Kumar,
2011). In acute hippocampal slices, LTP can be induced by high-frequency stimulation
(HFS) protocols that typically comprise delivery of one or several trains of pulses at 50-
100 Hz for 1 second or by theta burst stimulation (TBS). TBS is considered a better

physiological way to induce LTP since it mimics the electroencephalogram theta waves
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(theta rhytm: 5-10 Hz), an oscillation pattern found in the mammalian hippocampus when
it is engaged in exploratory behavior and spatial memory processing (Colgin et al., 2013).
These protocols cause a strong temporal summation of excitatory postsynaptic potentials
(EPSPs) and the resultant large depolarization of the postsynaptic cell, which is sufficient
to relieve the Mg2+ block of NMDARSs and consequently allow a large amount of calcium to
enter the postsynaptic cell during the induction protocol. Conversely, low frequency
stimulation (LFS) of presynaptic axons is used to induce LTD, with a protocol that typically
involves stimulation at 1-3 Hz for 5-15 minutes. This causes only a modest but prolonged

increase in postsynaptic calcium due to modest and repetitive activation of NMDARSs.

LTP and LTD processes can also be reproduced chemically. In hippocampal slices or
culture cells, chemical LTP (cLTP) has been commonly induced by the increase of
intracellular cyclic adenosine monophosphate (cAMP) levels by the application of the
adenylyl ciclase activator forskolin (FSK) and the phosphodiesterase inhibitor rolipram
(Molnar, 2011), meanwhile chemical LTD (cLTD) has been extensively studied by brief
application (2 to 5 minutes) of NMDA (Ehlers, 2000; Lee et al., 1998).

1.3.3. AMPARSs in hippocampal synaptic plasticity

Rapid but sustained changes in synaptic efficacy are mediated by AMPARSs, which are
mobile and recycle between the cytoplasm and the cell membrane. AMPARs are
tetrameric, cation-permeable ionotropic glutamate receptors formed by assemblies of two
dimers of four homologous pore-forming subunits (GluA1-GluA4), with GIluA1/GIuA2
heteromers comprising around 80% of all hippocampal synaptic AMPARs (Lu et al.,
2009). Each AMPAR subunit consists of an extracellular region containing a N-terminal
domain (NTD) and a ligand binding domain (LBD) followed by the transmembrane region,
which forms the ion-conducting pore, and the cytosolic C-terminal domain (CTD) (Greger,
Watson & Cull-Candy, 2017) (figure 7). Upon binding of glutamate, the pore opens to
allow the influx of Na* ions along with K efflux to depolarize the postsynaptic

compartment, a requisite to fully relieve the Mg?* block of NMDARSs.

It is worth to note that depending on the subunit composition and the ribonucleic acid
(RNA) editing, AMPARs can also permit Ca®* influx. In the adult brain, most GIuA2
subunits undergo RNA editing that replaces a glutamine with a positively charged arginine
in the pore-forming region, preventing Ca®" influx. In contrast, GluA2-lacking AMPARs are
calcium permeable, mainly constituted by homomers of the GluA1 subunit (Luscher &
Malenka, 2012).
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Figure 7. Schematic representation of AMPA receptor (AMPAR) structure. Left: AMPAR structural
diagram. NTD (blue), LBD (gray; dashed square) and CTD (green) are depicted. mRNA processing sites
(red; Q/R, R/G, and flip/flop) as well as the 4 transmembrane domains (M1-M4) are also indicated.
Right: 3D AMPAR scheme. Sites of RNA editing in subunit interfaces (red, as in left) as well as agonist
docking (yellow star) between LBD lobes (D1/2) are drawn. NTD, N-terminal domain; LBD, ligand-
binding domain; CTD, C-terminal domain. Modified from Greger et al., 2017.

AMPARs are synthesized in the ER and transit through the Golgi apparatus. Some
discrepancies exist about the assembly of AMPARs complexes. Schwenk and colleagues
reported that AMPARs assembly into tetramers occurred in the ER in discrete steps
determined by ER-resident proteins (Schwenk et al., 2019). However, other evidences
exist showing that GIuA1 and GIuA2 monomers and dimers can enter and exit from
synaptic regions, concluding that AMPARs are metastable, instantaneously falling apart
into monomers, dimers or trimmers, which readily form tetramers again (Morise et al.,
2019).

AMPARSs can be inserted into the plasma membrane either at the soma or at synapses,
and receptors inserted somatically travel to synaptic sites via lateral diffusion (Adesnik,
Nicoll & England, 2005) (figure 8). Notably, AMPARSs can also be synthetized locally at
dendrites. Messenger RNA (mRNA) coding for GluA1 and GIuA2 (Gria1 and Gria2,
respectively) AMPAR subunits can be detected in dendrites together with protein

translation machinery (Grooms et al., 2006; Shepherd & Huganir, 2007).
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Figure 8. AMPA receptor (AMPAR) trafficking. AMPARs are synthetized in the ER and Golgi
apparatus in the cell body and are inserted into the plasma membrane either at the soma (red arrows) or
at synapses (yellow arrows). Receptors can also be synthetized locally at dendrites (green arrows). The
inset at lower left shows cultured hippocampal neurons stained with PSD-95 (green) and surface GluA1
(red) markers. ER, endoplasmic reticulum. Modified from Shepherd & Huganir, 2007.

A major mechanism for the expression of LTP and LTD involves increasing or decreasing,
respectively, the number of AMPARSs in the plasma membrane at synapses via activity-
dependent changes in AMPARSs trafficking (Bredt & Nicoll, 2003; Malinow & Malenka,
2002; Song & Huganir, 2002; Watson, Ho & Greger, 2017). AMPARs postsynaptic
recruitment comes either from neighboring extra synaptic receptors or from intracellular
reserve pools by exocytosis (Penn et al., 2017). AMPARs exocytosis to synapses is
mediated by SNARE proteins meanwhile synaptic receptors are removed from synapses

by dynamin-dependent endocytosis (Chater & Goda, 2014; Jurado et al., 2013).

A part from the number of AMPARSs at the synapse, LTP and LTD processes are also
modulated by subunit-specific protein interactions, auxiliary proteins and posttranslational
modifications in its cytosolic c-tail including phosphorylation, ubiquitination, glycosylation,
palmitoylation and s-nitrosylation (Diering & Huganir, 2018; Huganir & Nicoll, 2013).
Notably, GIuA1-AMPARs cytosolic c-tail has been postulated to be both necessary and
sufficient for hippocampal LTP (Zhou et al., 2018). Specifically, phosphorylation of the
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cytosolic c-tail is a critical determinant of AMPARSs trafficking and function (Esteban et al.,
2003; W. Lu & Roche, 2012; Wang et al., 2014). AMPARSs are substrates for a wide range
of kinases including protein kinase A (PKA), protein kinase G (PKG), protein kinase C
(PKC), Ca*/calmodulin-dependent kinase Il (CaMKIl), casein kinase |l, PAK3 and Src
family of tyrosine kinases on over 20 different phosphorylation sites, three to five sites per
subunit (Diering & Huganir, 2018; Huganir & Nicoll, 2013).

In general, kinase activity resulting in AMPARs phosphorylation is associated with LTP
whereas phosphatase activity and dephosphorylation is linked to LTD (Banke et al.,
2000). For LTP, there is strong evidence that opening NMDARSs increases calcium
concentration sufficiently in the dendritic spine to activate CaMKII/PKC, which
phosphorylate a wide range of substrates involved in plasticity (Soderling, 2000) including
AMPARSs themselves at serine 831 (Ser831) residue of GluA1 subunit, increasing GluA1
single-channel conductance and promoting GluA1 targeting to the post-synaptic density
(PSD) (figure 9). Phosphorylation of Ser831 and Ser845 residues of GIuA1 subunit are
both strongly associated with LTP. Ser845-GluA1 is phosphorylated by PKA, which can
be activated by Ca**-sensitive adenyl-ciclase or downstream of neuromodulators signaling
through their Gs-coupled receptors, such as the [(-adrenergic receptor or D1-type
dopamine receptors (Joiner et al., 2010; Sun, Zhao & Wolf, 2005). Phosphorylation of
Ser845-GluA1 increases single-channel open probability and also promotes GIluA1

targeting or retention to the cell surface (Man, Sekine-Aizawa & Huganir, 2007).

Gene knockin mice lacking both Ser831 and Ser845 phosphorylation sites of GluA1-
AMPARSs showed faster decaying of LTP and a deficit in LTD (Lee et al., 2003). Later, it
was described that Ser831 mutants displayed normal LTP and LTD, whereas Ser845
mutants had a specific deficit in LTD, concluding that Ser845 site is critical for LTD
expression whereas both phosphorylation sites may support LTP (Lee et al., 2010).
Mounting evidences suggest that indeed, PKA-mediated phosphorylation of Ser845-
GluA1-AMPARSs promotes its surface trafficking, lowering the threshold needed to induce
LTP. However, additional signaling from CaMKIl is needed to promote GluA1-AMPARSs
targeting to the PSD for maximal LTP (Esteban et al., 2003).

Ser845-GluA1 dephosphorylation is critical for NMDAR-dependent hippocampal LTD. A
population of perisynaptic calcium permeable AMPARs (GIuA1 homomers) are transiently
recruited to the synapse during the induction of LTD in a PKA-dependent manner.
Transient signaling from synaptic calcium permeable AMPARs is required for the full
expression of LTD. During the progression of LTD, calcium permeable AMPARSs signal
their own removal through activation of the protein phosphatase calcineurin (also known

as protein phosphatase 2B —-PP2B-). GIuA1-AMPARs undergo dephosphorylation of
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threonine 840 and Ser845 during LTD by PP1/PP2A and calcineurin/PP2B, respectively
(Sanderson, Gorski & Dell’Acqua, 2016) (figure 9).
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Figure 9. Postsynaptic expression mechanisms of LTP and LTD. LTD is caused by weak activity of
the presynaptic neuron that leads to modest post-synaptic depolarization and calcium influx through
NMDARs. This preferentially activates phosphatases (PP1/PP2A and calcineurin/PP2B) that
dephosphorylate AMPARSs, thus promoting their endocytosis. Conversely, LTP is generated by strong
pre-synaptic activity paired with strong post-synaptic depolarization that activates protein kinases such
as PKA and CaMKIl, which phosphorylate AMPARs promoting their exocytosis. CaMKII,
Ca”*/calmodulin-dependent kinase II; LTD, long term depression; LTP, long term potentiation; PP,
protein phosphatase. From Luscher & Malenka, 2012.

Protein-protein interactions also play a crucial role in AMPARSs trafficking. A large family of
proteins associates with AMPARs to regulate their mobility and biophysical properties as
well as their stabilization within the PSD (Sheng & Kim, 2011). The best studied of those
are the transmembrane AMPAR regulatory proteins (TARPs) y2 (also known as
stargazin), y3, v4, v5, y7 and y8 (Tomita et al., 2003) and the cornichon-like proteins
CNIH2/CNIH3 (Schwenk et al., 2009), which regulate AMPARs channel properties and
cellular and synaptic trafficking (Jacobi & von Engelhardt, 2017). TARPs stabilize
AMPARSs both on the cell surface and at synapses through binding with PSD-95 (Sheng et
al., 2018), the major component of the PSD. PSD-95 contains modular protein-protein
motifs called PDZ domains that serve as scaffolding proteins at synapses. PSD-95 is
attached to the postsynaptic membrane directly by palmitoylation and indirectly by PDZ
interactions with NMDARs and the aforementioned TARP proteins, exerting then a pivotal

role in “slotting” receptors to the synapse (Buonarati et al., 2019).

Both LTP and LTD are accompanied with synaptic morphological changes. LTP

undergoes with growth of new dendritic spines, enlargement of preexisting spines and
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their associated PSDs, and the splitting of single PSDs and spines into two functional
synapses (Matsuzaki et al., 2004; Yuste & Bonhoeffer, 2001). Conversely, LTD is

accompanied with spine shrinkage and eventual loss (Zhou, Homma & Poo, 2004).

Ultimately, long-term synaptic plasticity not only causes structural changes in synapses,
but its maintenance also requires new protein synthesis and gene transcription (Frey et
al., 1988). Both local dendritic and nuclear transcription and somatic translation are
believed to synthesize the proteins required for the maintenance of functional and
structural plasticity (Martin, Barad & Kandel, 2000; Tsokas et al., 2005). Several families
of transcription factors, including cAMP response element binding protein (CREB),
CCAAT enhancer binding protein (C/EBP), activating protein 1 (AP-1), early growth
response factor (Egr) and Rel/Nuclear Factor kB (Rel/NF-kB), have been shown to exert
essential functions for hippocampal long-term synaptic plasticity and long-term memory
formation (Alberini, 2009). Moreover, although a large number of proteins have been
identified as being altered in their expression following long-term synaptic plasticity, only a
very few of these such as brain derived neurotrophic factor -BDNF- (Mei et al., 2011),
protein kinase M( (Pastalkova et al., 2006), CaMKIl (Lisman, Yasuda & Raghavachari,
2012) or activity-regulated cytoskeleton-associated protein —arc— (Guzowski et al., 2000)

have been implicated in the maintenance of long-term synaptic plasticity.

Importantly, further evidences for a transcriptional role in long-term synaptic plasticity
come from studies of its epigenetic regulation. For example, histone deacetylases
(HDACSs) are potent negative regulators of gene expression and it has been demonstrated
that HDAC inhibitors enhance hippocampal long-term synaptic plasticity through CREB
transcription factor (Vecsey et al., 2007). Similarly, DNA methylation is a potent stabilizer
of gene expression, and enhanced DNA methylation potently inhibits LTP (Levenson et
al., 2006).

1.3.4. Hippocampal synaptic plasticity deficits in AD

Hippocampal synaptic dysfunction and eventual loss is a key feature in many
neurodegenerative diseases including dementia and, in particular, AD, where the number
of synapses disproportionately drops relative to neurons. Evidences from epidemiological
studies show that synapse loss strongly correlates with the cognitive deficits seen in AD
patients (Bereczki et al., 2016; DeKosky & Scheff, 1990; Terry et al., 1991) as well as
reflects the synaptic dysfunction that underlies the initial development of the disease
(Masliah et al., 2001; Scheff et al., 2006, 2007).
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Several lines of transgenic mice have been generated to study the hippocampal synaptic
plasticity deficits occurring in AD (for review Marchetti & Marie, 2011), including APP-
derived, that over-express the human APP gene mutated in one or more sites; PS1-
derived, that over-express the human PSEN1 gene encoding a FAD mutation; APP/PS1,
3xTg, which over-express human APPg,e and tau MAPTP301L and encode a knock-in of
PS1M146V (Oddo et al.,, 2003) and 5xTg models, that harbor three APP and PSEN2
(M146V and L286V) mutations that are causally related to FAD (Oakley et al., 2006).

Although conflicting results exist, several transgenic mouse models of AD have
highlighted impairments of hippocampal long-term synaptic plasticity associated with the
progression of the disease (Mango et al., 2019; Marchetti & Marie, 2011; Spires-Jones &
Knafo, 2012). In APP-derived models, significant alterations in hippocampal synaptic
plasticity at excitatory glutamatergic synapses have been described. Specifically, age-
dependent reduction in LTP, both in CA1 (Balducci et al., 2011) and DG regions of the
hippocampus (Jacobsen et al., 2006; Palop et al., 2007), has been reported. Moreover,
enhanced LTD along with enhanced calcineurin-dependent dephosphorylation of Ser845-
GluA1-AMPARs have also been described (Cavallucci et al., 2013; D’Amelio et al., 2011).
Similarly, 6-month-old 3xTg mice displayed impaired hippocampal LTP well before plaque
and tangle pathology appeared (Oddo et al., 2003) and 5xFAD mice showed reduced
basal synaptic transmission and LTP deficits at Schaffer collateral to CA1 synapses
(Crouzin et al., 2013).

It is essential to stress that some of the previous mentioned studies have showed synaptic
impairments in AD transgenic mice not only long before the appearance of amyloid

plaques and NFT, but also prior to the appearance of learning and memory deficits.

1.3.5. Effects of oAB on hippocampal synaptic plasticity

OAB have been reported to potently and selectively disrupt hippocampal excitatory
synaptic plasticity, inhibiting hippocampal NMDAR-dependent LTP (Barghorn et al., 2005;
Jurgensen et al., 2011; Klyubin et al., 2008; Li et al., 2011; Rammes et al., 2011; Shankar
et al.,, 2007, 2008; Walsh et al., 2002) and enhancing hippocampal LTD (Hsieh et al.,
2006; Li et al., 2009a; Shankar et al., 2008).

Impairments of hippocampal synaptic plasticity have been studied both in vitro and in vivo
using different sources of oA, including synthetic oAp (Barghorn et al., 2005; Jlrgensen
et al., 2011; Li et al., 2011), cell-derived oA (Li et al., 2009a, 2011; Shankar et al., 2007;
Walsh et al., 2002), human-derived oAB from CSF (Klyubin et al., 2008) or AD brains (Li
et al., 2009a, 2011; Shankar et al., 2008), and also APP-derived transgenic mice with high
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levels of oAB, as stated in the previous section. Importantly, inhibitors that block AB
oligomerization prevented the oAB-impairment in LTP (Walsh et al., 2005) and insoluble
AB plaques from human brains did not impair LTP unless they were first solubilized to
release oAB (Shankar et al., 2008).

A major challenge in AD research has been and continues to be the elucidation of
whether the deleterious impact of 0AB on synaptic plasticity is mediated by one or more
specific receptors. oAB have been proposed to bind a range of synaptic proteins, which
include, but are not limited to, glutamate transporters (Li et al., 2009a), NMDARs (Decker
et al.,, 2010a), GluA2/3-containing AMPARs (Reinders et al., 2016; Zhao et al., 2010),
MGIuR5 receptors (Renner et al.,, 2010), a7nAChR (Nery et al., 2013), the p75
neurotrophin receptor (Knowles et al., 2009), the receptor for advanced glycation end
products (Sturchler et al., 2008), Frizzled receptor (Magdesian et al., 2008), ephrin type B
receptor 2 (Cissé et al., 2011) and PrP® (Caetano et al., 2011) (figure 11). Another
longstanding debate is whether oAB present at synapses originate from intracellular or
extracellular sources, and there is evidence supporting either view (lulita et al., 2014;
Takeda et al., 2013).

Despite several studies, the underlying molecular mechanisms by which oAB disrupt
hippocampal synaptic plasticity remain incompletely understood. It is known that oAp-
induced synaptic depression requires NMDARSs activation (Shankar et al., 2007), which
triggers the removal of AMPARs from synapses (Hsieh et al., 2006). oAB also increase
AMPARSs ubiquitination (Guntupalli et al., 2017; Rodrigues et al., 2016; for review
Widagdo et al., 2017) and reduce its phosphorylation at Ser845-GluA1 residue, occurring
simultaneously to AMPARs removal from the plasma membrane (Miller et al., 2014;
Mifano-Molina et al., 2011). According to the requirement of NMDAR activation, oApB-
mediated removal of synaptic AMPARs has been proposed to share common signaling
pathways with Hebbian LTD, including downstream effectors such as calcineurin, p38
mitogen-activated protein kinase (p38 MAPK), glycogen synthase kinase 3@ (GSK-38) or
phosphatase and tensin homolog (PTEN) signaling pathways (Li et al., 2009a; Miller et al.,
2014; Minano-Molina et al., 2011; Wang et al., 2004; Zhao et al., 2010; for review Jurado,
2018) (figure 10). Internalization of synaptic receptors and LTD enhancement has also
been shown to be dependent on oAB-mediated caspase-3 activation (Chen et al., 2013;
D’Amelio et al., 2011).

OAB can also affect LTP induction by altering CaMKIl synaptic localization (Cook et al.,
2019; Gu, Liu & Yan, 2009) and/or promoting endocytosis of synaptic NMDARs (Snyder et
al., 2005). Moreover, not only synaptic NMDARs are involved in oAB-mediated

impairments in hippocampal synaptic plasticity, but also over-activation and consequent
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endocytosis of extrasynaptic GIuN2B-NMDAR may also play a role (Li et al., 2009a,
2011). Another route that oAB may utilize to interfere with LTP appears to be interfering
with BDNF-dependent pathways required for AMPARs synaptic insertion (Peng et al.,
2009).

Thus, the overall impact of oAB is depressed synaptic output, which causes dysfunctional
trafficking of ionotropic and metabotropic glutamate receptors (Gong et al., 2003; Lacor et
al., 2004) and synapse pruning and eventual loss. Binding to functional excitatory
synapses, oAB have been shown to reduce dendritic spines in dissociated cultured
neurons (Calabrese et al., 2007; Evans et al., 2008; Lacor et al., 2007), organotypic
hippocampal slices cultures (Hsieh et al., 2006; Shankar et al., 2007; Shrestha et al.,
2006) and transgenic mouse and nonhuman primate models of AD (Beckman et al., 2019;
Bittner et al., 2010; Forny-Germano et al., 2014; Jacobsen et al., 2006; Spires et al.,
2005). Importantly, the blockade of AMPARs endocytosis prevents the loss of dendritic
spines induced by oAB (Hsieh et al., 2006) denoting that removal of synaptic AMPARSs is
necessary and sufficient for oAB-induced pruning of dendritic spines. Noteworthy, as
outlined above regarding impairments in synaptic plasticity, spine loss was also prevented
by modulators of 0AB aggregation (Shankar et al., 2007).
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Figure 10. Synaptic plasticity deficits in AD. A) AMPARSs internalization during LTD in a healthy
synapse. Mild calcium influx through NMDARSs causes calcineurin/PP2B-dependent dephoshorylation of
Ser845-GluA1-AMPARSs, destabilizing the interaction of AMPARs with PSD (not shown) and ultimately
leading to endocytosis. B) AMPARSs insertion during LTP in a healthy synapse. High frequency
stimulation induces a strong activation of NMDARs sufficient to recruit CaMKII to the synapse where it
phosphorylates Ser831-GluA1-AMPARs. AKAP150 translocation to synapses allows PKA
phosphorylation of Ser845-GluA1-AMPARSs, leading to its exocytosis. C) AMPARs internalization during
LTD in AD synapses. AB and tau oligomers enhance AMPARs endocytosis. It is also depicted the
affectation of glutamate transport, activation of extrasynaptic GIuUN2B-NMDARs and calcium
dyshomeostasis. D) AMPARSs insertion during LTP in AD synapses. oAB prevent CaMKII from reaching
synaptic localization and therefore block AMPARs phosphorylation and consequent exocytosis.
Hyperphoshporylated tau is missorted to dendritic spines and prevents Fyn kinase from reaching
synaptic localization, which in turns affects phosphorylation levels of both AMPARs and NMDARs.
AKAP150, A kinase anchor protein 150; CamKIl, Ca2+/caImoduIin-dependent protein kinase; GSK-3,
glycogen synthase kinase 383; PKA, protein kinase A; PP2B; protein phosphatase 2B; PTEN;
phosphatase and tensin homolog.

Concomitantly to synaptic AMPARs removal and dendritic spine loss, oAB also affect
other synaptic proteins, both extracellular and intracellular, including synaptic scaffolding
proteins. For example, it has been reported that oABR decrease PSD-95 protein levels in
cultured-neurons through a proteasome-dependent pathway (Almeida et al., 2005; Roselli
et al.,, 2005). Interestingly, data from our group also demonstrate that oAB lead to
degradation of the scaffolding protein AKAP150 in hippocampal-cultured neurons (Mifiano
Molina, Cheng and Rodriguez-Alvarez; unpublished). Those affectations in synaptic

proteins also contribute to synaptic dysfunction and eventual loss (Ding et al., 2019).

Importantly, oAB also alter functionally and structurally cells other than neurons, including
microglia, astrocytes and the endothelial and smooth muscle cells of cerebral blood
vessels (De Strooper & Karran, 2016). This affectation occurs simultaneously as the

disease progresses and contributes to the synaptic affectation.

It is also worth to mention that, although numerous reports indicate that oAB impair
synaptic plasticity, there are paradoxical lines of evidence from in vitro and in vivo studies
showing that increased synaptic activity induces AR secretion (Cirrito et al., 2008;
Kamenetz et al.,, 2003). Based on these reports, it has been speculated that though
excessive production of AB is synaptotoxic, at lower concentrations it may actually serve
as a physiological molecule that regulates normal synaptic plasticity and memory (Morley
& Farr, 2014). Indeed, recent studies indicate not only that AB is indispensable for normal
learning and memory, but also that, at picomolar concentrations, oAB markedly enhance
hippocampal LTP (Puzzo et al.,, 2008) associated with a presynaptic activation of
a7nAChR (Gulisano et al., 2019).

A large number of synaptic proteins, mainly cytoskeleton-associated proteins including

tau, are phosphorylated in presence of oAB (Mendes et al., 2018; Wu et al., 2018). Direct
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experimental evidence in living cells also shows that oAB are able to convert normally
folded tau into a conformation thought to predominate in toxic tau aggregates (Rudenko et
al., 2019). These findings suggest that oAB may be the initiators of synaptotoxicity, while
tau is a downstream executer (Liao, Miller & Teravskis, 2014; Oddo et al., 2003; Palop et
al., 2007; Rapoport et al.,, 2002). Consistently, several studies have shown that tau
deletion can protect from the damaging effects of oAB on synaptic and cognitive functions
in several mice models of AD (Ittner et al., 2010; Miller et al., 2014; Roberson et al.,
2011).

OAB-mediated tau hyperphosphorylation compromise its binding to microtubules,
disrupting the normal axonal transport of organelles such as mitochondria and receptors
to synapses (Eckert et al., 2014). As previously stated, hyperphosphorylated tau can be
localized not only in axonal microtubules but it can also be missorted to postsynaptic
densities (Hoover et al., 2010), where it can contribute to the synaptotoxic role of oAB
(Zempel et al., 2010). Approximately one third of synapses in AD patients demonstrate
colocalization of oA and tau (Fein et al., 2008). At PSDs, hyperphosphorylated tau can
dysregulate AMPARs frafficking and disrupt postsynaptic targeting of Fyn kinase,
subsequently increasing NMDAR activity and enhancing oAB-mediated neurotoxicity
(Bhaskar, Yen & Lee, 2005; lttner et al., 2010). It can also activate the phosphatase
calcineurin, which then dephosphorylates and/or inactivates CaMKIV and CREB signaling

pathways, eventually resulting in synaptic and memory impairments (Yin et al., 2016).

The oAp-mediated hippocampal synaptic dysfunction and eventual loss directly
contributes to the cognitive deficits observed in AD. The presumptive causal link between
synaptic plasticity and memory was formalized by Morris and colleagues as the synaptic
plasticity and memory hypothesis: “activity-dependent synaptic plasticity is induced at
appropriate synapses during memory formation, and is both necessary and sufficient for
the information storage underlying the type of memory mediated by the brain area in
which that plasticity is observed” (Martin, Grimwood & Morris, 2000). Thus, LTP and LTD
processes are thought to represent cellular correlates of particular types of learning and
memory (Collingridge et al., 2010; Lynch, 2004; Malenka & Bear, 2004; Neves, Cooke &
Bliss, 2008; Nicoll, 2017).

Compelling evidences utilizing synthetic, natural, and human AD-derived Ap have
indicated that pathological concentrations of oAB are both necessary and sufficient to
disrupt normal learning and memory function and consolidation (Cleary et al., 2005; Freir
et al., 2011; Lesne et al., 2006; Shankar et al., 2008). Consistently, mouse models of AD
with high levels of oAB show cognitive deficits such as impairments in specific spatial

learning (Koistinaho et al., 2001; Mifiano-Molina et al., 2011) as well as murine models
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treated with oAB from human brains present disrupted memory (Shankar et al., 2008).
Noteworthy, oAB cause cognitive impairment in the absence of neurodegeneration (Cleary
et al.,, 2005; Haass & Selkoe, 2007; Lesne et al.,, 2006) and multiple APP-derived
transgenic mice show both hippocampal synaptic plasticity deficits and memory
impairments prior plaque pathology, suggesting that disruption of memory neuronal

circuits is independent of plaque deposition (Gruart et al., 2008; Jacobsen et al., 2006).

It is also important to mention that, a part from the impairment in hippocampal synaptic
plasticity leading to learning and memory deficits, oAB also contribute to emotional
psychiatric disturbances by disrupting glutamatergic excitatory/GABAergic inhibitory

neurotransmission in the basolateral amygdala (Espafia et al., 2010a).

1.3.6. 0AB and neurotoxicity

Through binding to different synaptic proteins, oAB can directly or indirectly initiate distinct
aberrant downstream signaling cascades leading to neuronal dysfunction. Moreover, oA
can also directly insert to lipid bilayers, causing neuronal damage acting as a pore

(Demuro et al., 2005; for review Drolle et al., 2014).

Furthermore, pathologically elevated oA levels at the synapse enhance the pre-synaptic
release of glutamate together with the simultaneous blockade of glutamate uptake by
astrocytes through glutamate transporters (Li et al., 2009a; Proctor, Coulson & Dodd,
2011). The consequent excitotoxic levels of glutamate in the synaptic cleft diffuse and
activate extrasynaptic GIuN2B-NMDARSs, whose prolonged stimulation leads to aberrant
redox events and calcium overload, increased oxidative/nitrosative stress, mitochondrial
dysfunction with consequent bioenergetics compromise, dysregulation of synaptic
neurotransmission and abnormal neuronal network activity (for review Cline et al., 2018;
Tu et al., 2014) (figure 11).

OAB have also been identified to bind around one hundred molecules in human CSF
primarily involved in lipid transport and metabolism, the complement system and
hemostasis, suggesting that they may affect multiple cellular functions through a wide

range of potential binding partners (Rahman et al., 2015).
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Figure 11. oAB-mediated synaptotoxic effects through binding to different synaptic partners. oAp
may bind with high affinity and specificity to a broad range of receptors, which then indirectly or directly
initiates distinct aberrant downstream signaling cascades leading to neuronal dysfunction. AChR,
acetylcholine receptor; APP, amyloid precursor protein; ER, endoplasmic reticulum; GSK, glycogen
synthase kinase; IR, insulin receptor; LTP, long term potentiation; PI3K, phosphatidylinositol 3-kinase;
PrPC, cellular prion protein. Modified from Wang et al., 2016b.

2. Differential gene expression in AD hippocampus
2.1. Synaptic genes altered in AD hippocampus

In humans, altered expression of genes related to energy metabolism, synapse, and
transcriptional regulation processes exacerbates in the brain during the progression of AD
pathology contributing likely to cognitive decline (Berchtold et al., 2014; Blalock et al.,
2004; Liang et al., 2008; Miller, Oldham & Geschwind, 2008; Silva et al., 2012; Tan et al.,
2010; Yao et al., 2003). MCI patients show widespread upregulation of genes associated
with biosynthetic and energy production, specifically genes related to protein biosynthesis,
turnover and trafficking, mitochondrial energy generation and, to a lesser degree, synaptic
signaling and structure (Berchtold et al., 2014). This synaptic and neuronal compensation
does happen very early in the disease, but this attempt probably fails due to the lack of
appropriate neurotrophic support (Baazaoui & Igbal, 2018). Contrary to gene upregulation
in MCI stage, microarray analysis of hippocampal tissue (Berchtold et al., 2014) or single
cell microarray analysis of CA1 neurons (Ginsberg, Alldred & Che, 2012; Ginsberg et al.,
2010) revealed downregulation of multiple synaptic genes in AD. Specifically, these
studies from AD human brain found significant expression changes in genes regulating
vesicle trafficking and release, neurotransmitter receptors, postsynaptic function and cell
adhesion. A summary of hippocampal synaptic genes altered in AD human hippocampus

is shown in table 1.
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Table 1. Summary of hippocampal synaptic genes altered in AD human patients.

Function Symbol Name Model Levels References
Cell adhesion Cdh2 N-cadherin AD Down Ando et al., 2011
Neurotransmission Scg2 Secretogranin Il AD Down Marksteiner et al., 2002
Neurotransmitter Slc1A1 GABA transporter 1 AD Down Ginsberg et al., 2012
transporters Sic6at Excitatory aminoacid AD Down Ginsberg et al., 2012
transporter 3
Neurotrophins Bdnf Brain-derived AD Down Ferrer et al., 1999
neurotrophic factor Colangelo et al., 2002
Connor et al., 1997
Neurotrophin TrkA Tropomyosin receptor MCI,AD Down Margaret Fahnestock &
receptors kinase A,B,C Shekari, 2019
TrkB MCI,AD Down Ferrer et al., 1999;
Ginsberg et al., 2012,2010
AD Unchanged Wong etal., 2012
Down
TrkC AD Ginsberg et al., 2012,2010
Synapse structure Arc Activity-regulated AD Down Ginsberg et al., 2012
and strength cytoskeleton-associated  AD I-IV Down Parra-Damas et al., 2014
protein
Grip2 Glutamate receptor AD Down Ginsberg et al., 2012
interacting protein 2
Homer1 Homer1 MCI,AD Down Counts et al., 2014
Kal7 Kalirin 7 AD Down Cissé et al., 2017
Nrx1 Neurexin 1 AD Down Berchtold et al., 2014
Ravetti et al., 2010
PSD95 Postsynaptic density 95 AD Down Ginsberg et al., 2012
Synpo Synaptopodin MCI,AD Down Counts et al., 2014
Synaptic Gabrat GABA-Aq4 AD Down Limon, Reyes-Ruiz, &
transmission Miledi, 2012
Gria GluA1,2 AD Down Ginsberg et al., 2012
Grin GIluN2B AD Down Ginsberg et al., 2012
Vesicle trafficking Chga Chromogranin A AD Down Marksteiner et al., 2002
Rab Rab5,7 MCI Up Ginsberg et al., 2010
Rab4,24 AD Up Ginsberg et al., 2010
SNAP25  Synaptosomal- MCI Up Berchtold et al., 2014
associated protein AD Down Berchtold et al., 2014
25KDa
Stx Syntaxin 1A,4,7 MCI,AD Down Counts et al., 2014
Syntaxin 4A,6,18 AD Down Ginsberg et al., 2012
Berchtold et al., 2014
Syn Synapsin MCI,AD Down Counts et al., 2014
Syngr1 Synaptogyrin 1 MCI,AD Down Counts et al., 2014
Ginsberg et al., 2012
Syp Synaptophysin MCI,AD Down Ginsberg et al., 2012
Syt Synaptotagmin AD Down Ginsberg et al., 2012
1,3,5,6,11,12
VAMP Synaptobrevin or MCI,AD Down Counts et al., 2014
VAMP1,2,3,4 Ginsberg et al., 2012

Downregulation of specific neurotrophin receptors was also specifically found within CA1
neurons, including a significant downregulation of tyrosine receptor kinase B (TrkB) both
in MCI and AD stages and a downregulation of TrkC receptor in AD stage (Ginsberg et al.,
2010). Not only changes in neurotrophin receptors, but also changes in several
neurotrophic factors have also been reported in AD patients (Fahnestock et al., 2002,
2011). In both MCI and AD stages, levels of BDNF are depressed (Peng et al., 2005).

Moreover, recent reports have provided mechanistic evidence demonstrating that
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BDNF/TrkB deficiency elevates d-secretase, resulting in elevated cleavage of both APP
and tau and therefore promoting AD pathology (Wang et al., 2019; Xiang et al., 2019).
Conversely, BDNF treatment in rodents and non-human primates models of AD has been
reported to support neuronal survival, synaptic function and memory processes
(Nagahara et al., 2009, 2013).

Remarkably, downregulation of synaptic gene transcripts in CA1 hippocampal neurons of
MCI/AD brains correlates with pathological cognitive status (Counts et al., 2014; Ginsberg
et al., 2012). In contrast to the widespread loss of synaptic genes, transcripts encoding
other genes relevant for AD such as APP were not differentially expressed in CA1
neurons in AD brains. Taken together, these data suggest that CA1 synaptic gene
dysregulation occurs early in the cascade of pathogenic molecular events and underlies

the progressive cognitive decline in AD (Berchtold et al., 2014; Liang et al., 2010).

In several AD mice models, transcriptome profile studies have also revealed deregulation
of common cellular pathways including mitochondrial function, metabolism, insulin
signaling, calcium homeostasis, inflammation, and synaptic plasticity. Several synaptic
genes are significantly reduced in the hippocampus of AD transgenic mice coinciding with
memory deficits (Dickey et al., 2003; Parra-Damas et al., 2014). In some studies, altered
gene expression was restricted to amyloid-containing brain regions (Dickey et al., 2003).
A summary of the hippocampal synaptic genes altered in AD mice models is shown in
table 2.

Table 2. Summary of hippocampal synaptic genes altered in AD mice models.

Function Symbol Name Model Levels References
Cell adhesion Cdh2 N-cadherin 3xTg Down Gatta et al., 2014
Neurotransmission Scg2 Secretogranin Il APPsyina  Down Parra-Damas et al., 2014
Neurotrophins Badnf Brain-derived APPsy ind Down Parra-Damas et al., 2014
neurotrophic factor
Neurotrophin TrkB Tropomyosin APPsyina  Down Parra-Damas et al., 2014
receptors receptor kinase B
Synapse structure Arc Activity-regulated APPsyina  Down Espafa et al., 2010b
and strength cytoskeleton- Parra-Damas et al., 2014
associated protein APP/PS1  Down Dickey et al., 2003
Homer 1a Homer 1a APP/PS1  Down Dickey et al., 2003
Kal7 Kalirin 7 3xTg Down Cissé et al., 2017
Neff Neurofilament APPsy ind Down Parra-Damas et al., 2014
APP/PS1  Down Dickey et al., 2003
PSD95
Synaptic plasticity Ophn1 Oligophrenin 1 3xTg Down Gatta et al., 2014
Synaptic Gabrat GABA-Aq4 3xTg Down Gatta et al., 2014
transmission Dickey et al., 2003
Gria GluA1 APP/PS1  Down Parra-Damas et al., 2014
Cantanelli et al., 2014
GluA2,3 3xTg Down Dickey et al., 2003
Grin GluN2B APP/PS1  Down
Vesicle trafficking Chga Chromogranin A APPsyina  Down Parra-Damas et al., 2014
SNAP25 Synaptosomal- 3xTg Down Gatta et al., 2014
associated protein
25KDa
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Stx Syntaxin 4A,18 APPsy ind Down Parra-Damas et al., 2014
Syt Synaptotagmin 4 APPsyina  Down Parra-Damas et al., 2014

It is also worth to mention that synaptic genes shown in table 1 and 2 are limited to
neurons, but deregulation of genes in other cell types also occurs. For example, the levels
of both glutamate transporters EAAT1 and EAATZ2, which are responsible for the majority
of glutamate uptake in glial cells, are downregulated in the hippocampus of AD patients
(Jacob et al., 2007). In astrocytes, deregulation of genes associated with cytoskeleton,
proliferation, apoptosis, and ubiquitin-mediated proteolysis also occurred at early AD,
while altered regulation of intracellular signaling pathways, including insulin,
phosphatidylinositol 3-kinase (PI3K/Akt), and MAPK pathways are primarily associated

with late pathological stages (Simpson et al., 2011).

Downregulation of activity-dependent genes involved in synaptic plasticity and memory
are associated with learning and memory deficits in APP transgenic mice (Espafia et al.,
2010b) and changes in the expression of these genes parallels altered activity of memory
circuits, thus indicating a close relationship between neuropathology, transcriptional

deregulation and activity of susceptible memory circuits in AD (figure 12).

Disease Progression
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Index
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Figure 12. Temporal progression of pathological, transcriptional and functional changes in aging
and AD. Schematic representation of the hypothetical temporal progression of AR pathology, synaptic
gene expression, medial temporal lobe activity and memory performance both in healthy and AD brains.
MTL. medial temporal lobe. From Saura, Parra-Damas & Enriquez-Barreto, 2015.

2.2. Synaptic plasticity-related transcription factors altered in AD hippocampus

As previously described, cognitive decline is associated with gene expression changes in
the brain, but the regulatory transcriptional mechanisms underlying those changes in AD
are largely unknown. In this regard, several transcription factors have been proposed to
have a role in the pathogenesis of AD. A summary of the synaptic plasticity-related

transcription factors that might have a role in AD pathogenesis is shown in table 3.
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CREB is one of the transcription factors most extensively studied in AD, being disrupted
by oAB and leading to synaptic plasticity and memory deficits in AD (Saura & Valero,
2011; Vitolo et al., 2002). As previously mentioned, CREB is necessary for hippocampal
LTP maintenance, suggesting that CREB-induced genes might play a role in long-lasting
synaptic plasticity and memory processes (Alberini, 2009). Accordingly, CREB activation
ameliorates synaptic and memory impairments in APP transgenic mice (Smith et al.,
2009; Yiu, Rashid & Josselyn, 2011).

Moreover, CREB transcription factor represent the crossroad of different synapse-to-
nucleus pathways associated with changes in gene expression that underlie memory
decline in AD (Marcello, Di Luca & Gardoni, 2018). For example, oAB induce nuclear
accumulation of Jacob, a messenger that couple CREB shut-off following activation of
GIuN2B-containing extrasynaptic NMDARs (Grochowska et al., 2017; Ronicke et al.,
2011). Other transcription factors related to CREB are also involved in AD pathology. For
example, ATF4, which belongs to the ATF/CREB transcription factor family, is a CREB
repressor and its levels are upregulated in mouse models of AD (Devi & Ohno, 2014) and
the brains of AD patients (Lewerenz & Maher, 2009) (table 3).

CREB-regulated transcription coactivator-1 (CRTC1) is another example of a synapse-to-
nucleus messenger controlling CREB pathway and involved in AD. CRTC1 localizes to
synapses and undergoes activity-dependent nuclear translocation to regulate the
transcription of CREB target genes. CRTC1 levels and CRTC1-dependent genes are
reduced in AD human hippocampus at intermediate AD stages (Parra-Damas et al., 2014)
(table 3). Both spatial memory and context-associative learning trigger calcineurin-
mediated CRTC1 dephosphorylation, nuclear translocation and CRTC1-dependent
transcription in the hippocampus (Parra-Damas et al., 2014, 2017a). These events are
impaired in transgenic AD rodent models at early AD stages (Parra-Damas et al., 2014,
2017a; Wilson et al., 2016). Consistently, reduced calcineurin activity and expression was
also reported in AD transgenic mice and the brains of AD patients (Celsi et al., 2007; Lian
et al., 2001). Importantly, CRTC1 hippocampal overexpression rescued the early
transcriptional changes and memory impairments in APP transgenic mice by restoring a

specific subset of CRTC1 target genes (Parra-Damas et al., 2014).

Indeed, genome-wide transcriptome profile analyses of AD transgenic mice hippocampus
revealed deregulation of a transcriptional program dependent on CREB/CRTCA1.
Specifically, APPsy, na mice at 6 months of age shown downregulation of diverse genes
compared with WT mice after spatial training. These genes include some participating in
neurotransmission (Scg2, Syt4, Stx4A, Stx18, Gria1, Chga), neuritogenesis (Nefl) and

synaptic plasticity and memory such as Arc, c-fos, Bdnf and also the Nr4a family of
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transcription factors (Parra-Damas et al., 2014; Saura, Parra-Damas & Enriquiz-Barrero,
2015).

Among the latest, the Nr4a family of nuclear orphan receptors have emerged as promising
candidates for the development of novel therapeutic approaches to target early AD
synaptic failure (see introduction, section 4.3.3) due to their implication on hippocampal
synaptic plasticity (see introduction, section 4.3.1 and below) and their ability to be

modulated by diverse molecular activators (see introduction, section 4.4).

Table 3. Summary of synaptic plasticity-related transcription factors altered in the hippocampus

of Alzheimer’s disease patients and mice models.

Symbol Name Model Change References
ATF4 Activating transcription  Human AD Up Devi & Ohno, 2014
factor 4 midfrontal cortex  Up Lewerenz & Maher, 2009
5XFAD
C/EBPB  CCAAT-enhancer Human AD Up Wang et al., 2019
binding protein 3
c-Fos c-Fos APPsy ind Down Parra-Damas et al., 2014
c-Jun c-Jun Human AD hip Increased phoshorylation Thakur et al., 2007
c-Myc c-Myc Human AD brain  Increased phoshorylation Ferrer et al., 2001
CREB cAMP-response APPsy ind Decrease in transcription- Saura & Valero, 2011
element binding dependent genes
protein
CRTC1 CREB-regulated APPsy ind Decrease in transcription- Parra-Damas et al., 2014
transcription Human AD hip dependent genes
coactivator-1
KCTD2 Potassium channel Human AD hip Change in transcription- Potashkin et al., 2019
tetramerization dependent genes
domain 2
KLF9 Krippel like factor 9 Human AD hip Change in transcription- Potashkin et al., 2019
dependent genes
NFkB Nuclear factor k-light Human AD hip Up Colangelo et al., 2002
chain-enhancer of (CA1)
activated B cells
NFAT Nuclear factor of Human MCI hip Increased nuclear NFAT1 Abdul et al., 2009
activated T cells Human AD hip Increased nuclear NFAT3
Nr4a1 Nuclear receptor APPsy ind Down Parra-Damas et al., 2014
subfamily 4 group A APP/PS1 Up Zhao et al., 2018
member 1
Nr4a2 Nuclear receptor APPsy ind Down Parra-Damas et al., 2014
subfamily 4 group A Human AD IlI-VI  Down Parra-Damas et al., 2014
member 2 hip Down Moon et al., 2019
Human AD hip Up Annese et al., 2018
Human LOAD
hip
Nr4a3 Nuclear receptor APP/PS1 Down Dickey et al., 2003
subfamily 4 group A
member 3
Egr1 Early growth response ~ APP/PS1 Down Dickey et al., 2003
protein 1
XBP-1 X-box binding protein APP/PS1, Down Reinhardt et al., 2014
1 5XFAD

LOAD, late onset AD.
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3. Role of Nr4a2 in hippocampal synaptic plasticity
3.1. Nrda subfamily of transcription factors

Within the nuclear receptor superfamily, nuclear receptor subfamily 4, group A (Nr4a),
consists in a family of close-related three immediate early genes that encode three orphan
nuclear receptors (Nr4a1/NGFI-B, Nr4a2/Nurr1 and Nr4a3/NOR-1). They are expressed in
a wide variety of metabolically demanding and energy dependent tissues, such as skeletal
muscle, adipose, heart, kidney, T-cells, liver and distinct but overlapping regions of the
brain (Zetterstrom et al., 1996). The three members exhibit tissue-specific expression and

hence their roles are context as well as tissue-specific.

Nrda proteins function as transcription factors that recognize DNA response elements to
regulate the expression of a variety of genes involved in multiple biological processes
including proliferation, metabolism, immunity, cellular stress, apoptosis, DNA repair and
angiogenesis (Safe et al.,, 2016). Nr4a transcriptional activity depends mainly on gene
expression, miRNA targeting, alternative splicing, posttranslational modifications,
subcellular localization and interaction with other nuclear receptors (Maxwell & Muscat,
2006). Depending on the cellular context, these transcriptional regulators may be stably
expressed or induced as immediate early genes in response to a wide range of
physiological signals, including synaptic activity (Pegoraro et al., 2010). The ability to
sense and rapidly respond to changes in the cellular environment appears to be a

hallmark of this subfamily of orphan nuclear receptors.

These receptors are involved in the onset and progression of various diseases such as
various types of cancer, inflammation, atherosclerosis and obesity (Ranhotra, 2015).
Notably, Nrd4a transcription factors have also emerged as essential mediators of neuronal
functions such as DNA repair of double strand breaks in neurons (Malewicz et al., 2011;

Munnur et al., 2019) or neuronal survival (Volakakis et al., 2010).

3.2. Nrd4a2 transcription factor

Nuclear receptor subfamily 4, group A, member 2 (Nr4a2), which belongs to the Nr4a
subfamily of transcription factors, is primarily expressed in neurons of diverse areas of the
CNS, particularly in the substantia nigra pars compacta, ventral tegmental area and limbic
area (Zetterstrom et al.,, 1996). Moreover, it is also expressed in the hippocampus,
subiculum, temporal cortex, olfactory bulb, cerebellum, posterior hypothalamus and
habenuclear nuclei (Quina et al.,, 2009; Saucedo-Cardenas & Conneely, 1996).
Nevertheless, Nr4a2 is expressed not only in neurons, but also in non-neuronal cells such

as microglia, astrocytes or endothelial cells (Fan et al., 2009; Saijo et al., 2009) and it is
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found not only in the CNS but also in other tissues, including the bone, synovial tissues,

adrenal gland or the intestine.

Nrd4a2 structure is composed by a modulator domain, referred to as the activation function
(AF)-1 or the NTD, a conserve DNA-binding domain (DBD) and a LBD containing its
transactivation-dependent AF-2 in the CTD (Ichinose et al., 1999) (Figure 13A).

Nrda2 is known as an orphan nuclear receptor as no endogenous ligand has been
identified so far. The Nr4a2 LBD lacks a cavity as a result of the tight packing of side
chains from several bulky hydrophobic residues in the region normally occupied by
agonists, and therefore lacks a “classical” binding site for coactivators, and adopts a
canonical protein fold resembling that of an agonist-bound, transcriptionally active LBD
(Wang et al., 2003). Classically, nuclear receptor activation is accomplished by the
binding of a lipophilic ligand in a hydrophobic pocket within the LBD. By contrast, Nr4a2
transcriptional activity is independent of the LBD and appears to be reliant on the AF-1
domain. Thus, a major difference between Nr4a2 and classical nuclear receptors is
ligand-independent regulation, and its activity is regulated at the level of gene expression
and protein stability (Maxwell & Muscat, 2006).

Nr4a2 protein regulates both positively and negatively the transcription of its target genes
by directly binding to response elements in their promoters. Two zinc fingers of the highly
conserved DBD as a monomer or homodimer are able to bind the nerve growth factor-
inducible-B-binding response element (NBRE; 5-AAAGGTCA-3’) or as homodimer or
heterodimer with Nr4a1 to attach to the nur-response element (NurRE; 5-TGACCTTT-NG6-
AAAGGTCA-3’). Moreover, as monomer, homodimer or heterodimer, Nr4a2 can dimerize
with the retinoic X receptor (RXR) and bind to a motif referred to as DR5 (Figure 13B).
This union is permissive; meaning that ligand binding of RXR typically causes full

activation of the entire heterodimer (Jiang et al., 2019).

Nrd4a2 is mostly nuclear. It contains a bipartite nuclear localization signal (NLS) within its
DBD and three leucine-rich nuclear export signals (NES) in its LBD. Together, these

signals regulate Nr4a2 shuttling in and out of the nucleus (Garcia-Yague et al., 2013).
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Figure 13. Nrd4a2 structure and binding to target genes. A) Structural domains of Nr4a2, which
include NTD, DBD and LBD. Modulator domains (AF-1 and AF-2) and localization signals (NLS and
NES) are also depicted. B) Nr4a2 DNA-binding sites as monomers at NBRE sites, as dimers
(homodimers or heterodimers, not shown) at NurRE sites and as heterodimers with RXR at DR5 sites.
AF, activation function; CTD, C-terminal domain; DBD, DNA-binding domain; LBD, ligand-binding
domain, NBRE, nerve growth factor-inducible--binding response element; NES, nuclear export signal;
NLS, nuclear localization signal, NTD, N-terminal domain; NurRE, nur-response element; RXR, retinoic
X receptor. Modified from Jakaria et al., 2019.

Nrda2 is an early response gene whose transcriptional activity is rapidly induced by
various physiological and pathological stimuli, including cAMP, calcium, inflammatory
signals, stress, hormones and growth factors. In a study performed by Tokuoka and
colleagues, they found that Nr4a2 was regulated by neuronal activity through voltage-
dependent calcium channels (VDCC) and the phosphatase calcineurin in cultured-
hippocampal and cerebral cortical neurons (Tokuoka et al., 2014). The neuronal activity-
dependent induction of Nr4a2 mRNA has also been reported using other stimulus such as
potassium chloride (KCI) or FSK (Espafia et al.,, 2010b; Parra-Damas et al., 2014,
2017a,b).

Nr4a2 contains a "half-CRE” site in its promoter, being controlled by the CREB signaling
pathway in many systems, which is a cascade critical for transcription of diverse plasticity-
and memory-related genes as previously stated (Barneda-Zahonero et al.,, 2012;
Volakakis et al., 2010). Although CREB binds with higher affinity to the full 8-base
consensus CRE site, it also binds to several variations of this sequence, including the so-
called “half-CRE” site (5CGTCA-3' and 5-TGACG-3’), which may be found in many
promoters of CREB target genes including Nr4a2 (Zhang et al.,, 2005). Furthermore,
selective gene transcription by CREB is highly modulated by the recruitment of specific
coactivators such as CRTC1. It has been described that neuronal activity induces a
significant binding of CRTC1 to the proximal CRE promoter region of Nr4a2, meanwhile
CREB is already bound in the absence of neuronal stimulation (Parra-Damas et al.,
2017b).
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3.3. Nrda2 in hippocampal synaptic plasticity: memory-enhancing effects of Nr4a2

Previous reports have highlighted a role for the Nr4a family of transcription factors in
hippocampal synaptic plasticity and cognitive functions, although the underlying molecular

mechanisms are still poorly understood.

Hippocampal slices from Nrd4a dominant negative mutant mice, with the consequent
attenuation of Nr4a-mediated transcription, did not present deficits in basal properties of
Schaffer collateral to CA1 synapses or the stability of synaptic transmission, but they
showed strongly impaired transcription-dependent hippocampal LTP maintenance (Bridi &
Abel, 2013). Conversely, pharmacological activation of the Nr4a subfamily enhances
hippocampal LTP (Bridi et al., 2017). This long-lasting form of synaptic plasticity shares
many of its underlying molecular mechanisms with long-term memory. Both are enhanced
by the pharmacological inhibition or genetic ablation of HDAC enzymes, which produce
increases in histone acetylation that are dependent on CREB transcription factor (Vecsey
et al., 2007). Importantly, HDAC inhibition failed to enhance LTP in hippocampal slices
from Nrd4a dominant negative mutant mice, indicating that Nr4a transcription factors are
necessary for mediating the effects of HDAC inhibition on synaptic plasticity (Bridi & Abel,
2013).

Previous reports have also implicated the Nrda family of transcription factors in the
formation and expression of several types of memory. Nr4a transcription factors are
expressed in the hippocampus immediately after memory-inducing activities, such as
learning or other hippocampus-dependent tasks, or memory enhancement by HDAC
inhibition (Hawk et al., 2012). Consistently, memory enhancement by HDAC inhibition was
blocked in Nr4a dominant negative mutant mice, as well as blocking Nr4a activity in
memory-supporting brain regions impaired long-term memory. These results

demonstrated the contribution of Nr4a family in memory formation.

Recent studies addressing specifically the potential role of the Nr4a2 transcription factor in
hippocampal synaptic plasticity and memory processes have also been published.
Knocking out HDAC3 enhanced long-term memory as well as increased Nr4a2
expression, and this memory enhancement was specifically abolished by
intrahippocampal delivery of Nr4a2 small interfering RNA (McQuown et al., 2011). Specific
increase of Nr4a2 in the hippocampus has also been found after different memory-
inducing activities. Intracranial self-stimulation treatment immediately after the acquisition
session of a two-way active avoidance conditioning showed both increased Nr4a2 protein
levels and improved retention (Aldavert-Vera et al., 2013). Relatedly, training in a

contextual fear conditioning increased Nr4a2 mRNA expression and promoter acetylation
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in a CREB/CREB binding protein (CBP)-dependent manner (Bridi et al., 2017; Oliveira et
al., 2018; Vecsey et al., 2007) as well as learning in a spatial discrimination task leads to
increased expression of Nr4a2 mRNA in the CA1 and CA3 subregions of the dorsal
hippocampus (McNulty et al., 2012; Pefa De Ortiz, Maldonado-Vlaar & Carrasquillo,
2000).

Accordingly, cumulative data suggest that disrupting Nr4a2 function impairs hippocampal
memory formation. Mice lacking one copy of Nr4a2 gene had impaired long-term memory
for the hippocampus-dependent passive avoidance task (Rojas et al., 2007). In addition,
injection of antisense oligodeoxynucleotides targeting Nr4a2 into the hippocampus
impaired long-term memory and reversal learning in an appetitive spatial learning task
(Colén-Cesario et al., 2006). Likewise, hippocampal knockdown of Nr4a2 affected
performance both in the object location and object recognition tasks (McNulty et al.,
2012).

Moreover, Nr4a2 transcription factor regulates several genes implicated in hippocampal
synaptic plasticity and memory formation (Hawk et al., 2012; Volpicelli et al., 2007). One
example is Fos/2, a member of the AP-1 family of transcription factors, a family that is
known to be important for memory storage (Fleischmann et al., 2003). Other intriguing
Nr4a2 target genes include two receptor protein tyrosine phosphatases, a class of
molecules implicated in excitatory synapse formation (Dunah et al., 2005) and the
myristoylated alanine-rich C kinase substrate (MARCKS), which can modulate memory

formation (McNamara et al., 2005).

Of particular interest as a candidate by which Nr4a2 influences synaptic plasticity and
memory is BDNF, a neurotrophic factor that regulates synaptic plasticity (Zagrebelsky &
Korte, 2014) and contributes to the formation and long-term persistence of hippocampus-
dependent memories (Bekinschtein, Cammarota & Medina, 2014; Miranda et al., 2019).
BDNF regulates the expression and synaptic delivery of AMPARs and NMDARSs in
hippocampal neurons (Caldeira, et al., 2007a,b) and has a critical role in translation-
dependent LTP both in vitro and in vivo (Lu, Christian & Lu, 2008). Remarkably, BDNF
also has the ability to activate local dendritic translation of proteins promoting cellular

processes of memory consolidation (Bramham, 2008).
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3.4. Nr4a2 in AD

It has been reported that Nr4a2 expression is negatively regulated by HDACS in the aged
hippocampus (Hawk et al., 2012). Moreover, Nr4a2 significantly and gradually decreases
in the gerbil hippocampus with increasing age, indicating that Nr4a2 decrease may be
associated with the normal aging process and a decline in hippocampus-dependent
cognitive function (Ahn et al.,, 2018). However, a specific reduction of Nr4a2 levels in
Alzheimer’s pathology has also been proposed. Nr4a2 mRNA has been found decreased
in AB4.4o-treated neuronal cells (Terzioglu-Usak et al., 2017), AD mouse models (APPgsy ind
and 5XFAD) (Espafa et al., 2010b; Moon et al., 2015; Parra-Damas et al., 2014) and
postmortem brains of human AD patients, specifically the frontal cortex and the

hippocampal formation (Moon et al., 2019).

Furthermore, Nr4a2 protein was reported to be prominently expressed in brain areas with
AB accumulation in the 5XFAD mouse model of AD and, notably, it was found highly co-
expressed with AB at mice ages mimicking early stages of the disease. In addition, the
number of Nr4a2-expressing cells significantly declined in the 5XFAD mouse in an age-
dependent manner, accompanied by increased plaque deposition, suggesting a possible
causal-effect relation between Nr4a2 levels and AD progression (Moon et al., 2015).
Moreover, in a recent study performed by the same lab, they found that knockdown of
Nrd4a2 significantly aggravated AD pathology while its overexpression alleviated it,
including effects on AR accumulation, neuroinflammation and neurodegeneration (Moon et
al., 2019).

Some evidences pointing out a role for other member of the Nr4a subfamily, Nr4a1, in AD
pathology have also been reported. Contrary to Nr4a2, Nr4a1 was found increased in
prefrontal cortex of AD patients compared to control subjects and transcriptionally active
Nr4a1 correlated with measures of synaptic loss and cognitive impairment. The potential
role of Nr4a1 in AD pathogenesis was also addressed in another study in which Nr4a1
promoted the pro-amyloidogenic processing of APP and accelerated tau
hyperphosphorylation (Zhao et al., 2018). By contrast, Nr4a1 was also postulated to have
a beneficial role in synaptic plasticity and cognition, since its expression was induced by
learning tasks in the hippocampus (Von Hertzen & Giese, 2005) meanwhile Nr4a1 loss-of-
function caused deficits in synaptic plasticity and long-term memory formation (Bridi &
Abel, 2013). Moreover, in a recent study performed by Chen and colleagues, activity-
induction of Nr4da1 was required for normal synapse distribution and function in CA1

pyramidal neurons (Chen et al., 2014).
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3.5. Nr4a2 pleiotropic functions. Neuroprotective, anti-inflammatory and neurogenic

effects.

Nr4a2 also plays a role in the pathogenesis of different CNS disorders including
neuroinflammation (Chen et al., 2018), multiple sclerosis (Montarolo et al., 2019),
schizophrenia (Rojas et al., 2007; Torretta et al., 2020; Vuillermot et al., 2011), depression
(Rojas et al., 2010), intellectual disability (Lévy et al., 2018; Ramos et al., 2019), drug
abuse (Lopez et al., 2019) and Parkinson’s disease (PD) (Chu et al., 2006; Li et al., 2018;
Qian et al., 2020; Spathis et al., 2017). Moreover, it plays a role in rheumatoid arthritis and
it regulates inflammatory processes in synovial cells (Davies et al., 2005; Rodriguez-
Calvo, Tajes & Vazquez-Carrera, 2017). In addition, Nr4a2 is involved in the progression
of various cancers, such as skin cancer, breast cancer, prostate cancer, and pancreatic
ductal adenocarcinoma (Boakye et al., 2013; Ji et al., 2017; Llopis et al., 2013; Wang et
al., 2013).

In the CNS, Nr4a2 has been mostly studied in PD, which results from the degeneration of
midbrain dopaminergic neurons. Mutations in Nr4a2 have been associated with PD
(Grimes et al., 2006; Sleiman et al., 2009; Xu et al., 2002) and Nr4a2 gene expression
has been found reduced in postmortem brain tissue and peripheral blood of PD patients
(Le et al., 2008; Montarolo et al., 2016). Nr4a2 is known to be a key regulator of the
midbrain dopaminergic neurons differentiation, maintenance and survival (Jo et al., 2009;
Saucedo-Cardenas et al., 1998; Sousa et al., 2007), being responsible for the
transcription of several genes involved in the dopaminergic neuronal phenotype, ranging
from genes regulating dopaminergic metabolism, differentiation and neurotransmission
(tyrosine hydroxylase —TH—, vesicular amine transporter 2 —VMAT—, dopamine transporter
—DAT-), mitochondrial function (sodium oxide dismutase 1 —-SOD7-, Ts translation
elongation factor mitochondrial —-TSFM-, cyclo-oxigenase 5B -COX56-) and

dopaminergic neuronal survival (Ret) (Decressac et al., 2013; Kadkhodaei et al., 2013).

In dopaminergic neurons, Nr4a2 has an essential role in the neuroprotection and anti-
inflammatory responses after exposure to neuropathological stress or insults. It was
reported that Nrd4a2-null heterozygous dopaminergic neurons exhibited greater
vulnerability to neurotoxins (Le et al., 1999). Nr4a2 protects dopaminergic neurons from
neuroinflammation insults not only through its function in neurons, but also glial cells
(Bensinger & Tontonoz, 2009), since it is able to suppress inflammatory gene expression
in microglia and astrocytes trough transcriptional repression of the NFkB transcription
factor, essential to induce inflammatory responses (Saijo et al., 2009). Moreover, Nr4a2
not only inhibits the production of inflammatory factors, but also promotes the expression

of neurotrophic factors such as BDNF (Chen et al., 2018).
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Nr4a2 neuroprotective effects are not limited to dopaminergic neurons. In glutamatergic
neurons, Nr4a2 also mediates CREB-induced neuroprotection in response to stress by
increasing BDNF levels in cerebellar granule cells (Barneda-Zahonero et al., 2012) or
upregulating an anti-apoptotic gene program in hippocampal neurons (Volakakis et al.,
2010). Furthermore, Nr4a2 has also been described to play a role in hippocampal
neurogenesis. Nr4a2 is abundantly expressed in adult hippocampal neural precursor cells,
and it stimulates the proliferation and differentiation of adult hippocampal neural precursor

cells both in vitro and in vivo (Kim et al., 2016).

4. Therapeutic potential of Nr4a2 activation for the treatment of AD

Nuclear transcription factors are increasingly being investigated for their role in synaptic
plasticity and memory, and the potential of some nuclear receptors to serve as therapeutic
targets in disorders of cognition including AD has been also reported (Mandrekar-Colucci
& Landreth, 2011; Skerrett, Malm & Landreth, 2014). Likewise, interventions that rely on
the regenerative capacity of the brain such as the modulation of the inherent
neurogenesis and neuronal plasticity also represent a promising therapeutic strategy
(Baazaoui & Igbal, 2018). Consistently, agents showing promising therapeutic potential
against AD tend to possess a similar pattern of multiple pharmacological profiles, such as
antioxidant, anti-inflammatory, pro-BDNF, and pro-synaptic remodeling/regeneration (Sun
& Alkon, 2019). In this regard, in this doctoral thesis we will explore the potential
therapeutic role of Nr4a2 transcription factor in AD, which accomplishes all the

pharmacological features previously listed.

4.1. Nrd4a2 agonists

Several small molecules have been identified to activate Nr4a2 through its various
domains (Table 4). Of special interest are the antimalarial drugs amodiaquine (AQ) and
chloroquine (CQ), which increase the transcriptional function of Nr4a2 interacting with its
LBD through direct physical binding. Both drugs increase the transcriptional activation of
midbrain dopaminergic specific genes and enhance the transrepression of neurotoxic
proinflammatory gene expression in microglia. In addition, these compounds meaningfully
improve behavioral deficits in rat models of PD without any noticeable sign of dyskinesia-
like behavior (Nguyen et al.,, 2015). Autophagic-lysosomal blockade has also been
reported as one of their functions (Qiao et al., 2013). Recently, AQ has also been reported

to enhance cognitive functions by increasing adult hippocampal neurogenesis (Kim et al.,
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2016) and/or by inhibiting Ap-mediated pathology in AD mouse models (Moon et al.,

2019).

Concerning various studies, different compounds, including dopaminergic agonists,

memantine, retinoic acid-loaded polymeric nanoparticles, and phyto-bioactive compounds

as well as herbal extracts, have also been reported to increase Nrd4a2 expression.

However, their binding sites to Nr4a2 have not been confirmed (Jakaria et al., 2019; Wei

et al., 2016).

Table 4. Features of Nr4a2 agonists.

Compound Targeted region Model Outcomes References
6- AF-1 domain CV-1 cells Activation of both Nr4a2 Ordentlich, et al., 2003
Mercaptopurine (N-terminus Nr4a2) and Nr4a3 Wansa et al., 2003
pMCAO model  Decreased TNFa and IL-1 Chang, Kwan, &
Attenuated ischemic brain Howng, 2010
injury
Cloroquine Putative LBD DA neurons, Increased expression of DA Nguyen et al., 2015
Amodiaquine residues PC12 cells genes; anti-inflammatory
Glafenine (C-terminus Nr4a2) response and
neuroprotection
6-OHDA Improved behavioral deficits
lesioned rats
(PD model)

Benzimidazole—
based

Bexarotene

BRF110

C-DIM analogs

Putative LBD
residues
(C-terminus Nr4a2)
RXR

Nr4a2:RXRa

Both N- and C-
terminus Nr4a2;
direct binding not
supported

C57BL/6 mice

5XFAD mice
(AD model)

None

5XFAD mice
(AD model)

APP/PS1AE9
(AD model)

6-OHDA
lesioned rats
(PD model)
SH-SY5Y
PD patients
iPSC-derived
DA neurons
PD mice
models

N2A, N27
BV-2 cells

MPTP

Enhanced adult
hippocampal neurogenesis,
improved cognition
Inhibited AB-mediated
pathology; improved
cognitive functions
Activated Nr4a2 by
increased luciferase activity

Clearance of intraneuronal
AB deposits, reduced
inflammation, improved
neuronal survival and
memory

Decreased interstitial fluid
AB, reversal of memory
deficits in an apoE-
dependent manner
Reduced DA neuron cell
death and reversed
behavioral deficits
Increased expression of DA
genes; neuroprotection

Increase expression of DA
genes, neuroprotection and
symptomatic relief
Neuroprotection

Supressed NFkB-induced
genes
Increased expression of DA

Kim et al., 2016

Moon et al., 2019

Dubois, Hengerer, &

Mattes, 2006

Mariani et al., 2017

Cramer et al., 2012

McFarland et al., 2013

Spathis et al., 2017

Hammond, Safe, &
Tjalkens, 2015

De Miranda et al.,
2015a

De Miranda et al.,
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Daphnane and
phorbol
diterpenes

IP7e

IP7e analalog:
SH1

SA00025 and

IRX4204

Unknown

Putative LBD

residues

(C-terminus Nr4a2)

Unknown

RXR

lesioned rats
(PD model)

C57BL/6 mice

C57BL/6 mice

SH-SY5Y cells
BV-2 cells
6-OHDA
lesioned rats
(PD model)
Multiple
sclerosis
models

Lactacystin
lesioned mice

6-OHDA
lesioned rats
(PD model)

Mesencephalic
cultures
6-OHDA
lesioned rats
(PD model)

genes; anti-inflammatory
response and
neuroprotection

Enhanced long-term spatial
memory in young mice,
rescued memory deficits in
aged mice

Enhanced hippocampal
LTP and long-term
contextual fear memory
Neuroprotection
Anti-inflammatory response
Reduced DA neuron cell
death and ameliorated
behavioral deficits

Inhibited expression of
NFkB (attenuated
inflammation and
neurodegeneration)
Improved rotarod
performance; increased
expression of DA genes;
anti-inflammatory response
and neuroprotection
Increased expression of DA
genes; anti-inflammatory
response and
neuroprotection

DA neuron survival

Attenuated neurochemical
and motor deficits

2015b
Hammond et al., 2018

Chatterjee et al., 2020

Bridi et al., 2017

Han et al., 2017

Montarolo et al., 2014

Zhang et al., 2012

Smith et al., 2015

Wang et al., 2016a

In order of appearance in the table: pMCAO, permanent middle cerebral artery occlusion; DA,
dopaminergic; PD, Parkinson’s disease; AD, Alzheimer’s disease; RXR, retinoic X receptor; C-DIM, 1,1-
Bis (30-Indolyl)-1-(Aromatic) methane; IP7e, isoxazolo-pyridinone 7e; NFkB: nuclear factor kB. Modified
from Dong et al., 2016.

The existence of Nr4a2 agonists already in use in pre-clinical studies and the promising
results observed in other neurodegenerative disorders broadens the perspective to study

their translation to AD human patients.

4.2. Therapeutic potential of Nr4a2 activation in AD models

As discussed above, Nr4a2 is induced after learning and memory tasks in the mouse
hippocampus, and reduced Nr4a2 levels cause impairments in synaptic plasticity and
specific forms of hippocampal-dependent learning and memory (Bridi & Abel, 2013;
Colon-Cesario et al., 2006; Hawk & Abel, 2011; Hawk et al., 2012; McNulty et al., 2012;
McQuown et al., 2011; Rojas et al., 2007). Together, these data suggest that Nr4a2 may
be a key factor that promotes preserved cognitive function, and recent reports have
supported this idea. Nr4a2 has been identified as a key gene that fails to be induced by

learning in the hippocampus of cognitively impaired aged rats (Kwapis et al., 2019) and
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mice models of AD (Parra-Damas et al., 2014). Conversely, specific overexpression of
Nr4a2 in the dorsal hippocampus of male mice ameliorated age-related impairments in
object location memory (Kwapis et al.,, 2019). Kim and colleagues showed that Nr4a2
activation promoted cognitive function probably by elevating adult hippocampal
neurogenesis (Kim et al., 2016) and recently, Chaterjee and colleagues reported that
Nrd4a2 activation enhanced long-term spatial memory in young mice and rescued memory

deficits in aged mice (Chatterjee et al., 2020).

Importantly, 5XFAD mice treated with AQ showed robust reduction in typical AD features
including deposition of AB plaques, neuronal loss, microgliosis, and impairment of adult
hippocampal neurogenesis, leading to significant improvement of cognitive function in the
Y-maze, which is widely accepted as a behavioral paradigm for evaluating spatial working
memory. For the first time, this same study also showed that AQ treatment significantly
inhibited y-secretase activity and enhanced degradation of AB via up-regulation of insulin-

degrading enzyme (IDE), an AB-degrading protease (Moon et al., 2019).

The involvement of Nr4a2 in regulating neuronal survival, neuroinflammation,
neurogenesis and synaptic plasticity, as well as its ability to be drug-targeted, postulates it

as an attractive and promising therapeutic avenue for Alzheimer’s pathology (figure 14).

y-secretase activity > APP processing - AR pathology

,—» DNA-repair of double-strand breaks

Proliferation and differentiation : 2
— NFkB 2> -infl t tok
atheliralpreaiiso: calls Nr4a2 ——— NFx pro-inflammatory cytokines

T ——— ‘ Transcription of anti-apoptotic genes

Transcription of neurotrophic factors (BDNF)

NEUROPROTECTION

COGNITIVE IMPROVEMENT
|| Transcription of genes implicated in

synaptic plasticity and memory

Figure 14. Schematic summary of Nr4a2 pleiotropic functions targeting AD pathology. Genes or
processes up-regulated or down-regulated in AD are indicated in red and blue, respectively.

The evidences reported so far pointed us to study the role of Nr4a2 in hippocampal
synaptic plasticity in order to shed light on the possible involvement of this transcription
factor in the synaptic impairment occurring at early stages of AD. This will allow further
pursuing whether Nr4a2 activation could mitigate the synaptic failure and consequently,

the cognitive decline observed at early stages of Alzheimer’s pathology.
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Working hypothesis and objectives

The hypothesis of this study postulates that a decrease in hippocampal levels of Nr4a2
transcription factor caused by pathologic concentrations of soluble forms of amyloid-$
peptide participates in the synaptic failure observed at early stages of Alzheimer’s
disease. As hippocampal synaptic dysfunction highly correlates with cognitive deficits,
Nrda2 activation could emerge as a potential therapeutic target to prevent, delay or even

restore the cognitive decline observed in Alzheimer’s disease patients.

To address this hypothesis, objectives were planned as follows:

1. To examine the role of Nr4a2 in hippocampal synaptic plasticity.

2. To check whether hippocampal Nr4a2 protein levels are altered in Alzheimer’'s
disease.

3. To study whether Nr4a2 activation is able to ameliorate the AB-dependent synaptic

dysfunction associated to early cognitive decline in Alzheimer’s disease.
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Materials and methods

1. Experimental models

Animal handling and use for primary neuronal cultures and behavioral studies was
performed in accordance to Animal Care facility and Bioethics Committee of the
Universitat Autobnoma de Barcelona (protocol CEEAH 2896, Generalitat de Catalunya

DMAH8787) following the European Union guidelines.

1.1. Primary neuronal cultures
1.1.1. Primary cortical cultures

Cortical neurons were obtained from C57BL/6JRccHsd (Envigo) embryos of 14.5-15.5
days (E14.5-15.5).

Media, solutions and reagents:

Solution 1: Krebs-Ringer buffer 1X containing (in mM) 121 NaCl, 4.8 KCI, 1.2 KH,PO,, 25.5
NaHCO;, 14.3 glucose and supplemented with 0.3% bovine serum albumin (BSA) and 0.03%
MgSO,.

Solution 2: solution 1 supplemented with 0.025% trypsin (Sigma).

Solution 3: solution 1 supplemented with 0.052% trypsin inhibitor (Thermo Fisher Scientific),
0.008% Deoxyribonuclease | (DNase |) (Sigma) and 0.04% MgSO,.

Solution 4: solution 1 supplemented with 16% solution 3.
Solution 5: solution 1 supplemented with 0.03% MgSO, and 0.0014% CacCl,,

Phosphate-buffered saline (PBS) 1X (in mM): 136.89 NaCl, 2.68 KCI, 8.1 Na,HPO,, 1.47
KH,PO, supplemented with 30 mM glucose and 100,000 U penicillin / 0.1 g streptomycin; pH
7.4.

Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific) supplemented with
10% heat inactivated fetal bovine serum (FBS), 30 mM glucose and 50,000 U penicillin / 0.05 g
streptomycin.

Neurobasal medium (Thermo Fisher Scientific) supplemented with 2% B27 (Thermo Fisher
Scientific), 50,000 U penicillin / 0.05 g streptomycin and 1X glutaMAX™.-I (Thermo Fisher
Scientific).

Box 1. Composition of media, solutions and reagents used for primary cortical cultures.

To prepare primary cultures of cortical neurons, mice were sacrificed by cervical
dislocation and embryos were extracted and placed into cold supplemented PBS 1X.
Brains were removed, hemispheres were separated and meninges were detached.
Cortices were dissected out and transferred to a sterile centrifuge tube containing 10 ml of
supplemented Krebs-Ringer buffer (solution 1) and centrifuged for 30 seconds at 400 x g.
After discarding the supernatant, tissue was enzymatically dissociated in trypsin (solution
2) at 37°C during 10 minutes. The digestion reaction was stopped by adding trypsin

inhibitor (solution 3) and centrifuged for 30 seconds at 400 x g. The supernatant was
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discarded and tissue was mechanically dissociated in solution 4 using a Pasteur pipette
and filtered through a nylon mesh (40 ym pore size). The filtered cell suspension was then
transferred to a tube containing solution 5 and centrifuged at 200 x g for 5 minutes. The
supernatant was discarded and the pellet was resuspended in supplemented DMEM.
Neurons were counted in a Neubauer hemocytometer using trypan blue and plated in

supplemented DMEM.

Neurons were maintained at 37°C in a humidifier incubator with 5%CO,/ 95%air. Three
hours after seeding, medium was replaced by supplemented Neurobasal. Every 4-5 days,

half of the conditioned medium was changed for fresh Neurobasal medium.

Neurons were plated in poly-D-lysine (PDL) mixture (0.01 mg/mL PDL in 0.1 M Sodium
Borate Buffer, pH 8.4) pre-coated plates (65,790 neurons/cm? in 12-well plates for
molecular and biochemical assays and 76,923 neurons/cm? in 60 mm diameter plates for
chromatin immunoprecipitation assays). Experiments were performed when cortical

neurons were mature, at 13-15 days in vitro (DIV).

1.1.2. Primary hippocampal cultures

Hippocampal neurons were obtained from C57BL/6JRccHsd (Envigo) newborn mice pups
from postnatal day 0-2 (P0-P2).

Media, solutions and reagents:

Dissection Solution (in mM): 160 NaCl, 4.96 KCI, 1 MgSQ,, 3.87 CaCl,, 5 HEPES, 5.55
glucose, 5.64 x 10 phenol red.

Serum Media: Minimum Essential Medium (MEM) w/ Earle’s salts w/o L-glutamine (Thermo
Fisher Scientific) supplemented with 5% FBS, 21 mM glucose and 1 ml mito+ serum extender
(Corning, being 1 bottle resuspended in 10 ml sterile H,0).

Enzymatic Solution, for 10 mL: 10 mL of dissection solution supplemented with 2 mg L-
cysteine, 100 ul ethylenediaminetetraacetic acid (EDTA) (60 mM, pH 8), 100 pl CaCl, (100
mM), 15 yl NaOH (1N), 100 pl papain (100 units) (Worthington) and 100 pl DNase | (300 — 450
Kunitz / ml) (Sigma).

Inactivation Solution, for 10 mL: 10 mL of serum media supplemented with 25 mg BSA and
100 pl DNase |.

Neurobasal- A medium (Thermo Fisher Scientific) supplemented with 2% B27.

Fluoro deoxyuridine (FDUR): 100 mg 5-Fluoro-2’Deoxyuridine (Sigma) and 250 mg uridine
(Sigma) in 50 ml MEM w/ Earle’s salts w/o L-glutamine.

Box 2. Composition of media, solutions and reagents used for primary hippocampal cultures.

To prepare primary cultures of hippocampal neurons, mice pups were decapitated and
placed into cold dissection solution. Brains were extracted, hemispheres were separated

and meninges were removed. Hippocampi were dissected out and transferred into sterile
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pre-warmed enzymatic solution. Tissue was enzymatically dissociated with enzymatic
solution containing papain during 30 minutes at 37°C in rocking conditions. After that,
supernatant was discarded and inactivation solution was added during 2 minutes. Then,
the supernatant was removed and tissue was mechanically dissociated in pre-warmed
serum media using a Pasteur pipette and filtered through a nylon mesh (40 ym pore size).
The filtered cell suspension was centrifuged at 200 x g for 5 minutes. The supernatant
was discarded and the pellet was resuspended in serum media. Neurons were counted in

a Neubauer hemocytometer and plated in supplemented Neurobasal-A medium.

Neurons were maintained at 37°C in a humidifier incubator with 5%C0O,/ 95%air. One day
after seeding, half of the medium was replaced by fresh supplemented Neurobasal-A
medium, and then every 6-7 days. The mitotic inhibitor FDUR was added at 3 DIV to

inhibit proliferation of non-neuronal cells (5 pl to 1 ml of medium).

Neurons were plated at specific densities in PDL mixture pre-coated plates (62,500
neurons/cm?in 24-well plates for luciferase assays, 65,780 neurons/cm? in 12-well plates
for molecular and biochemical experiments and 76,923 neurons/cm? in 60 mm diameter
plates for subcellular fractionation studies). For immunocytochemistry experiments,
neurons were plated at 37,500 neurons/cm? in PDL pre-coated 24-well plates containing
coverslips. Coverslips were previously treated with 3% fuming HCI overnight, washed and
kept in absolute ethanol. Experiments were performed when hippocampal neurons were
mature, at 17-21 DIV.

1.2. Hippocampal slices

Animal handling and use for hippocampal slices preparation followed a protocol approved
by the Animal Care and Use Committee of Albert Einstein College of Medicine (20160412)

in accordance with the National Institutes of Health guidelines.

P17 to P27 Sprague-Dawley rats and P49 to P57 C57BL/6J mice (Charles River Labs) of

either sex were used for hippocampal slice preparation.

Solutions:

Cutting solution (in mM): 215 sucrose, 2.5 KCI, 26 NaHCO3, 1.6 NaH,PO,4, 1 CaCl,, 4 MgCl,, 4
MgSO, and 20 D-glucose.

NMDG-based cutting solution (in mM): 93 N-Methyl-d-glucamin, 2.5 KCI, 1.25 NaH,PO,, 30
NaHCO;, 20 HEPES, 25 D-glucose, 2 Thiourea, 5 Na-Ascorbate, 3 Na-Pyruvate, 0.5 CaCl,, 10
MgCl,.

ACSF recording solution (in mM): 124 NaCl, 2.5 KCI, 26 NaHCO3, 1 NaH,PO,, 2.5 CaCl,, 1.3
MgSO, and 10 D-glucose.

Box 3. Composition of solutions used for hippocampal slices.
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After rats were deeply anesthetized with isoflurane, they were decapitated and the brain
rapidly removed into chilled cutting solution. Hippocampi were dissected out and cut into
transverse hippocampal slices (300 um thick) using a VT1200 Leica microslicer. At 15
minutes post-sectioning, the cutting solution was gradually switched to extracellular
artificial cerebrospinal fluid (ACSF) recording solution. Slices were then incubated for at

least 45 minutes in the recording solution and kept at room temperature before recording.

Slices from mice (400 um thick) were prepared using NMDG-based cutting solution.
These slices were directly transferred into ACSF and incubated for at least 45 minutes at
room temperature before recording. All solutions were equilibrated with 95% O, and 5%
CO2 (pH 7.4).

1.3. APPsy, na transgenic mouse

For behavioral studies, we used APPsg, inq transgenic mice (line J9; C57BL/6J background)
expressing the mutant human APP695 isoform harboring the FAD-linked Swedish
(K670N/M671L) and Indiana (V717F) mutations under the expression of the neuronal
platelet-derived growth factor B (PDGFf) promoter (Hsia et al., 1999).

Mice were age-matched littermate males obtained by crossing heterozygous APPgy ng t0

non-transgenic WT mice (C57BL/6J background).

APPsy.na phenotype includes age dependent AB pathology, reduced CREB-dependent
gene expression, altered synaptic plasticity and hippocampal-dependent memory deficits
(Cheng et al., 2007; Esparia et al., 2010b; Mucke et al., 2000; Saganich et al., 2006;
Wright et al., 2013) (figure 15).

Impairment in basal synaptic transmission and plasticity
Deficits in LTP at Schaffer collateral to CA1 synapses
(Saganich et al., 2006)

APPSw,lnd - | 1 1 1 — a
3M 6M 9M 12M
Neuronal loss in CA1  Gliosis in the hippocampus Synaptic loss
(Wright et al_, 2013) (Wright et al., 2013) (Mucke et al., 2000)
Increase in AR, 4,and Diffusive AB plaques in DG and neocortex
AB_4o/ABy 4o ratio (Mucke et al_, 2000)

(Mucke et al., 2000) CRE-transcriptional deficits
(Espana et al., 2010a)
Decreased pSer845-GluA1-AMPAR levels
(Mifiano-Molina et al., 2011)

Spatial reference memory deficits Increased anxiety

(Cheng et al_, 2007; Wright et al., 2013) (Espana et al., 2010b)
Spatial memory deficits
(Mifiano-Molina et al., 2011)

Cognitive effects Biochemical effects 1 Synaptic effects

Figure 15. Summarized diagram of APPs, .4 synaptic, biochemical and cognitive deficits at
different ages. DG, dentate gyrus; LTP, long term potentiation.
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1.3.1. Mice genotyping

For mice genomic DNA extraction, a small portion of tail (1-2mm) was incubated overnight
at 56°C in 0.5 ml of digestion buffer containing (in mM): 100 Tris pH 8.5, 5 EDTA, 200
NaCl, 0.2% dodecyl sulfate (SDS) and supplemented with 0.1 mg/ml of proteinase K
(Sigma). Samples were then centrifuged at 13,400 x g for 5 minutes. Supernatant was
collected and mixed vigorously with 0.5 ml of isopropanol. After, samples were centrifuged
at 13,400 x g for 10 minutes and 0.5 ml of 70% ethanol was added to the DNA pellet.
Once dried, the DNA pellet was resuspended in 100 yl of TE buffer (10 mM Tris-HCI, 1
mM EDTA, pH 8) and incubated overnight at room temperature at 150 rpm in a

thermomixer (Eppendorf).

For DNA amplification by polymerase chain reaction (PCR), 2 pl of genomic DNA was
added in a mix containing 0.5 uM for each primer, 1X Display Buffer, 2 mM MgCl;, 0.2 mM
dNTP and Taq polymerase (1 unit) in a final volume of 25 ul. PCR was performed in a
thermal cycler (PTC-100 Peltier Thermal Cycler, MJ Research) using the following
program: 94°C for 5 minutes and 40 cycles of 10 seconds at 94°C, 10 seconds at 63°C
and 30 seconds at 72°C.

Sequences for the specific primers used are shown in table 5.

Table 5. Sequences for the specific primers used for the polymerase chain reaction (PCR).

Gene Forward sequence Reverse sequence
Human APP  5-GGT GAG TTT GTA AGT GAT GCC -3’ 5-TCT TCT TCT TCC ACC TCAGC -3’
Mouse APP 5-CAAATG TTG CTT GTC TGG TG -3’ 5-GTC AGT CGA GTG CAC AGTTT -¥

15 pl of the PCR product was resolved in 2% agarose-TAE gel (TAE buffer consisting in
40 mM Tris-acetate and 1 mM EDTA, pH 8.2) adding 1X GelRed Nucleic acid gel stain
(Biotium). DNA bands were detected in a UV transiluminator (Gene genius, Syngene, Bio

imaging system, GVT01A).

1.4. Human brain tissue

Postmortem human brain tissue analyzed in this study was provided by brain banks of
Fundacion CIEN (Instituto de Salud Carlos Ill, Madrid), Fundacién Hospital Alcorcon
(Madrid), Hospital Clinic-IDIBAPS (Barcelona) and Hospital Bellvitge (Barcelona).

We analyzed hippocampal tissue samples from control subjects and patients diagnosed
as Braak I-Il (corresponding to presymptomatic AD stage), Braak Ill-IV (corresponding to
MCI due to AD) or Braak V-VI (corresponding to dementia due to AD).
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Information of sex, age and postmortem delay (PMD) is shown in table 6.

Table 6. Demographic and clinical information of human hippocampal tissue samples.

Control Braak Il Braak IlI-IV Braak V-VI
Cohort size 13 13 13 28
Sex (W/M) 6/7 5/8 5/8 18/10
Age (years) 58.77 + 12.87 70 £10.43 81.15+12.77 81.5+6.12
Mean + SD (range) (43-79) (52-86) (46-98) (67-92)
PMD (h) 7.7+4.23 54622 6.75+3.24 8.4 +4.87
Mean + SD (range) (2-16) (3-9.75) (2-14) (2-20.5)

Results are expressed as mean £ SD for each group, range (min-max). PMD, postmortem delay.

2. Plasmids construction

Plasmids used for the experiments were either previously designed or generated for the

first time.

shCRTC1 and shCREB were cloned into the pLVTHM vector (Dr. Didier Trono, Addgene)
(see annex 1). Constructions were generated as previously described (Barneda-Zahonero
et al., 2012; Espana et al., 2010b) and kindly provided by Dr. Carlos A. Saura, Universitat

Autdnoma de Barcelona.

Complementary oligonucleotides for mouse CREB and CRTC1 short hairpin RNA
(shRNA) were as follows:

sh-CRTC1 forward:
5'gatccccGCAGCGTGACAATCGACCTATttcaagagaATAGGTCGATTGTCACGCTGCHtttt-3°

sh-CRTC1 reverse:
5’-agctaaaaaGCAGCGTGACAATCGACCTATtctcttgaaATAGGTCGATTGTCACGCTGCggg-3’

sh-CREB forward:
5’-gatccccCTGAAGAAGCAGCACGAAAttcaagagaCTGAAGAAGCAGCACGAAA(tctcttgaa-3’
sh-CREB reverse:

5’ agctaaaaaCTGAAGAAGCAGCACGAAAtctcttgaaTTTCGTGCTGCTTCTTCAGggg-3’

2.1. FUGW-shNr4a2

To silence Nrd4a2, a shRNA against the 3’-untranslated region (3'-UTR) of Nr4a2 was
cloned previously in the lab into a modified version of the original FUGW vector backbone
(kindly provided by Dr. Robert C. Malenka, Stanford University) (Jurado et al., 2013) (see

annex 1).
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Fisher Scientific RNAIi designer web tool was used to design the specific oligonucleotides
(Thermo Fisher Scientific) against mouse Nr4a2, as follows:

sh-Nr4a2 forward:
5-GATCCCCGGGCACAAGTATCAGTACATTGGAATTCAAGAGATTCCAATGTACTGATACTT
GTGCCCTTTTTG-3