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Summary

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder, characterized by a
progressive decline in memory. Synaptic failure and cognitive dysfunction have been
described as early events in AD pathogenesis. The function of the hippocampus plays a
pivotal role in memory formation and consolidation and the mechanisms underlying this
process involve synaptic plasticity. Moreover, dendritic spines are postsynaptic sites of
excitatory synapses in the brain constituting the most critical players in synaptic plasticity.
Their loss directly affects synaptic function, and has also been correlated with learning and
memory impairments in AD. In addition, pathological changes in brain-derived neurotrophic
factor (BDNF) availability and signaling have also been reported in AD. Despite the current
scientific advances, there are no effective therapeutic approaches for the prevention and
curing of AD yet. It is clear therefore, that one of the most challenging topics in AD research
is the identification of therapeutic strategies, which could potentially target the presumed
pathogenic mechanisms that underlie this disorder.

Aiming at finding possible options able to slowdown the pathogenesis of AD, this
research study focused on the development of novel therapeutic interventions possible to
counteract the AD-like spine pathology observed in the hippocampus of APP/PSI transgenic
mice (an animal model of AD). For this reason, this research used therapeutic approaches,
which have been suggested to increase BDNF levels in the brain, such as voluntary running
(VR) or chronic fingolimod (FTY720) administration. FTY720 is a modulator of sphingosine-
1 phosphate (S1P) receptors, which is thought to have neuroprotective effects and to regulate
inflammatory responses. In this work, significant dendritic spine deficits were observed in the
hippocampus of both APP/PS1 and APP/PS1/ BDNF"- (AD mice with reduced BDNF levels)
animals after Golgi-Cox brain impregnations. Furthermore, a more detailed spine analysis in
correlation to amyloid plaques was performed, after establishing an innovative combination of
the Golgi-Cox staining of neurons with the fluorescent labeling of amyloid plaques. The use
of this novel method revealed a significant spine loss near and also distant from the amyloid
plaques in the hippocampus of APP/PS1 mice. As expected, a stronger spine pathology was
detected in the vicinity of the plaques. Most interestingly, this study showed that both VR and
FTY720 treatment (in a high dose of 1 mg/kg/2"day as well as in a lower dose of 0.2
mg/kg/2"day) completely rescued spine pathology distant from the plaque border, and

significantly ameliorated spine loss near the plaques. Moreover, this work revealed that
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FTY720 (1 mg/kg/>day) reduced the observed robust microgliosis and astrogliosis along
with the amyloid beta deposition and accumulation in the hippocampus and cortex of
APP/PS1 mice. Overall, these findings suggest a beneficial role of VR and FTY720 in
preventing progression of the disease in this AD mouse model.

This work also investigated potential y-secretase activity impairments in sporadic AD in
relation to the metabolism of N-cadherin (Ncad), neuroligin-1 (NLG1) and neurexin (NRX).
These synaptic cell adhesion molecules (CAMs) are well known to be expressed at pre- or
postsynaptic sites of neuronal synapses. These molecules are proteolytically cleaved similar to
amyloid precursor protein (APP) and are important substrates of y-secretase. There is strong
evidence that misprocessing by y-secretase [without carrying a mutation in the presinilin-1
(PS1)] can occur in sporadic AD. This work revealed that the level of the C-terminal fragment
1 (CTF1) of Ncad was significantly elevated, whereas the NLG1 CTFI1 levels were
significantly reduced in post-mortem brains of patients with sporadic AD. Furthermore, the
level of NRX CTF1 was not different between AD patients and non-demented controls. These
findings showed that potential y-secretase functional impairments in sporadic AD may result
in specific changes in proteolytic cleavage for different substrates.

In summary, the major outcomes of this dissertation are the beneficial effect of VR on
spine pathology in AD, and the use of FTY720 as a potential treatment for rescuing spine
impairments in AD based on the drug’s anti-neuroinflammatory actions on microglia and
astrocytes. Furthermore, this work also suggests that potential y-secretase dysfunction in

sporadic AD may lead to altered proteolytic cleavage of specific substrates.



Zusammenfassung

Morbus Alzheimer (AD) ist eine durch fortschreitenden Riickgang des Gedéichtnisses
gekennzeichnete chronische neurodegenerative Erkrankung. Die Fehlfunktionen von
Synapsen und die kognitive Dysfunktion sind friihere Anzeichen der AD-Pathogenese. Die
Funktion des Hippocampus spielt eine zentrale Rolle bei der Gedichtnisbildung und -
konsolidierung, und die zugrundeliegenden Mechanismen umfassen die synaptische
Plastizitit. Die dendritischen Spines bilden die postsynaptischen Anteile exzitatorischer
Synapsen im Gehirn und sie stellen damit den Hauptort der synaptische Plastizitdt dar. Thr
Verlust wirkt sich direkt auf die synaptische Funktion aus und ist dadurch mit Lern- und
Gedéchtnisstorungen bei AD korreliert. AuBerdem sind pathologische Verdnderungen bei der
Verfiigbarkeit und Signaliiberleitung des Wachstumsfaktors BDNF (von eng.: ,,Brain-derived
neurotrophic factor®) in AD berichtet worden. Trotzt der wissenschaftlichen Fortschritte
exsistieren aktuell keine effektiven therapeutischen Ansidtze zur Pravention und Heilung der
AD. Daher stellt die Identifikation von der Krankheitspathogenese zugrundeliegenden
pathophysiologischen Mechanismen einen zentralen Meilenstein therapeutischer Strategien
dar.

Mit dem Ziel, mogliche Therapieoptionen zu finden, die die Pathogenese von AD
verlangsamen konnten, konzentrierte sich diese Forschungsstudie auf die Entwicklung
neuartiger therapeutischer Interventionen, die der im Hippocampus von transgenen APP/PS1-
Mausen (ein Tiermodell fiir AD) beobachteten AD-dhnlichen dendritischen Spine-Pathologie
entgegenwirken konnen. Aus diesem Grund wurden in dieser Studie therapeutische Ansétze
verwendet, die moglicherweise den BDNF-Spiegel im Gehirn erhohen, z. B. die
Verabreichung von ,,voluntary running® (VR) oder chronischem Fingolimod (FTY720).
Fingolimod ist ein Modulator von Sphingosin-1-Phosphat (S1P)-Rezeptoren, von dem
angenommen wird, dass er neuroprotektive Wirkungen hat und Entziindungsreaktionen
reguliert. In dieser Arbeit wurden signifikante dendritische Spine-Defizite im Hippocampus
sowohl von APP/PS1- als auch von APP/PS1/BDNF+/- (AK-Méuse mit reduzierten BDNF-
Spiegeln) Tieren nach Golgi-Cox-Hirnimprignierungen beobachtet. Dariiber hinaus wurde
eine detailliertere Analyse der dendritischen Spines im Zusammenhang mit Amyloid-Plaques
durchgefiihrt, nachdem eine innovative Kombination der Golgi-Cox-Férbung von Neuronen
mit der Fluoreszenzmarkierung von Amyloid-Plaques etabliert worden war. Die Verwendung

dieser Methode ergab einen signifikanten Verlust der dendritischen Spines in der Ndhe und
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weit entfernt von den Amyloid-Plaques im Hippocampus von APP/PS1-Maiusen, wobei eine
stirkere Pathologie der dendritischen Spines bevorzugt in der Ndhe der Plaques festgestellt
wurde. Interessanterweise zeigte diese Studie, dass sowohl die VR- als auch die FTY720-
Behandlung (in einer hohen Dosis von 1 mg/kg jeden 2. Tag sowie in einer niedrigeren Dosis
von 0,1 mg/kg jeden 2. Tag) die Pathologie der dendritischen Spines weit entfernt von der
Plaquegrenze vollstindig rettete und den Verlust dendritischer Spines in der Ndhe der Plaques
signifikant verbesserte. Dariiber hinaus ergab diese Untersuchung, dass FTY720 (1 mg/kg
jeden 2. Tag) die robuste Mikrogliose und Astrogliose zusammen mit der Amyloid-Beta-
Ablagerung und -Akkumulation im Hippocampus und Cortex von APP/PS1-Méiusen
reduzierte. Insgesamt deuten diese Ergebnisse auf eine vorteilhafte Rolle von VR und
FTY720 bei der Verhinderung des Fortschreitens der Krankheit in diesem AD-Mausmodell
hin.

Diese Forschungsstudie untersuchte auch mogliche Beeintrdchtigungen der v-
Sekretaseaktivitit bei sporadischer AD in Bezug auf den Metabolismus von synaptischen
Zelladhdsionsmolekiilen (CAMs) von N-Cadherin (Ncad), Neuroligin-1 (NLG1) und
Neurexin (NRX). Diese Proteine sind an den prd- oder postsynaptischen Strukturen von
Neuronen exprimiert. Diese Molekiile werden proteolytisch dhnlich wie das APP-Protein
gespalten und sind wichtige Substrate der y-Sekretase, sodass sie in AD eine Rolle spielen
konnten. Es gibt starke Hinweise darauf, dass bei sporadischer AD eine Fehlfunktion der y-
Sekretase ohne Mutation im Presinilin-1 (PS1) auftreten kann. Diese Arbeit beschreibt, dass
die Expression des C-terminalen Fragments (CTF1) von Ncad signifikant erhoht waren,
wihrend die Expression von NLG1 CTF1 in post-mortem Gehirnen von Patienten mit
sporadischer AD signifikant verringert waren. Die NRX CTF1-Expression zwischen AD-
Patienten und nicht dementen Kontrollpersonen war nicht unterschiedlich. Diese Befunde
legen nahe, dass 7y-Sekretase-Funktionsstorungen bei sporadischer AD zu spezifischen
Veranderungen der proteolytischen Spaltung verschiedener Substrate fithren kénnen.

Zusammenfassend sind die wichtigsten Ergebnisse dieser Dissertation die vorteilhafte
Wirkung von VR auf die Pathologie der dendritischen Spine bei AD und die Verwendung von
FTY720 als potenzielle Behandlung zur Verbesserung von Storungen der dendritischen
Spines bei AD durch antineuroinflammatorische Wirkungen des Arzneimittels auf Mikroglia
und Astrozyten. Diese Arbeit legt auch nahe, dass eine mdgliche y-Sekretase-Dysfunktion bei
sporadischer AD zu einer verdnderten proteolytischen Spaltung spezifischer Substrateiihren

kann.
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1. Introduction

1.1 Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is a devastating age-related neurodegenerative disorder which is
characterized by progressive memory loss and irreversible cognitive decline (Blennow et al.,
2006). It is the most common form of dementia and there is evidence that patients develop the
disease much earlier (20 years or more) before symptoms begin (Blennow et al. 2006; Rajan
et al., 2015; Reiman et al., 2012). It has been estimated that 13.8 million patients of all ages
will suffer from AD in the United States of America in 2050 (Hebert et al., 2013). Most AD
patients have the sporadic form of the disease, developing a late onset (older than 80 years),
whereas less than 1% of the AD patients have the familial form of the disease and they
develop AD at a younger age (at about 45 years) (Blennow et al., 2006; Masters et al., 2015).
The etiology as well as the progression of AD are still not completely elucidated but they
have been correlated to amyloid plaques and neurofibrillary tangles (NFTs) which are
detected in AD brains along with dystrophic neurites, reactive glial cells and several
neurophysiological disruptions (Blennow et al., 2006; Masters et al., 2015; Lane et al.,
Although the research in the field of AD is extensive and innovative, there is still no effective
treatment to cure this disorder; a fact that crucially highlights the importance of continuous

discoveries towards new therapeutic interventions (Weinstein, 2018).

1.1.1 Historical perspective of AD

AD was first described by Alois Alzheimer, a German psychiatrist and neuropathologist,
about a hundred years ago (Maurer et al., 1997). In 1901, Alzheimer reported the clinical
symptoms of a 51-year-old woman, known as Auguste D, who was his patient at the Frankfurt
Hospital and suffering from progressive memory loss, confusion, delusions, aphasia and
psychosocial disability (Maurer et al., 1997; Moller and Graeber, 1998). Following Auguste
D’s death in 1906, Alzheimer proceeded with a brain autopsy, where he observed diffuse
brain atrophy and unusual microscopic histopathological alterations in brain structures and
cells which are known today as amyloid plaques and NFTs (Moller and Graeber, 1998;
Selkoe, 2001). Alzheimer presented his discovery at a meeting in Munich in the end of 1906
and published it later in 1907 (Selkoe, 2001; Alzheimer et al., 1995). It was not until 1968,



and immediately after the published work of G. Blessed, B.E. Tomlinson and M. Roth, that
AD was formally recognized as the most common form of dementia in the elderly population
(Selkoe et al., 2012; Blessed et al., 1968).

Continuous research on causes of AD has been carried out since Alois Alzheimer’s years
with great progress made nowadays. Over the last decades, several theories about the etiology
and pathogenesis of AD have been proposed but they are all still under examination and
considered as complementary to each other.

In the mid-1970s, the ‘cholinergic hypothesis’ was the first theory reported, suggesting
that AD is caused by reduced synthesis of the neurotransmitter acetylcholine (ACh) which in
normal levels contributes significantly to learning and memory processes (Selkoe, 2001;
Glenner and Wong, 1984; Hasselmo, 2006). Several pharmaceutical treatments based on this
theory remain in common use today, such as the administration of cholinesterase inhibitors
which limit the degradation of ACh in the brain of AD patients (Francis et al., 1999; Ferreira-
Vieira et al., 2016).

In 1987 the amyloid beta (AB) protein was identified as the main component of senile
plaques (Tanzi et al., 1987), and in 1991 it was reported that mutations in amyloid precursor
protein (APP) gene could be responsible for causing some cases of AD (Goate et al., 1991).
This theory was well linked by the earlier discovery of the location of the APP gene on the
chromosome 21, along with the observation that patients with AD and Down Syndrome
(trisomy 21) developed the disease by the age of 40 years (Lott and Head, 2005). In 1992, J.
A. Hardy and A. Higgins proposed for the first time the ‘amyloid cascade hypothesis,’
suggesting that the extracellular deposition of A protein in the brain is the main cause of AD;
followed by the formation of NFTs, neuronal loss and eventually memory dysfunction, as
direct effects of the excessive AP accumulation (Hardy and Higgins, 1992).

During the past years, the role of tau (a microtubule-associated protein) abnormalities,
which lead to the formation of NFTs in the AD brains, has been extensively studied, and the
‘tau hypothesis’ has been proposed as an alternative approach to identify the cause of AD.
This theory suggests that the main cause of AD is associated with tau (Chen and Mobley,
2019; Igbal et al., 2005). It has been proposed that tau aggregations damage the axons of the
brain cells and lead to neurodegeneration. Hyperphosphorylated tau starts to form paired
helical filaments, leading the insoluble twisted fibers inside the neurons that cause
biochemical disruption, which is then followed by the death of the neuronal cells (Goedert et

al., 1991; W. Chun and Johnson, 2007; Chen and Mobley, 2019).



In the past few years, additional theories, such as the ‘inflammation hypothesis,” shed
new light on what causes AD as well as the disease’s progression and severity (Heneka et al.,
2015). It has been discovered that reactive glia cells surround amyloid plaques and release
pro-inflammatory cytokines (Kinney et al., 2018; Heneka et al., 2015). This process has been
suggested to be one of the major contributors of neuronal loss and cognitive impairments in
AD (Fakhoury, 2018; Kinney et al., 2018). It is believed that new insights in the mechanisms
underlying microglia dysfunction and association with synaptic failure could bring advantages
in the diagnosis and therapy of AD (Salter and Stevens, 2017; McGeer and McGeer, 2015;
Jevtic et al., 2017).

Over the last decades, research on AD has made substantial progress in understanding
the basis of the disease (Masters et al., 2015; Lane et al., 2018; Yiannopoulou and
Papageorgiou, 2013). With a view to design beneficial targeted therapeutic approaches which
could eliminate AD and improve patients’ lives, scientists throughout the world are mainly
focusing on the two major neuropathological lesions observed in AD patients’ brains; the
amyloid plaques and NFTs, which cause great and irreversible damage in the brain cells

(Yiannopoulou and Papageorgiou, 2013; Cummings et al., 2019).

1.1.2 Epidemiology and etiology of AD

AD is a life-threatening disease and a big global health problem with an enormous impact in
individuals’ lives and societal relations (Prince et al., 2014). It is the most usual type of
dementia in the western nations, representing 50-60% of all dementia cases (Blennow et al.,
2006; Hebert et al., 2013). According to recent estimates, 5.8 million people of all ages have
AD in the United States of America today, while approximately 44 million people live with
dementia worldwide. Interestingly, current predictions reveal that this number will be more
than three times up by 2050 (Prince et al., 2014; Hebert et al., 2013). AD studies have also
shown that the prevalence of the disease is increasing during the seventh and eighth decades
of life, with a more than 10 times rise in patients in the age range 60-85 (Mayeux and Stern,
2012; Rizzi et al., 2014).

It is still very hard to estimate the incidence of the disease because of the difficulties in
identifying the onset of AD as well as the disease-free individuals. The inherited early-onset
familial Alzheimer’s disease (EOFAD) is an autosomal dominant case that is developed from
mutations occurring in the genes of APP, presinilin-1 (PS1) and presinilin-2 (PS2), and it is
associated with 1% of the AD cases (Masters et al., 2015; Qiu et al., 2009). The symptoms of

3



the EOFAD begin between 30-50 years of age (Qiu et al., 2009; Prince et al., 2014).
However, most of the AD cases are related to the sporadic late-onset Alzheimer’s disease
(LOAD), which presents an heterogeneity in the associated disease risk factors as well as in
the neuropathological features (Isik, 2010; Qiu et al., 2009). The symptoms of LOAD are
usually developed after the age of 65, and determined by genetic and environmental factors
(Isik, 2010).

The major genetic risk factor for LOAD is the €4 allele of the apolipoprotein E (APOE)
gene which is located on the chromosome 19q133 (Tanzi, 2012). €2, €3 and &4 are variants of
APOE, and it is known that the APOE &4 increases the risk of AD approximately 4 times in €4
heterozygotes and more than 10 times in €4 homozygotes (Verghese et al., 2011; Tanzi,
2012). On the other hand, there is evidence that the APOE &2 allele has a protective role
against AD (Tanzi, 2012). Moreover, recent genome-wide association studies revealed 25
new genes that are related to AD, and are the following: UNCSC, PLD, CASS4, CELF1I,
FERMT?2, HLA-DRBS, INPP5D, MEF2C, NMES, PTK2B, SORL1, ZCWPW1, SIC2444, CLU,
PICALM, CRI, BINI, MS44, ABCA7, EPHAl, CD2AP, CD33, EPHAI, DSG2 and RIN3
(Lambert et al., 2013; Karch and Goate, 2015). These genes, when identified independently,
demonstrate a low risk profile for developing AD; whereas when combined, the risk increases
almost to double (Lambert et al., 2013; Karch and Goate, 2015). Notably, mutations in the
gene which is encoding the triggering receptor expressed on myeloid cells 2 (TREM2) have
been associated with the development of AD, while it has also been reported that TREM2 in
microglia is related to the pathogenesis of the disease (Fig. 1) (Schlepckow et al., 2017,
Jonsson et al., 2013; Karch and Goate, 2015). There is also strong evidence showing that the
missense mutations in the A Disintegrin And Metalloprotease 10 (ADAMI10) gene, which
lead to the reduction of the enzyme’s activity, are strongly related to the development of
LOAD (Kim et al., 2009; Suh et al., 2013). ADAMI0 possess a-secretase activity and is
implicated in APP and several synaptic cell adhesion molecules (CAMs) metabolism in the
brain (Kuhn et al., 2016; Uemura et al., 2006; Borcel et al., 2016; K. Suzuki et al., 2012).
Reduction of ADAMI10 activity affects AP production, due to the increased cleavage of APP
by B-secretase (beta-secretase 1; BACE1), and might disrupt synaptic plasticity because of the
alternative cleavage of synaptic CAMs (Vassar, 2013; Brummer et al., 2019; Suzuki et al.,
2012).

Moreover, it is thought that other environmental risk factors, as well as hypertension,

obesity or diabetes and the underlying mechanisms associated with these disorders, increase



the risk of AD; whereas physical activity, exercise and a good educational level may have a

beneficial role against AD (Xu et al., 2015; Qizilbash et al., 2015; Chen et al., 2017).
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Figure 1: Genetic variants associated with the development of AD. The genes are illustrated according to the
risk level. The colors indicate the biological function and pathways that the genes are implicated to. Some
genetic variants are associated with more than one (double coloring). The figure is adapted from Lane et al.,
2018 (Lane et al., 2018).

1.1.3 Neuropathological hallmarks of AD

AD is characterized by a progressive loss of neurons and synapses in the cerebral cortex and
in some subcortical regions (McCloskey, 2017). The pathological alterations of the disease
include both macroscopic and microscopic features (Serrano-Pozo et al., 2011). Macroscopic
examinations of AD brains revealed a generalized brain atrophy, including a severe
neurodegeneration in the hippocampus and cerebral cortex as well as enlarged ventricles (Fig.
2) (Serrano-Pozo et al., 2011; McCloskey, 2017). These observations are usually
accompanied by cortical microinfarcts and lucunar infarcts in the basal ganglia as well as by
white matter lesions, such as demyelination in the periventricular region (Braak and Del
Tredici, 2011). There is also evidence that, in older patients, AD pathology coexists with
Lewy body pathology (Schneider et al., 2009).
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Figure 2: Representation of brain atrophy of the human brain in AD (on the right) compared to normal (on the
left). During the stages from moderate to advanced AD, shrinkage of the cerebral cortex and hippocampus is
evident, accompanied by an enlargement of the lateral ventricles due to the loss of neuronal cells. The figure is
adapted from McCloskey, 2017 (McCloskey, 2017).

The major microscopic features of AD are amyloid plaques and NFTs (Fig. 3) (Serrano-
Pozo et al., 2011; Selkoe, 2001). Additionally, activation of glial cells around plaques, loss of
neuronal cells and synapses along with cerebral amyloid angiopathy (CAA) also constitute
some of the main pathological characteristics of AD (Serrano-Pozo et al., 2011; Love et al.,
2014).

Amyloid plaques are extracellular accumulations of AP fibrils, organized as beta-sheets
(Chen et al., 2017). They are deposited between neurons as well as within blood vessels in the
brains of AD patients (Serrano-Pozo et al., 2011). Amyloid plaques are mainly composed of
misfolded AP with 40 or 42 amino acids in combination with several other proteins and other
AP forms (Blennow et al., 2006; Serrano-Pozo et al., 2011). AB42 is more insoluble, with
higher levels of fibrillization compared to AP40; therefore, amyloid plaques’ composition is
abundant in AP42 peptides (Serrano-Pozo et al., 2011). Amyloid accumulation starts
developing in the neocortex and progressively spreads to the subcortical areas (Braak and
Braak, 1991; Serrano-Pozo et al., 2011).

Studies have shown that the loss of neurons, in combination with the severity of AD,
correlates with the development of NTFs levels in the brains of patients (Ingelsson et al.,
2004). Tau pathology in AD starts in the entorhinal cortex and hippocampus and it is later
observed in the neocortex (Ingelsson et al., 2004).

Moreover, there is evidence that the AP peptide is also deposited on blood vessel walls in

the brains of AD patients (Serrano-Pozo et al., 2011; Love et al., 2014). This is known as
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CAA, and it is usually the AB40 which is accumulated in the vascular wall of this angiopathy
(Qi and Ma, 2017). CAA can be detected in post-mortem brain tissue, and it is estimated that
80% of AD cases are associated with CAA (Serrano-Pozo et al., 2011; Qi and Ma, 2017).

Figure 3: Pathological hallmarks of AD. Amyloid plaques in the frontal cortex after immunohistological
detection of AP (a) and an example of cerebral amyloid angiopathy (CAA); the arrows are indicating the AP
deposits on the blood vessel walls (b). High magnification of an amyloid plaque (c) highlighting a dense core of
AP, accompanied by AP depositions in small blood vessels (d). Detection of neurofibrillary tangles after
immunohistochemistry in (e, arrows) and an amyloid plaque (e, double arrow). Activated microglia after
immunohistological detection in AD brain tissue (f), high magnifications of reactive microglia in (g); and,
neurofibrillary tangles in (h). The figure has been made by Dr. Tammaryn Lashley, Queen Square Brain Bank
and it is adapted from Lane et al., 2018. (Lane et al., 2018)

1.1.4 The amyloid pathology of AD

The amyloid hypothesis is hitherto the most supported theory of AD, suggesting that
excessive deposition of neurotoxic AP incites the pathological cascade of AD (Selkoe and
Hardy, 2016). AP peptides are produced through the amyloidogenic proteolytic pathway after
sequential processing of APP by B-secretase (BACE1) and y-secretase (Fig. 4) (Hampel et al.,
2020; Ishiura et al., 2000). APP is also metabolized via a non-amyloidogenic pathway by a-
secretase (ADAMI10) and y-secretase activity, where a-secretase cleaves APP within the A
domain (Chen et al., 2017; Ishiura et al., 2000). Imbalance between AP generation and AP

clearance leads to the progressive aggregation and accumulation of AP peptides in the brain



of patients with AD (Chen et al., 2017; Ishiura et al., 2000). Furthermore, it has been
recently discovered that APP cleavage by n-secretase is an alternative processing pathway,
which occurs after BACE1 inhibition, resulting in an increased accumulation of An-a

peptide which has been shown to be associated with rescued neuronal activity in the

hippocampus (Fig. 4) (Willem et al., 2015; Barao et al., 2016; Hampel et al., 2020)
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Figure 4: APP proteolytic pathways. The non-amyloidogenic processing of APP (a-secretase pathway) is carried
out by sequential cleavages by a- and y-secretases (to the left). a-secretase cuts within the AR domain to generate
the membrane-tethered C-terminal fragment a (CTFa) and the N-terminal fragment (NTF) sAPPa. The CTFa is
further cleaved by y-secretase activity to generate the extracellular p3. The amyloidogenic pathway of APP
processing (B-secretase pathway) involves sequential cleavages by - and y-secretases (in the middle). B-
secretase cuts APP to generate a N terminus of A (sAPPB) and a membrane-tethered C-terminal fragment 3

IAn—B

An-o

LM

CTF,

(CTFB). The CTFp is subsequently cleaved by y-secretase activity to release AP. The n-secretase pathway is
occurred by sequential cleavages by a- and y-secratases (to right). m-secretase cuts APP to generate the
membrane-tethered C-terminal fragment n (CTFn) and the NTF sAPPrn. The CTFn is further processed by a-
and B-secretases to release the long An-a and short An-f peptides (LM is the abbreviation of the lipid
membrane). The figure is adapted from Hampel et al., 2020 (Hampel et al., 2020).

Until recently, it has been thought that the fibrillar Ap within the amyloid plaques was
the most critical player contributing to the pathogenesis of AD (Hardy and Selkoe, 2002).
Later research revealed that soluble AP oligomers are the most neurotoxic forms and can be
spread throughout the brain causing irreversible impairments in dendritic spines, synapses
and lead to neuronal loss (Forloni et al., 2016). Studies have shown that AP oligomers can
prompt tau hyperphosphorylation and stimulate the development of NFTs in AD brains (Jin
et al., 2011).

The amyloid cascade hypothesis has been highly supported by the discovery showing
that all familial AD mutations in the APP, PS1 and PS2 genes are associated with the
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generation and increased levels of the pathological AP forms (Hardy and Selkoe, 2002;
Selkoe and Hardy, 2016). Moreover, in sporadic AD, genetic variants in APOE, or other
genes that have been described as risk factors, are also implicated in A clearance. This fact
indicates that AP accumulation in the brain is a central event in the pathogenesis of AD
(Hardy and Selkoe, 2002; Selkoe and Hardy, 2016). In both cases, AP oligomerization and
deposition lead to synaptic disruption, gliosis, formation of NTFs as well as to the death of
neuronal cells and, therefore, to neurotransmitter deficits that eventually result in dementia
(Fig. 5) (Selkoe and Hardy, 2016). Nowadays, several therapeutic strategies against AD are
based on the amyloid hypothesis targeting AP (Hardy and Selkoe, 2002).
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Figure 5: Schematic representation of the amyloid cascade hypothesis, showing the steps leading to AD. The
blue dashed arrow on the left points out that AP oligomers may directly damage synapses and promote
hyperphosphorylation of tau, leading to the formation of neurofibrillary tangles in addition to gliosis. The
figure is adapted from Selkoe and Hardy, 2016 (Selkoe and Hardy, 2016).
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1.1.5 Neuroinflammation in AD

Brain inflammation has a fundamental role in the pathogenesis of AD (Heneka and O’Banion,
2007). Chronically activated glial cells, such as microglia and astrocytes, are the main players
of this process; by secreting pro-inflammatory mediators in the most affected brain areas they
contribute to neuronal dystrophy and, eventually, to neuronal death (Rubio-Perez and
Morillas-Ruiz, 2012; Tuppo and Arias, 2005). Numerous evidence suggests the accumulation
of AP as the most prominent factor that leads to neuroinflammatory responses in AD (Kinney
et al., 2018). Reactive microglia and astrocytes have been detected clustering around amyloid

plaques and mediating AP clearance (Fig. 6) (Heneka et al., 2015).

Figure 6: Microglial and astrocytic accumulation around amyloid plaques in AD in human brain tissue and
mouse brain tissue (APP/PS1 mice) respectively. (A) CD11b-positive microglia (in blue color) around A
deposits (in brown color) in the parietal cortex of a post-mortem human brain section from a patient with AD.
(B) Ibal-positive microglia (in green color) around an amyloid plaque (in red color) in a brain section of an
APP/PS1 mouse. (C) GFAP-positive astrocytes (blue) surround Ap depositions (brown) in the parietal cortex of
a post-mortem human brain section from a patient with AD. (D) GFAP-positive astrocytes (green) around an
amyloid plaque (red) in a brain section of an APP/PS1 mouse. (E) Interleukin-1B (IL-1B)-positive microglia
(brown) in the frontal cortex of a post-mortem human brain section from a patient with AD. The figure is
adapted from Heneka et al., 2015 (Heneka et al., 2015).

Microglia, brain-innate immune cells constitute approximately the 10% of all brain cells,
and have a dual role in AD; either detrimental or beneficial (Cappellano et al., 2013; Sierra-
Filardi et al., 2011; Schafer and Stevens, 2015). In 2002, the scientific work of Matthew R.
Chapman and colleagues revealed that several known bacteria unexpectedly present AP sheets
on their surfaces (Chapman et al., 2002). For a long time before this identification, these
bacteria were used to be stained by the Congo red dye, an organic compound that is today
commonly used for staining amyloid plaques in brain tissues from patients with AD
(Chapman et al., 2002). Microglial cells have the ability to sense with their surface receptors
the AP sheets in the same manner they detect a pathogen invasion (Heneka et al., 2015;
Bamberger et al., 2003; Paresce et al., 1996). Microglia, have been equipped with danger-

associated molecular pattern receptors to recognize molecules on pathogen surfaces; likewise
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they recognize the deposited AP (Stewart et al., 2010; Liu et al., 2005; Yamanaka et al.,
2012). Therefore, they mount a very strong inflammatory reaction because they act as
defenders of the brain (Ardura-Fabregat et al., 2017; Heneka and O’Banion, 2007). Once
activated, microglia can contribute to the phagocytosis and degradation of A, thus reducing
the load of amyloid plaques in AD brains (Lee and Landreth, 2010). Moreover, it has been
proposed that microglia can release soluble factors beneficial for neuronal survival, such as
the glial-derived neurotrophic factor (GDNF) or brain-derived neurotrophic factor (BDNF),
where the later one is known to be implicated in memory formation processes (Gomes et al.,
2013). On the other hand, current evidence has shown that AP and other pathological events
in AD brains trigger microglia towards initiating an inflammatory response (a pro-
inflammatory type of acute reaction) which releases complement, pro-inflammatory
cytokines; such as interleukin 6 (IL-6), interleukin 1P (IL-1PB) and tumor necrosis factor-o
(TNF-a), chemokines, nitric oxide (NO) and radical oxygen species (ROS) which cause a
severe brain inflammation (Wyss-Coray and Rogers, 2012). The transition of microglia from
its pro-inflammatory detrimental phenotype (M1) to its beneficial anti-inflammatory
phenotype (M2) might be accomplished by modulation of pro-inflammatory signaling
pathways, such as the NLRP3 inflammasome (Heneka et al., 2013; Heneka et al., 2015;
Heneka et al., 2019). It has been reported that AP recognition by microglia in AD is
associated with NLRP3 inflammasome activation. It is thought that the activation of
inflammasome is related with AP spread in the brain of AD patients (Heneka et al. 2019).
Recent evidence revealed that adapter protein apoptosis-associated speck-like protein,
containing a caspase recruitment domain (ASC) specks released by microglia, bind to A and
accelerate the AP aggregation and oligomerization, seeding AP pathology in the brain (Lu et
al., 2014; Venegas et al., 2017; Heneka et al., 2019).

Furthermore, astrocytes are important brain cells for modulation of neuronal functions,
being also well-known for their contribution to the maintenance of the blood-brain barrier
(BBB). Astrocytes play a crucial role in synaptic transmission in the brain (Sofroniew and
Vinters, 2010). It has been demonstrated that changes in astroglia morphology in animal
models of AD are associated with disrupted synaptic connectivity, resulting in the
development of cognitive impairments (Olabarria et al., 2010). Similar to microglia,
astrocytes detect accumulated AP in AD brains and initiate inflammatory responses around
amyloid plaques. Reactive astrocytes release several cytokines and chemokines that increase
the inflammation levels in the brain and consequently lead to neuronal impairments (Heneka
et al., 2015; Wyss-Coray and Rogers, 2012).
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1.1.6 Therapeutic approaches for the treatment of AD

Until now, there is no treatment to cure AD (Weinstein, 2018). Although several drugs
have been approved by the Food and Drug Administration (FDA) for AD patients, they have
all been produced with a view to improving the symptoms of the disease, rather than curing it
(Chen et al., 2017). These drugs have been described to be acting through two different
mechanisms. Cholinesterase inhibitors block the hydrolysis of ACh, aiming to slowdown the
progression of the disease. They belong to the first known drug category, with substances
such as donepezil (Aricept; approved in 1996) (Rogers and Friedhoff, 1996; Bryson and
Benfield, 1997), rivastigmine (Exelon; approved in 2000) (Rogers and Friedhoff, 1996;
Bryson and Benfield, 1997) and galantamine (Razadyne; approved in 2001) (Woodruff-Pak et
al., 2007). Memamtine (Namenda approved in 2003), which acts as a blocker of the N-
methyl-D-aspartate (NMDA) receptors, belongs to the second drug category of the FDA
approved medications for AD (Riepe et al., 2006). This drug targets the glutamatergic system
and improves the cognitive functions, behavior and mood of patients with moderate to severe
AD. In 2014, a drug with stronger effects against AD symptoms, combining donepezil and
memantine (Namzaric), was also approved by FDA for the treatment of AD in order to restore
both ACh and glutamate levels in the patients’ brains (Chen et al., 2017). In recent years,
despite the critical failures in developing inhibitors of AP production and aggregation, several

AP antibodies and new vaccines are undergoing clinical trials (Chen et al., 2017).

1.2 The mammalian hippocampus

The hippocampus is one of the most studied structures in the mammalian brain that belongs to
the limbic system. It plays a crucial role in learning, memory formation and consolidation as
well as in special navigation (Scoville and Milner, 1957; Lavenex and Amaral, 2000). Over
the years, hippocampal function has been extensively investigated with the use of structural,
molecular, electrophysiological and behavioural technology (Bird and Burgess, 2008; Witter
et al., 1988; Neves et al., 2008).

1.2.1 The hippocampal formation

The hippocampus is located in the medial temporal lobe reciprocally connected with the

entorhinal cortex, and it is subdivided into 3 Cornu Ammonis (CA) hippocampal subfields;
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CAl, C2 and CA3 (Witter, 1993; Golgi et al., 2001). According to anatomists, the
hippocampal formation consists of the dentate gyrus (DG), the subicular complex
(parasubiculum, presubiculum and subiculum) and the entorhinal area (lateral and medial
entorhinal cortices) which plays an important role in memory formation and spatial navigation
(Andersen et al., 2007). A detailed description of the so-called trisynaptic loop of the EC
connectivity with the hippocampal subfield is provided in (Fig. 7) (Neves et al., 2008).
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Figure 7: The basic hippocampal trisynaptic circuit. The outer and middle third of the dendritic tree of granular
cells in the dentate gyrus receive inputs carrying polymodal sensory information from neurons located at the
layer II of the lateral and medial entorhinal cortices via the perforant pathway respectively. Granule cells located
in dentate gyrus contact the proximal apical dendrites of CA3 pyramidal neurons through mossy fibres which
project to ipsilateral CAl pyramidal neurons via Schaffer collaterals and to contralateral CA3 and CAl
pyramidal neurons through commissural fibres. In the same area there is also an associative network
interconnecting CA3 pyramidal neurons. Moreover, the distal apical dendrites of CAl pyramidal neurons are
innervated by direct inputs from neurons located at the layer III of the lateral and medial entorhinal cortices. A
modulatory input is carried by afferent fibres of cell bodies of neurons from the 3 hippocampal subfields (packed
in an interlocking C-shaped arrangement) that make synaptic contacts with selective regions of the dendritic tree.
The figure is adapted from Neves et al., 2008. (Neves et al., 2008)

A major hippocampal event, closely associated with cognition in the mammalian brain,
is the glutamatergic neurotransmission (Sofroniew and Vinters, 2010; Lu et al., 2014).
Astrocytes, as the principal elements of the physiological maintenance of the balance between
glutamate uptake and release, have an important role in this process (Olabarria et al., 2011).
Astrocytes express glutamate receptors on their surfaces, and therefore, they contribute to the
initiation of intracellular signaling pathways. Moreover, astrocytes have high-affinity

glutamate transporters that bind glutamate; a process that results in the balanced regulation of
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glutamate release from the neuronal presynaptic buttons (Rose et al., 2017). This process
increases the levels of the extracellular glutamate, and therefore, modifies the activation of the
glutamate receptors which are expressed on the postsynaptic sites of nearby neurons (Rose et
al., 2017). There is evidence that glutamate homeostatic system is disrupted in the late stages
of AD, affecting the glutamatergic neurotransmition (Olabarria et al., 2011; Danysz and
Parsons, 2012). It is also thought, that reduced levels of the glutamine synthetase, which is
expressed in the astrocytes as well as in changes in the glutamine synthetase-
immunoreactivity, are strongly associated with cognitive deficits in animal models of AD

disease (Olabarria et al., 2011).

1.2.2 The laminar organization of the hippocampus

The laminar organization of the hippocampus is similar to all its CA subfields (Andersen et
al., 2007; Witter, 1993; Golgi et al., 2001). Stratum pyramidale (SP) is the principal cell layer
that contains the cell somata of all pyramidal neurons (Andersen et al., 2007). Stratum oriens
(SO) is located deep to the pyramidal cell layer and contains the basal dendrites of the
pyramidal neurons and some interneurons (Andersen et al., 2007). Stratum radiatum (SR) is
above the SP and contains the apical dendrites of the pyramidal neurons. Commissural and
Schaffer collateral fibres are also located in the SR layer along with some interneurons
(Andersen et al. 2007). Stratum lacunosum-moleculare (SLM) is the most superficial layer of
the hippocampus, and contains the apical tufts of the pyramidal cells and fibres from

entorhinal cortex terminate as well as several interneurons (Andersen et al.,2007).

1.2.3 CA1l pyramidal neurons

The pyramidal neurons in the CA1 hippocampal subfield display homogenous dendritic trees
with the similar total dendritic length and configuration (Fig. 8) (Spruston, 2008; Andersen et
al., 2007). The diameter of the neuronal somata of the CA1l pyramidal neurons is
approximately 15 pum; some of these cells have one main apical dendrite, whereas others have
two (Ishizuka et al., 1995). It has been observed that the CA1 pyramidal cells with one main
apical dendrite have larger basal dendritic trees than those with two (Andersen et al., 2007;
Pyapali et al., 1998). Despite the overall homogeneity of the hippocampal pyramidal neurons
in the CA1 region, the cells can receive different inputs along the different hippocampal
layers (Pyapali et al., 1998).
14
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Figure 8: Representation of a hippocampal CAl pyramidal neuron. The basal dendrites are depicted in the
stratum oriens (SO), the neuronal cell body is located in the stratum pyramidale (pyramidal cell layer; PCL), the
main apical dendrites and all side branches that emerge by them are located in the stratum radiatum (SR) and the
apical tufts are in the stratum lacunosum-moleculare (SLM). The neuronal axon is indicated by an arrowhead in
the SO layer (at the bottom left). Scale bar: 100 um. The figure is adapted from Andersen et al., 2007 (Andersen
et al., 2007).

1.3 Dendritic spines
1.3.1 The structure and function of dendritic spines
Dendritic spines are tiny protrusions that emerge from a neuron’s dendrite (Harris and Kater,

1994; Chicurel and Harris, 1992). They represent the main postsynaptic sites for excitatory

input, where neurons receive and integrate information (Dorostkar et al., 2015). Dendritic
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spines are important compartments for the modulation of synaptic strength and transmission
of electrical signals to the neuronal soma (Spires-Jones and Knafo, 2012).

It has been calculated that the dendritic spine density in mature neurons ranges from 1 to
10 spines per um of dendritic length. Spines are heterogeneous in shape (spine head volumes
have a range of 0.01 to 0.8 um?), size (0.5-2 um in length) or activity, and they are classified
by shape into several categories; such as fliopodium, thin, stubby, mushroom-shaped and cup-
shaped spines (Harris and Kater, 1994; Chicurel and Harris, 1992; Harris, 1999; Sorra and
Harris, 2000). These structures are extremely dynamic, having the ability to suddenly change

their size or shape within seconds, minutes, hours or days (Fig. 9) (Hering and Sheng, 2001).
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Figure 9: Dendritic spine classification based on their morphological characteristics. This figure represents the
shape of filopodium, thin, stubby, mushroom-shaped and cup-shaped spines. Figure adapted from Hering and
Sheng, 2001 (Hering and Sheng, 2001).

Dendritic spines constitute the most important players in synaptic plasticity which is
mediated at hippocampal CA3-CAl synapses mainly by trafficking of AMPA receptors to
and away from their postsynaptic membrane (Dorostkar et al., 2015). These changes in
synaptic strength are also accompanied by morphological alterations, such as changes in the
dendritic spine density and shape, representing the so-called structural plasticity (Hering and
Sheng, 2001). Dendritic spine plasticity has shown to be implicated in learning and memory
processes. Impaired spine homeostasis (i.e. the loss of dendritic spine) is well known to
accompany several neurodegenerative diseases such AD (Herms and Dorostkar, 2016;

Liebscher et al., 2014; Wei et al., 2009; Tsai et al., 2004).
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1.3.2 Brain-derived neurotrophic factor (BDNF) and its role in dendritic spines

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family of growth
factors, essential for neuronal development and function (Lessmann, 1998; Lessmann et al.
1994). BDNF is a crucial player in numerous processes of synaptic and structural plasticity,
having effects on pre- and postsynaptic sites (Gottmann et al., 2009; Ohno-Shosaku and
Kano, 2014). Activation of BDNF/tropomyosin-related kinase B (TrkB) signalling promotes
the expression and trafficking of AMPA and NMDA receptors and increases synaptic
transmission (Kang and Schuman, 1995; Lessmann et al., 1994).

Recent studies on primary hippocampal neuronal cultures have revealed that BDNF is
also implicated in dendritic spine density and morphology of mature neurons (von Bohlen und
Halbach and von Bohlen und Halbach, 2018; Ji et al., 2010). Mounting evidence has
suggested BDNF as a key mediator for increasing spine density in neurons acting via TrkB or
p75NGF receptors (Tyler and Pozzo-Miller, 2003). BDNF is required for the activity-

depended maintenance, maturation and stabilization of dendritic spines (Kellner et al., 2014).

1.4 Fingolimod (FTY720)

1.4.1 Sphingosine-1-phosphate (SP1)

Sphingolipids are the basic structural components of the plasma membrane lipid bilayer
(Kraft, 2016). They are lipids, containing a set of aliphatic amino alcohols that include
sphingosine, and they play an essential role in regulating cellular survival processes, such as
cell growth and differentiation as well as apoptosis and autophagy (Pruett et al., 2008; Y. Li et
al., 2014). Studies have shown that sphingolipids are highly expressed in the central nervous
system (CNS), where it is also thought that they play a crucial role in several neuronal
functions in the mammalian brain (Jesko et al., 2019; Olsen and Faergeman, 2017).

SP1 is produced after phosphorylation of sphingosine at the primary hydroxyl group by
sphingosine kinase 1 (SPHK1) and sphingosine kinase 2 (SPHK2). SP1 molecule can bind to
the five subtypes of SP1 receptors (SP1R;, SPIR>, SPIR3, SPIR4 and SP1Rs) (Chi, 2011).
SP1Rs(i-5) are a class of G protein-coupled receptors (GPCRs), known to be highly expressed
in neurons and glial cells in the brain (Chi, 2011; Jesko et al., 2019). Once SP1 binds SP1Rs(i-

sy in cell surfaces, it is thought to be implicated in cell proliferation, apoptosis, and autophagy
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processes or even in immune responses, depending on the cell type that it is bound to

(Angelopoulou and Piperi, 2019).

1.4.2 Structure, biochemistry and activity of FTY720

FTY720 is a new oral drug, approved by the FDA, for the treatment of multiple sclerosis
(MS) (J. Chun and Brinkmann, 2011). FTY720 is synthesized by myriocin (ISP-1); a
metabolite derived from the fungus Isaria sinclairii (Adachi and Chiba, 2007). This synthetic
substance is a structural analogue of sphingosine that can penetrate the BBB where it is
phosphorylated by SPHK2 in the cytosol (Strader et al., 2011; Rothhammer et al., 2017).
Once FTY720 is phosphorylated, it becomes a S1P analogue capable of binding to SP1Rs(1-5),
exhibiting the highest affinity for SP1R; (Strader et al., 2011). Strong evidence has shown that
activation of SP1Rs(;-s) by fingolimod-phosphate (FTY720-P) leads to receptor internalization
effects and to the induction of expression mechanisms of genes that can modulate neuronal
phenotype (Strader et al., 2011; Cruickshanks et al., 2015; Rothhammer et al., 2017).

Recent studies suggest that FTY720 treatment is implicated in the reduction of pro-
inflammatory cytokines secreted by microglia, and that the drug is associated with increased
BDNF levels providing neuroprotective effects (Fukumoto et al., 2014). Today, it is still
unclear whether FTY720-P affects neurons or alters BDNF levels directly in the brain and
which are the cell types that are involved in such processes (Doi et al., 2013; Fukumoto et al.,
2014).

1.5 Synaptic cell adhesion molecules (CAMs)

Synaptic CAMs in the mammalian brain enable cell-to-cell interaction, and play an essential
role in coordinating and triggering synapse formation as well as in regulating dendritic spine
morphology in neurons (Li and Sheng, 2003; Gottmann, 2008).

Several synaptic CAM families have been identified to be located in the pre- or
postsynaptic sites of mature synapses; such as cadherins, immunoglobulin-containing cell
adhesion molecules (Ig-CAMs), neurexins, neuroligins, ephrins, and Eph receptors (Fig. 10)
(Bukalo and Dityatev, 2012). Each synaptic CAM of the different families bears specific
characteristics in regards to its adhesion type or calcium sensitivity, and is thought to be
implicated in different synaptic processes (i.e. synaptic differentiation, plasticity and stability)
as well as functions (Li and Sheng, 2003; Bukalo and Dityatev, 2012). Several synaptic cell
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adhesion molecules, such as N-cadherin (Ncad), neuroligin 1 (NLG1) and neurexin (NRX),
undergo metabolism identical to the APP protein (Suzuki et al., 2012; Vassar, 2013; Brummer
et al.,, 2019; Bot et al., 2011). The C-terminal fragment 1 (CTF1) of these proteins is an
important substrate of y-secretase and therefore, linked to AD (Andreyeva et al., 2012;
Marambaud et al., 2002).

Catenins CASK ? GRIP/syntenin

Cadherin B-Neurexin SynCAM EphrinB

Cadherin

Neuroligin SynCAM

O

Catenins PSD-95 ? GRIP

Dendrite

Figure 10: Interactions between synaptic cell adhesion molecules (CAMs). Homophilic interactions are
represented by the same colour. f-neurexin, neuroligin, EphB2, ephrinB and SynCAM (synaptic cell-adhesion
molecule) are shown to bind to specific PDZ [postsynaptic density protein 95 (PSD-95), discs large (Dlg) and
zona occludens-1(Z0O-1)]-domain-containing proteins. Catenins, calcium/calmodulin-dependent serine protein
kinase (CASK) and GRIP/syntenin proteins associated with CAMs are also shown in the figure. The question
marks indicate that SynCAM can bind numerous PDZ-domain-containing proteins, involving CASK but its
exact partner is still not well known. The figure is adapted from Li and Sheng, 2003 (Li and Sheng, 2003).

1.5.1 N-cadherin (Ncad)

Ncad belongs to the cadherin family of synaptic CAMs and is expressed in neurons
(Andreyeva et al., 2012; Gottmann, 2008). It is present in both presynaptic and postsynaptic
sites of excitatory synapses (Bukalo and Dityatev, 2012). Strong evidence supports that Ncad
is essentially implicated in morphological maturation of dendritic spines as well as in synapse
integrity and plasticity processes. It is also thought that this molecule may play an important
role in a synapse formation and growth (Gottmann, 2008; Li and Sheng, 2003; Bukalo and
Dityatev, 2012).

Ncad is cleaved by a-secretase (ADAMI10) activity, upon NMDA receptor stimulation,
generating a truncated membrane CTF1 (Ncad CTF1) and liberating the NTF (Ncad NTF)
(Andreyeva et al., 2012; Uemura et al., 2006). The subsequent intramembrane cut of Ncad
CTF1 by y-secretase produces another truncated cytoplasmic fragment, the so-called Ncad

CTF2 (Ncad CTF2), which regulates gene expression (Uemura et al., 2006; Marambaud et al.,
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2003). It has been suggested that Ncad proteolytic processes and products affect synapse
function, and therefore, they are implicated in learning and memory physiology (Uemura et

al., 2006).

1.5.2 Neuroligins (NLGs) and neurexins (NRXs)

NLGs and NRXs are two different families of synaptic CAMs which constitute a pair of
specific transsynaptic binding partners in neurons (Gottmann, 2008). NLGs are expressed in
the postsynaptic compartments of a synapse, whereas NRXs are presynaptic membrane
proteins (Li and Sheng, 2003; Bukalo and Dityatev, 2012). It is known that NLG-NRX
interactions are important for the formation of excitatory and inhibitory synapses and control
them in an activity-dependent manner (Gottmann, 2008; Bukalo and Dityatev, 2012).

The proteolytic processing of NLRs and NRXs is similar. Both molecules are primary
cleaved by a-secretase, producing a membrane CTF1 (NLG CTF1 or NRX CTFI) and
liberating a NTF (NLG NTF or NRX NTF) (Suzuki et al.,, 2012; Bot et al., 2011).
Specifically, there is evidence that NRLs are cleaved by ADAMI10, whereas NRXs are
proteolytically processed by both ADAM10 and ADAM17 (Borcel et al., 2016; Peixoto et al.,
2012). NLG CTF1 and NRX CTF1 are then further cleaved by y-secretase activity to release
the intracellular domains. Recent studies have shown that proteolytic events of these proteins
are activity dependent and have a critical importance in synaptic function (Suzuki et al., 2012;

Peixoto et al., 2012; Borcel et al., 2016).

1.6 Aims of the study

Dendritic spine dysfunction and synaptic alterations play an important role in the
pathogenesis of AD (Dennis J Selkoe 2011). Dendritic spines are tiny protrusions emerging
from neuronal dendritic branches in the mammalian brains (Alvarez and Sabatini, 2007).
They constitute the postsynaptic neuronal compartment on which excitatory synapsis are
formed (Spires-Jones and Knafo, 2012). Impairments of dendritic spines, such as spine loss,
lead to synaptic deficits, and therefore, are strongly associated with cognitive decline (Herms
and Dorostka,r 2016). Dendritic spine pathology in AD is caused through direct or indirect
effects that occur in AD (Dorostkar et al., 2015). The AP depositions (amyloid plaques) and
soluble oligomeric AP are thought to be major factors in developing spine pathology in AD
(Bittner et al., 2012; Liebscher et al., 2014; Tsai et al., 2004). Moreover, pro-inflammatory
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mediators derived by activated glial cells, such as microglia and astrocytes, are also
implicated in the disruption of spine physiology in AD (Dorostkar et al., 2015). Pathological
changes in the availability and signaling pathways of several neurotrophins, such as BDNF,
are thought to be involved in AD (Kellner et al., 2014). Potential pharmacological targeting of
the alleviation of these disease-associated pathologies could represent an innovative treatment
for dendritic spine pathology resulting in the slowdown of the progression of AD.

In the present study, the core of the interest lied in the development of novel therapeutic
approaches for AD. The major aim of this research project, which is described in the first part
of this thesis, was to investigate how voluntary running (VR) or application of FTY720,
which are thought to enhance BDNF expression in the brain, lead to the reduction of dendritic
spine pathology; thus rescuing dendritic spine loss in AD. FTY720, an immunosuppressant
drug approved by the FDA for the treatment of multiple sclerosis (MS), was further used to
test its potential in reducing both the observed robust microgliosis and astrogliosis, and the
AP deposition and accumulation in AD.

This study was conducted in vivo, using APP/PS1 transgenic mice of AD, and all data
were acquired and analyzed post-mortem. Golgi-Cox staining was used for identifying spine
deficits in the hippocampus of APP/PS1 mice and of double transgenic APP/PS1 animals with
a reduction in BDNF (APP/PS1/BDNF"). Furthermore, a novel staining technique was
established combining fluorescent labeling of amyloid plaques with the classical Golgi-Cox
neuronal impregnation, in order to observe spine deficits in the vicinity of amyloid plaques in
the hippocampus of APP/PS1 mice. The beneficial effects of VR and FTY720 (in a high dose
of 1 mg/kg/2"day and a lower dose of 0.2 mg/kg/2"day) against AD spine pathology were
investigated in the hippocampus of the APP/PS1 mice, while the potential positive effects of
FTY720 (1 mg/kg/2"day) were tested in the hippocampus and cortex of this animal model of
AD.

The second part of this work focused on the investigation of potential y-secretase
dysfunction in sporadic AD. There is evidence that trans-synaptic interactions between
synaptic CAMs at neuronal pre- and postsynaptic sites are essential for synapse stabilization
(Li and Sheng, 2003). Ncad, NLG1 and NRX are synaptic CAMs which are known to be
associated with synaptic processes; such as synaptic differentiation, synaptic plasticity and
stability (Li and Sheng, 2003; Bukalo and Dityatev, 2012). As the proteolytic processing of
these proteins is similar to the APP protein, they consist important substrates of y-secretase,
and therefore, they might be implicated in AD (Andreyeva et al., 2012; Marambaud et al.,
2003; Bot et al., 2011; Suzuki et al., 2012). y-secretase dysfunction due to loss-of-function
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mutation in the presenilin-1 (PS1) gene has been reported in EOFAD, leading to alternative
processing of APP and consequently to increased A levels in AD brains (Veugelen et al.,
2016; De Strooper et al., 2012). On the other hand, recent studies have also shown that
increased levels of AP protein in the brains, due to y-secretase misprocessing or alternative
processing of APP, occur also in sporadic AD without mutations in PS1, indicating a potential
y-secretase dysfunction also in sporadic AD (Kim et al. 2009).

In this study, specific alterations in proteolytic processing of different substrates
potentially caused by y-secretase functional impairments in sporadic AD were identified by
characterizing the CTF1 levels of Ncad, NLG1 and NRX in post-mortem brains from patients
with sporadic AD.
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2. Materials and Methods

2.1 Materials and equipment

2.1.1 Materials (chemicals, reagents, media and antibodies)

Sigma-Aldrich
Prof. Claus Pietrzik (donation)

Ammonium hydroxide solution
Antibody: anti-Ap (IC16)
Antibody: donkey anti-rabbit Alexa Fluor 555 conjugated Thermo Scientific

Antibody: goat anti-mouse Alexa Fluor 488 conjugated Thermo Scientific

Antibody: goat anti-mouse IgG HRP-conjugated Sigma
Antibody: goat anti-rabbit [gG HRP-conjugated Sigma
Antibody: mouse anti-beta actin Sigma
Antibody: mouse anti-GFAP (clone G-A-G; G 3893) Sigma

Antibody: mouse anti-N-Cadherin
Antibody: rabbit anti-Ibal antibody
Antibody: rabbit anti-Neuroligin 1
Basal medium eagle (BME)

BCA Protein Assay Kit

Bovine serum albumin (BSA)
B27 supplement

CaClz

DePex medium

Dimethyl sulfoxide (DMSO)
DNAse

Ethanol absolut

Fetal calf serum (FCS)
Fingolimod (FTY720)

Glucose

GlutaMAX

Glycin

HEPES, pH 7.4

ImmunoMount mounting medium
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BD Transduction Laboratories
Wako

Synaptic Systems
Gibco

Thermo Scientific
Serva and Sigma
Tocris Bioscience
Sigma

Serva
Sigma-Aldrich
Roche
CHEMSOLUTE
Gibco

Abcam

Sigma

Invitrogen

Sigma

Roth

Thermo Scientific



Insulin

KCI

Ketamine hydrochloride/xylazine hydrochloride
Laemmli buffer (4x)

Mercuric chloride

Methanol

Methoxy-X04

MgCl,

Milk (nonfat)

MOPS (3-(N-morpholino) propanesulfonic acid)
Neurobasal medium (NB)
Normal goat serum (NGS)
Paraformaldehyde (PFA)
PBS™") 1x
Penicillin/Streptomycin
Phenol red

PMSF

Potassium chromate
Potassium dichromate
Protease inhibitor cocktail 25x
RIPA 10x

Rotiphorese 10x SDS-PAGE
SDS (sodium dodecyl sulfate)
Sodium citrate

Sodium Pyruvate

Sucrose

SuperSignal West Dura substrate
Thioflavine S

Tris, ultra pure

Triton X-100

Trypsin 2.5%

Tween-20

Xylol

-mercaptoethanol
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Sigma

Sigma
Sigma-Aldrich
BIO-RAD
Merck
J.T.Baker
TOCRIS

Roth

Roth

Sigma

Gibco
Dianova
Electron Microscopy Sciences
Gibco

Gibco

Sigma
EuroClone
Merck

Merck

Roche

Cell Signaling
Roth
Amersham Pharmacia Biotech
Merck
Invitrogen
AppliChem
Thermo Scientific
Sigma-Aldrich
Biomol

Sigma

Gibco

Sigma

Roth

Sigma



y-secretase inhibitor L-685,458

2.1.2 Equipment (microscopes, devices and objects)

Centrifuge (420 R)
Centrifuge (Mikro 200R)

Confocal imaging system (LSM 780)

Cryostat CM 3050

Homogenizer (T 10 basic ULTRA-TURRAX)

LEITZ DM R microscope

Microscope slides (superfrost)

PVDF (polyvinylidene difluoride) membrane

SDS-PAGE (12%)
Semi-dry blotter
Syringe (Omni fix-F)

Thermomixer

Vibratome (Pelco Model 1000)

2.1.3 Composition of buffers and solutions

TOCRIS

Hettich
Hettich
Zeiss
Leica
IKA

Leica

Thermo Scientific

Roth

BIO-RAD

Peqlab
Roth

Eppendorf

The Vibratome Company

MPBS®™® buffer (50ml), pH7.4

Components Volume End concentration
MPBS“" (table 2) 50 ml
CaCl; 2 M (Sigma) 25 pl 1 mM
MgCl, (Roth) 290 pl 5.8 mM

Table 1: The composition of the modified phosphate buffered saline (+/+) [MPBS™], pH 7.4.

MPBS®" buffer (500 ml), pH 7.4

Stock concentration Components Volume End concentration
1x 1x PBS™" (Gibco) 473.25 ml
1M HEPES (Roth), pH 7.4 Sml 10 mM
100 mM Sodium Pyruvate (Invitrogen) Sml 1 mM
6 mg/ml DNAse (Roche) 500 pl 6 pg/ml
100 mg/ml BSA (Serva) 5ml 1 mg/ml
1M Glucose (Sigma) 5 ml 10 mM
100x Penicillin/Streptomycin (Gibco) 1.25 ml 0.25x
200 mM GlutaMAX (Invitrogen) 2.5 ml 1 mM
5 pg/ml Phenol red (Sigma) 500 pl 1 mM

Table 2: The composition of the modified phosphate buffered saline (-/-) [MPBS*"], pH 7.4.
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BME/10% FCS medium (500 ml)

Stock concentration Components Volume End concentration
BME (Gibco) 438.50 ml

200 mM (100x) GlutaMAX (Invitrogen) 2.5ml 1 mM
100% FCS (Gibco) 50 ml 10%

100x Penicillin/Streptomycin (Gibco) 1.25 ml 0.02x

10 mg/ml Insulin (Sigma) 1.8 ml 0.036 mg/ml
1M Glucose (Sigma) 2.5 ml 5 mM
1M HEPES (Roth), pH 7.4 5ml 10 mM

Table 3: The composition of the BME with 10% FCS (BME/10% FCS medium).

NB-B27 medium (500 ml)

Stock concentration Components Volume End concentration
NB (Gibco) 483.75 ml
200 mM (100x) GlutaMAX (Invitrogen) S5ml 2 mM
100x Penicillin/Streptomycin (Gibco) 1.25 ml 0.25x
1x B27 supplement (Tocris Bioscience) 10 ml 0.02x
Table 4: The composition of the NB with B27 supplement (NB-27 medium).
Cell collecting buffer (5 ml)
Components Volume
1x PBS“” (Gibco) 5 ml
Protease inhibitor cocktail (Stock 25x, Roche) 200 pl
Table 5: The composition of the cell collecting buffer.
Cell lysis buffer (1 ml)
Components Volume
1x RIPA [1:10 dilution in ddH20 (10x RIPA; Cell Signaling)] 1 ml
Protease inhibitor cocktail (Stock 25x; Roche) 40 ul
PMSF (stock 200 mM in 100% ethanol; EuroClone) Sl

Table: 6: The composition of the cell lysis buffer.

Hypotonic buffer (100 ml), pH 7.0

Components End concentration
ddH,O 100 ml
MOPS (3-(N-morpholino) propanesulfonic acid; Sigma) 0.01 M
KCI (Sigma) 0.0l M

Table: 7 The composition of cell the hypotonic buffer.

2.2 Animals

For this study, several lines of mice were used, such as APP/PS1 heterozygous mice (Radde et
al., 2006) [6- to 7-month-old (male and female) and 13-month-old (male)], brain-derived
neurotrophic factor (BDNF) heterozygous knockout mice (Korte et al., 1995) [BDNF'"; 6- to
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7-month-old (male)] and APP/PS1/BDNF*" animals (Psotta et al., 2015) [BDNF"" mice
crossbred with APP/PS1 mice; 6- to 7-month-old (male)] with their corresponding C57BL/6J
wild-type (WT) littermates. APP/PS1 mice combine the ‘Swedish’ double mutation in the
amyloid precursor protein (APP) gene (KM670/671NL) and a mutilation in the Presinilin-1
(PS1) gene (Leul66Pro) under control of the Thyl promoter (Radde et al., 2006). Both
mutations are related to the early-onset familial Alzheimer’s disease (EOFAD) (Radde et al.,
2006). APP/PS1 and BDNF"" mice were bred on the C57/BL/6J genetic background and
constantly backcrossed with C57BL/6J mice.

The genotype of the animals was identified with polymerase chain reaction (PCR), using
deoxyribonucleic acid (DNA) extracted from ear tissue biopsies obtained from three weeks
old mice by an ear punch. All animals were housed in groups of 3 or 4 mice in standard cages
supplied with nesting material. The animals had constant access to food and water and were
maintained at the local conventional animal facility with a room temperature of 21 + 0.3 °C
and humidity of 55 + 10% in a dark-light cycle of 12 hours (lights on at 7 a.m.).

The experimental work of the present study was conducted at the laboratory of Prof. Dr.
Volkmar Lessmann at the Institute of Physiology in Magdeburg, in collaboration with Prof.
Dr. Kurt Gottmann’s laboratory at the Institute of Neuro- and Sensory Physiology in
Diisseldorf, in the context of a Neurodegenerative Disease Research (JPND) consortium
[CircProt: Protection of Synaptic Circuits by BDNF/TrkB and Arc Signaling Pathways in
Mouse Models of Alzheimer’s Disease (AD) and Huntington’s Disease (HD)]. All
experiments were performed during the light phase of the cycle in accordance with the
European Committee Council Directive (63/10 EU) on the protection and ethical guidelines
for experimental animal methods, and were approved by the local animal care committee

(Landesverwaltungsamt Sachsen-Anhalt).

2.3 Therapeutic interventions for AD tested in APP/PS1 mice

In the current study, APP/PS1 mice were used to investigate exercise (voluntary running) or
chronic fingolimod (FTY720) administration as potential therapeutic strategies against
dendritic spine pathology in AD. The assistance of Dr. Thomas Endres in providing animals,
which were held under different housing conditions, was decisive for the progress of the

project.
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2.3.1 Voluntary running (VR)

Male APP/PS1 mice and WT littermates were held until the age of 4 to 5 months in standard
housing (SH) conditions, and afterwards were distributed into treatment groups with different
housing conditions and stayed there for 2 months until the age of 6 to 7 months. The testing
group of voluntary running (VR) was made up of animals with all-time access to running
wheels, while the control groups were consisted of mice held in cages under SH conditions
(without running wheels) or mice kept in an enriched environment (EE) where they had

access to blocked running wheels. All cages included the standard nesting materials.

2.3.2 Chronic FTY720 administration

Male APP/PS1 mice and WT littermates were treated with 1 mg/kg/2"‘day FTY720 or with a
lower dose of 0.2 mg/kg/2"day at the age of 5 to 6 months. The drug, was dissolved in 3%
DMSO (Sigma-Aldrich) in saline and was administered every second day for 1 month via
intraperitoneal injections. Control APP/PS1 and their WT littermates were treated with

vehicle solution.

2.4 Composition and preparation of Golgi-Cox solution

The Golgi-Cox solution was composed of 5% potassium dichromate (Merck), 5% mercuric
chloride (Merck) and 5% potassium chromate (Merck) (Das et al., 2013). Stock solutions
were prepared by dissolving 5 g of each chemical in 100 ml of warm, hot and cold distilled
water respectively. The preparation of the Golgi-Cox solution was performed in a glass bottle
according to the protocol steps used by Bayram-Weston et al. which are as follows: 100 ml of
the potassium dichromate stock solution was mixed with 100 ml of the mercuric chloride
stock solution and 200 ml of distilled water were added to 80 ml of the potassium chromate
stock solution. Finally, 200 ml of the mixture potassium dichromate and mercuric chloride
solution were slowly poured into the glass bottle with the 280 ml diluted potassium chromate
solution. The formed precipitate in the bottom of the bottle indicated a successful mixture of
the solutions. The prepared Golgi-Cox solution was kept in the dark for at least 3 days, and

was finally filtered and stored in the dark at room temperature (Bayram-Weston et al., 2016).
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2.5 Brain tissue collection and preparation for Golgi-Cox staining

APP/PS1 mice and their WT littermates were anesthetized by intraperitoneal injection of
ketamine hydrochloride/xylazine hydrochloride (Sigma-Aldrich), and transcardially perfused
with 0.9 % saline followed by 4% PFA (Electron Microscopy Sciences) in 0.1 PB pH 7.4. The
brains were removed from the skulls, and post-fixed in 4% PFA in 0.1 M phosphate buffer
(PB) pH 7.4 at 4 °C overnight. They were then placed into 7 ml of Golgi-Cox solution for 14
days and kept in the dark at room temperature. The solution was refreshed only once after 7
days. At the last impregnation day, all brains were transferred into 25% sucrose (AppliChem)
in phosphate buffered saline (PBS) and stored in the dark at 4 °C for at least 1 or 2 days. The
sucrose solution was renewed daily; 100 um coronal sections were taken using a vibratome
(Pelco Model 1000, The Vibratome Company, St. Louis, USA). For the sectioning procedure,
all brains were glued to the vibratome base perpendicular to the blade. The vibratome glass-
base was then placed to the vibratome chamber which contained PBS. Afterwards, the
sections were first transferred into PBS-filled 24-well-plates, and then mounted onto gelatin-
coated slides. The excess liquid was absorbed by paper wipes, and the sections were let to dry.

The Golgi-Cox stained brain sections were washed with distilled water for 2 min and
then placed into 20% ammonium hydroxide (Ammonium hydroxide solution, ACS reagent,
28.0 - 30.0% NH3 basis, Sigma-Aldrich) in distilled water. They were then rinsed twice with
distilled water for 2 min each and dehydrated, passing through ascending grades of ethanol
70%, 95% and 100% for 5 min each. The sections were finally cleaned in xylol (Roth) twice
for 10 min each. They were coverslipped with DePex medium (Serva). All slides were stored

in dark boxes at room temperature.

2.6 Dendritic spine analysis in Golgi-Cox stained neurons

The density of dendritic spines was quantified for apical main and secondary dendrites in
stratum radiatum (SR) and for apical tufts in stratum lacunosum-moleculare (SLM) in
hippocampal CA1 pyramidal neurons (Figs. 11 &12). The analysis was conducted manually,
and the spine density was calculated as the number of spines per dendritic length in pm. The
length of the Golgi-Cox stained dendrites was estimated with NeuronJ (a plugin of the
National Institutes of Health (NIH) Image] software; https://imagej.nih.gov/ij/) in 40x
magnification bright-field images taken by a monochrome SPOT camera connected with a
LEITZ DM R microscope (Leica). Dendritic segments (>20 pm long) were selected from
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fully stained neurons. For apical main or secondary dendrites, spine density was calculated in
branches located in the whole range of SR, and approximately 50 to 200 um distance from the
soma. A 100x magnification oil-immersion objective was used for counting the number of
spines for 10 dendritic segments per animal from different neurons. The analysis was

conducted blindly to the mouse genotype.

hippocampus CA1l region pyramidal neuron

Figure 11: Representative images of Golgi-Cox impregnation in coronal mouse brain sections. (A) Golgi-Cox
stained hippocampus (the white box shows the CA1l area). (B) Golgi-Cox impregnated pyramidal neurons in the
CAL area of the hippocampus. The layers of stratum radiatum (SR) and stratum-lacunosum moleculare (SLM)
are indicated with white brackets. (C) A Golgi-Cox impregnated pyramidal neuron in the CAl area of the
hippocampus. Magnification: 5x (A, B) and 20x (C). Modified figure from Kartalou et al., under review.

A B

stratum radiatum (SR) stratum lacunosum moleculare (SLM)

main apical dendrites secondary apical dendrites apical tufts

Figure 12: Visualization of dendritic spines in Golgi-Cox stained hippocampal CAl pyramidal neurons in
stratum radiatum (SR) and stratum-lacunosum moleculare (SLM). Representative images showing dendritic
spines in apical main and secondary dendrites in SR (A) as well as in apical tufts in SLM (B) in coronal mouse
brain sections. The arrowheads indicate the respective dendritic segments. Magnification: 100x (A, B). Modified
figure from Kartalou et al., under review.
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2.7 Combined Golgi-Cox staining with florescent labeling of amyloid plaques

Methoxy-X04 is a fluorescent dye which binds selectively to fibrillary B-sheet deposits, and it
is used for the detection of amyloid plaques.

WT and APP/PS1 mice were intraperitoneally injected twice (24h interval) with 75 ul of
10 mg/ml methoxy-X04 (TOCRIS) in DMSO (Sigma-Aldrich), according to the injection
steps, as these have been described by Jahrling et al. (Jahrling et al., 2015). Two hours after
the last injection, the animals were anesthetized and transcardially perfused with 0.9% saline
followed by 4% PFA (Electron Microscopy Sciences) in 0.1 M PB pH 7.4. The brains were
then post-fixed in 4% PFA overnight at 4 °C and placed into Golgi-Cox solution for 14 days.
The solution was renewed after 7 days and the protocol was completed, following the final
steps as mentioned in section 2.5 “Brain tissue collection and preparation for Golgi-Cox
staining” of this chapter. In short, on day 14, the brains were transferred into 25% sucrose
(AppliChem) in PBS and then, 100 um thick coronal sections attached on gelatin coated
slides were rinsed, dehydrated, cleared with xylene and coverslipped with DePex medium

(Serva).

2.8 Image processing and spine density analysis in Golgi-Cox impregnated neurons close

to fluorescent stained amyloid plaques

Spine density analysis was performed in apical secondary dendritic segments in SR of
hippocampal CA1 pyramidal neurons in 10 dendritic segments (>15 pum long) per animal
from different neurons, following the same criteria and tools as described in section 2.6
“Dendritic spine analysis in Golgi-Cox stained neurons” of this chapter. For APP/PS1 mice,
spine density for 10 dendritic segments located at a distance more than 50 um from the plaque
border (AD distant) and 10 dendritic segments within 50 um from the plaque border (AD
near) was calculated per animal. Bright-filed and fluorescent images for Golgi-Cox stained
dendrites and methoxy-X04 stained amyloid plaques were captured respectively with a 40x
magnification objective, using the same SPOT digital camera that was attached to a LEITZ
DM R microscope (Leica), while the fluorescent imaging was performed with a filter cube
(excitation filter: BP 360/40 nm, dichroic mirror: 400 nm, emission filter: LP 425; Leica). The
distance of the dendritic branches to an amyloid plaque was defined as the average distance of

the segment’s end- and middle-points to the plaque boarder in merged images using ImageJ
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software. The number of spines was counted manually, and the analysis was conducted

blindly to the treatments in WT and AD mice.

2.9 Brain tissue collection and preparation of slices for immunohistochemistry

APP/PS1 mice and WT littermates were anesthetized with intraperitoneal injection of
ketamine hydrochloride/xylazine hydrochloride (Sigma-Aldrich), and transcardially perfused
with ice-cold 0.9% saline. Immediately after opening the cranium, the brains were removed
and cut along the sagittal midline. The right hemi-brains were post-fixed in 4% PFA (Electron
Microscopy Sciences) in 0.1 M PB pH 7.4 for 24 hours at 4 °C, and then, they were
cryoprotected in 25% sucrose (AppliChem) in PBS. The left hemi-brains were dissected at the
anterior and posterior neocortex and hippocampus in ice-cold artificial cerebrospinal fluid
solution, and afterwards they were snap-frozen and stored at -80 °C for future protein
analysis. 40 um thick coronal sections were taken by the fixed right hemispheres using a
cryostat (Leica CM 3050). The technical assistance of Mrs Anja Reupsch was valuable for the
brain sectioning. Three free-floating sections 240 pm apart from each other between Bregma
levels -2.46 mm to -3.08 mm (Franklin and Paxinos atlas, 1996) containing the hippocampus
and neocortex were selected per animal for every histological fluorescent staining. Finally, the
stained sections were transferred to slides (Superfrost, Thermo Scientific), and coverslipped

with ImmunoMount mounting medium (Thermo Scientific) for imaging purposes.

2.10 Immunofluorescence staining for Ibal

The ionized calcium binding adaptor molecule 1 (Ibal) is commonly used as a specific
marker for microglia identification. In this study, free-floating coronal brain sections were
treated with sodium citrate buffer (10 mM, pH 6.0) for 30 min at 80 °C to perform antigen
retrieval, and they were then washed 3 times with PBS for 10 min each. The sections were
blocked in 10% fetal bovine serum (FBS; Gibco) and 1% BSA (Sigma) in PBS with 0.3%
Triton X-100 (Sigma) for 3 hours at room temperature. Afterwards, they were incubated with
a rabbit anti-Ibal antibody (1:500, Wako) in 1% FBS and 0.1% BSA in PBS with 0.3% Triton
X-100 overnight at 4°C. The sections were washed with PBS 5 times for 10 min each, and
incubated with a donkey anti-rabbit Alexa Fluor 555 labeled antibody (1:500, Thermo
Scientific) in 1% FBS and 1% BSA in PBS with 0.3% Triton X-100 for 1 hour at room
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temperature. The sections were finally washed 5 times with PBS for 10 min each. The slides

were coverslipped and stored in the dark at 4 °C.

2.11 Immunofluorescence staining for GFAP

The glial fibrillary acidic protein (GFAP) is an often used marker for astrocyte detection.
However, it has been reported that GFAP is also expressed in other cells, such as the radial
glial progenitor cells (RGPs) in mice (Berg et al., 2018; Docampo-Seara et al., 2019; Shapiro
et al., 2005). In this research, in order to study the activation level of the astrocytes, free-
floating coronal brain sections were initially treated with sodium citrate buffer (10 mM, pH
6.0) for 30 min at 80 °C for performing antigen retrieval, and were then washed 3 times with
Tris-buffered saline (TBS) for 5 min each. The sections were blocked in 5% NGS (Dianova)
in TBS with 0.4% Triton X-100 (Sigma) for 1 hour at room temperature, and incubated with a
mouse anti-GFAP antibody (1:500, clone G-A-G, Sigma: G 3893) in blocking solution
overnight at 4°C. The sections were washed with TBS 5 times for 10 min each and developed
with a goat anti-mouse Alexa Fluor 488 labeled secondary antibody (1:500, Thermo
Scientific) in blocking solution for 1 hour at room temperature. The sections were finally
washed 5 times with TBS for 10 min each. All slides were coverslipped and kept in the dark
at 4 °C.

2.12 Thioflavine S staining

Thioflavine S is a fluorescent dye which binds to amyloid fibrils, and is widely used to stain
amyloid plaques. In this study, free-floating coronal brain sections were incubated for 9 min
in 1% thioflavine S (Sigma-Aldrich) aqueous solution. The sections were treated with 80%
ethanol twice for 3 min each, and then, with 95% ethanol for 3 min. All sections were finally
rinsed 3 times with distilled water. The slides were coverslipped and stored in the dark at 4

°C.

2.13 Immunofluorescence staining for total amyloid beta (Ap)

Free-floating coronal brain sections were permeabilized with PBS with 0.1% Triton X-100
(Sigma) 3 times for 10 min each, followed by antigen retrieval with 98% formic acid for 5
min. The sections were washed 3 times with PBS for 5 min each and blocked in 20% NGS
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(Dianova) in PBS with 0.1% Triton X-100 (Sigma) for 1 hour at room temperature. The
sections were incubated with a mouse anti-Af ‘IC16° antibody (1:400; kindly provided by
Prof. Claus Pietrzik, Johannes-Gutenberg-University Mainz, Germany) in 10% NGS
(Dianova) in PBS with 0.1% Triton X-100 (Sigma) overnight at 4 °C. They were then washed
5 times with PBS with 0.1% Triton X-100 for 10 min each, and incubated with a secondary
goat anti-mouse Alexa Fluor 488 labeled antibody (1:500, Thermo Scientific) in 10% normal
goat serum (Dianova) in PBS with 0.1% Triton X-100 0.1% for 90 min at room temperature.
The sections were finally washed with PBS 3 times for 15 min each. All slides were

coverslipped and kept in the dark at 4 °C.

2.14 Image analysis and quantitation of fluorescence stainings

Quantification of Ibal- or GFAP-positive staining in the total CA1 area of the hippocampus
and in an identical cortical section for all section was performed in images captured with a
10x magnification objective, using a SPOT camera attached to a LEITZ DM R microscope
(Leica) through the appropriate filter cube (excitation filter: BP 515-560 nm, dichroic mirror:
580 nm, emission filter: LP 590 nm, Leica). The National Institutes of Health (NIH) ImageJ
software (https://imagej.nih.gov/ij/) was used for the analysis of both stainings. In
hippocampus and neocortex, the load was expressed as the percentage area covered by GFAP-
or Iba-positive staining, and the integrated intensity was expressed in pixels (the intensity was
normalized to the CA1 area in the analysis of the hippocampus).

Quantification of thioflavine S- or Ap-positive staining in total hippocampus and
neocortex was performed in images captured by a ZEIS 2010 software in a confocal imaging
system (LSM 780, Zeiss, Germany), using a 5x magnification objective. The green
fluorescence was excited using 488 nm laser line from an Argon laser. 16-bit images were
converted to 8-bit gray-scale images and thresholded within a linear range using the NIH
Imagel software. The load was expressed as the percentage area covered by thioflavine S- or
AP -positive staining [Thio S plaque load (%), AP load (%)]. The 'Analyze Particles' tool of
ImageJ software was used to quantify the plaque number and size (plaque area in um?) of
Thiofnavine S stained plaques.

Quantifications for all stainings were performed blind to the treatments for WT and

APP/PS1 mice.
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2.15 Preparation of primary neuronal cultures

Cultures of hippocampal neurons were prepared from 12 C57BL/6J (WT) mice at postnatal
day 1 (P1). The mice were decapitated, and their brains were cut along the sagittal midline.
The hemi-brains were transferred to a culture dish containing pre-cooled MPBS™* (Table 1).
The hippocampi were removed from each hemisphere, cut and kept on ice in an eppendorf
tube (3 hippocampi/tube) filed with 0.5 ml cold MPBS™®). Subsequently, the buffer was
slowly removed from each tube and replaced with 0.9 ml MPBS” (Table 2) and 0.1 ml
trypsin 2.5% (Gibco), resulting in a final 0.25% trypsin concentration. The tissues were
incubated in a thermomixer (Eppendorf) at 800 rmp for 8 min at 37 °C, and they were then
kept on ice for at least 3 min. The cell suspension from each tube was transferred into another
tube (tube-A) filled with 3 ml of cold BME/10% FCS medium (Table 3). 1 ml of fresh
MPBS“") was then added to each tissue sample and all of them were triturated approximately
12 to 15 times up and down. They were then kept on ice for at least 5 min, and the cell
suspensions were finally transferred to the tube-A. All samples were triturated once again for
12 to 15 times, and finally added to the tube-A as well. The cells were centrifuged using a 420
R centrifuge (Hettich) at 1,100 for 10 min at 4 °C, and the pellet was resuspended in 2ml of
fresh BME/10% FCS medium and filled up to 9 ml also with BME/10% FCS. The cell
density was determined using a Neubauer counting chamber. 9.49 x10° mixed cells were
calculated and equally preplated on 6 cm culture dishes (3 x 10%dish; 3 dishes) in 3 ml
BME/10% FCS medium and incubated for 70 min at 37 °C with 5% CO;. The supernatant
containing the non-adherent neurons, was separated from the glial cells that were adherent to
the bottom of the culture dish by slow transferring into a clean tube, and it was then
centrifuged (420 R centrifuge; Hettich) at 1,100 rpm for 10 min at room temperature. The
supernatant was then discarded, and the pellet which contained the neurons was resuspended
in 9 ml fresh NB-B27 medium (Table 4). 10° neurons were equally plated on 3.5 cm culture
dishes in NB-B27 medium (896 pl of cell suspension and 1,100 pul NB-B27 medium/dish; 9
dishes) and incubated for 12 days at 37 °C with 5% CO,. The technical support of Mrs Sabine

Eichler for the preparation of the primary neuronal cultures was priceless.
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2.16 Pharmacological inhibition of y-secretase in primary neuronal cultures and protein

extraction

Cultures of mouse hippocampal neurons (10° cells/3.5 cm culture dish; 3 dishes) were treated
with 10ul of y-secretase inhibitor L-685,458 (5 uM) (stock solution in DMSO: 1mM;
TOCRIS) in 2 ml NB-B27 medium (Table 4) at 8 days in vitro. Cultures containing only 0.5%
DMSO (10 ul DMSO in 2 ml NB-B27 medium; 10° cells/3.5 cm culture dish; 3 dishes) and
native cultures (containing only 2 ml NB-B27 medium; 10° cells/3.5 cm culture dish;3 dishes)
were used as controls.

At 12 days in vitro, the cells were washed twice with 1 ml cold PBS“") (Gibco) and
scraped into 400 pl of cell collecting buffer (Table 5). The same procedure was followed for
all culture dishes. Cells from each treatment group were pooled in one tube and centrifuged
(Mikro 200R centrifuge; Hettich) at 3,000 rpm for 5 min at 4 °C. The pellets were suspended
in 150 pl of cell lysis buffer (Table 6), and gently triturated 10 times up and down with a G26
needle (Roth) attached to a 1 ml syringe (Omnifix-F, Roth). Each homogenate was kept on ice
for 30 min (short vortex every 10 min), and centrifuged (Mikro 200R centrifuge; Hettich) at
10,000 rpm for 8 min at 4 °C. The supernatants, which contained the neuronal proteins (cell
lysate), were slowly transferred into clean tubes and stored at -80 °C for future protein
analysis. 30 pul of the cell lysates were stored at -20 °C for immediate protein determination.
Protein concentration was determined by bicinchoninic acid (BCA) Protein Assay Kit
(Thermo Scientific), and cell lysates were later analyzed by western blot technique. The
technical support of Mrs Sabine Eichler was valuable for treating the primary neuronal

cultures and performing protein extraction from the cells.

2.17 Protein extraction from post-mortem brain tissue

Post-mortem brain tissue samples (superior frontal gyrus) from 6 female patients with late
onset AD (age range: 80-87 years; Braak stages V-VI) and 5 female non-demented
individuals (age range: 83-87 years; Braak stages I-II), provided by the Netherlands Brain
Bank (Amsterdam, the Netherlands), were used for this experiment. The study on human
brain samples was approved by the ethics committee of the Universtitsklinikum
Diisseldorf/Heinrich-Heine-University Diisseldorf.

Small frozen pieces, from AD or control brain tissues, were cut and homogenized in a
sterile Class II Biosafety Cabinet (Werkbank Sicherheitsklasse II) using an T 10 basic
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ULTRA-TURRAX homogenizer (IKA) in 500 pl hypotonic buffer (Table 7), approximately
12 to 15 times up and down (one brain tissue sample at a time). The homogenates were kept
on ice, diluted 1:10 (50 pl sample and 450 pl 50 mM Tris-HCL, pH 7.5), and slowly triturated
with the use of a pipette. Immediately after this step, the specimens remained on ice and
diluted 1:10 in 5 times (40 pl sample and 160 pl 50 mM Tris-HCL, pH 7.5), resulting in 1:50
samples which were only used for protein determination. All specimens (1:10 diluted samples
and 1:50 diluted samples) were stored at -80 °C. Protein concentration was determined by
bicinchoninic acid (BCA) Protein Assay Kit (Thermo Scientific). The 1:10 diluted

homogenates were finally used for western blot analysis.

2.18 Western blot analysis from primary cultured mouse neurons and post-mortem

human brains

Equal amounts of protein from mouse neuronal cell lysates (15 pg) or human brain
homogenates (50 pg) were mixed with 4x Laemmli buffer (BIO-RAD) and J-
mercaptoethanol (Sigma), incubated on a thermomixer (Eppendorf) for 5 min at 95 °C, and
separated on 12% sodium dodecyl sulfate polyacrylamide gels electrophoresis (SDS-PAGE;
BIO-RAD) with 1x running buffer (Rotiphorese 10x SDS-PAGE; Roth) at 70 V for 20 min,
and then at 140 V for 70 min. Following this step, the gels were equilibrated in 1x transfer
buffer, [25 mM Tris (Biomol), 192 mM Glycin (Sigma) 0.05% SDS (Amersham Pharmacia
Biotech), 20% methanol (J.T.Baker)] for 5 min. In the same time, the membranes were
equilibrated in methanol (J.T.Baker) for 15 sec, in ddH>O for 2 min and finally, in 1x transfer
buffer for 5 min. The proteins were then electroblotted, using a semi-dry blotter (Peqlab) onto
a 0.45 pm PVDF membrane (Roth) for 60 min at 140 mA. The membranes were washed 3
times for 5 min in TBS with Tween-20 (Sigma) 0.1%, followed by another wash for 1 min in
TBS. They were blocked with 5% nonfat milk (Roth) in TBS with Tween-20 0.1% and
incubated (overnight at 4 °C) with specific primary antibodies: mouse anti-N-Cadherin
(1:400; BD Transduction Laboratories), rabbit anti-Neuroligin 1 (1:1000; Synaptic Systems),
rabbit anti-Neurexin 1/2/3 (1:1000; Synaptic Systems) or mouse anti-beta actin (1:10,000;
Sigma). The membranes were then incubated with the corresponding HRP-conjugated
secondary antibody in 5% nonfat milk in TBS with Tween-20 0.1% [goat anti-mouse IgG
(Sigma) or goat anti-rabbit IgG (Sigma)] for 1 hour at 4 °C, and were then developed using
enhanced chemiluminescence (SuperSignal West Dura substrate; Thermo Scientific).

Quantification of western blot signals of C-terminal fragment 1 (CTF1) of N-cadherin (Ncad),
37



neuroligin 1 (NLGI), neurexin (NRX) and beta-actin protein was performed using the
National Institutes of Health (NIH) Image] software. Densitometric units of Ncad CTFI1,
NLG1 CTF1 and NRX CTF1 were calculated after normalization with the corresponding
beta-actin signals. The technical assistance of Mrs Margit Schmidt for the conduction of
western blot application and the immunoblotting detection of the proteins was essential for

this study.

2.19 Statistics

Statistical analysis was conducted with GraphPad Prism (GraphPad Software Inc., La Jolla
CA, USA). The data acquired from Golgi-Cox experiments, thioflavine-S fluorescent staining
of amyloid plaques and immunofluorescence staining for total AP as well as those from all
immunoblotting detections were analyzed by unpaired, two-tailed t-tests. The spine densities
from the experiments of the combined method of fluorescence labeling of amyloid plaques
combined with Golgi-Cox staining were analyzed by one-way ANOVA or two-way ANOVA,
while the immunofluorescence stainings for GFAP and Ibal were analyzed by two-way
ANOVA. Tukey’s post hoc test was used in cases of multiple comparisons. All data were
tested for normal distribution by Kolmogorov-Smirnov test, and were found normally
distributed (except for the female WT group dendritic spine data). All values are expressed as

mean =+ standard error of the mean (SEM). Statistical significance was defined as p<0.05.
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3. Results

3.1 Spine density analysis in Golgi-Cox impregnated mouse hippocampal neurons

3.1.1 Deficits in spine density in apical secondary dendrites in Golgi-Cox stained CA1l

pyramidal neurons in aged APP/PS1 mice

With a view to demonstrate deficits in spine density in a mouse model of Alzheimer’s disease
(AD), Golgi-Cox staining was used to analyze spine densities in CA1 pyramidal neurons in
the hippocampus of male APP/PS1 mice and WT littermates at the age of 13 months. Spine
density was determined in apical main and secondary dendrites located in stratum radiatum

(SR) and in apical tufts in stratum lacunosum-moleculare (SLM) (Fig. 13).

WT AD

Secondary dendrites Main dendrites

Apical tufts

Figure 13: Representative images of dendritic spines in Golgi-Cox stained apical main and secondary dendrites
in stratum radiatum (SR) as well as in apical tufts in stratum lacunosum moleculare (SLM) in coronal brain
sections of male 13-month-old WT and APP/PS1 (AD) mice. Magnification: 100x. Modified figure from
Kartalou et al., under review.
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Quantification of spine densities showed that the number of spines was significantly
reduced in apical secondary dendrites in SR in APP/PS1 mice compared to WT animals
(APP/PS1: 1.08 = 0.05 spines/um, WT: 1.59 £ 0.04 spines/um) (Fig. 14 B), while spine
densities in apical main dendrites in SR and in apical tufts in SLM were not significantly
different (Fig. 14 A, C). These results suggest a strong reduction of spine density in apical
secondary dendrites of CAl pyramidal neurons in APP/PS1 mice, which aligns with the

strong amyloid pathology that is present in aged mice of this animal model of AD.
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Figure 14: Quantification of spine density in secondary dendrites (B) shows a significant reduction of spine
density in APP/PS1 (AD) mice, whereas spine densities in main dendrites (A) and apical tufts (C) exhibit only a
slight reduction in hippocampal CA1 pyramidal neurons in 13-month-old AD mice compared to WT mice. Data
are represented as mean £ SEM; n = 20 dendrites from 2 mice per group. Statistical analysis was performed with
unpaired Student’s t-test and statistical significance was defined as P < 0.05. *** = P < 0.0001. Modified figure
from Kartalou et al., under review.

3.1.2 Spine density deficits in hippocampal CA1 pyramidal neurons in 6- to7-month-old
BDNF*- and APP/PS1/BDNF*" transgenic mice

To further demonstrate alterations in spine density in brain-derived neurotrophic factor
(BDNF) deficient transgenic mice, the number of spines was counted in apical secondary
dendrites of Golgi-Cox impregnated CA1 pyramidal neurons in the hippocampus of 6- to 7-
month-old male APP/PS1/BDNF*" transgenic mice, without knowing their location in regard
to amyloid plaques, and was then compared with spine density in BDNF™-, APP/PS1 and WT
littermates at the same age (Fig. 15 A).

40



Spine density analysis in 6-7 months APP/PS1 mice, independent of the location from
the amyloid plaques, showed only a non-significant trend towards reduction as compared to
WT littermates (Fig. 15 B). Spine densities were significantly reduced in APP/PS1/BDNF "
and BDNF*" mice compared to WT littermates (WT: 2.02 + 0.04 spines/um; BDNF: 1.73 +
0.04 spines/um; APP/PS1: 1.86 = 0.03 spines/um; APPPSI1/BDNF": 1.791 + 0.05
spines/um) (Fig. 15 B). These results suggest that low levels of endogenous BDNF

production in young BDNF"" mice are associated with reduced spine density in hippocampal

CA1 pyramidal neurons.
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Figure 15: (A) Dendritic spines in apical secondary dendrites of Golgi-Cox stained hippocampal CA1 pyramidal
neurons in coronal brain sections of 6- to 7-month-old male WT, BDNF" APP/PS1 (AD) and
APP/PS1/BDNF"- (AD/BDNF'") mice. Magnification: 100x. (B) Analysis of spine density in secondary
dendrites of hippocampal CA1 pyramidal neurons reveals a trend of reduction in 6- to 7-month-old male AD
mice and significant spine deficits in BDNF*- and AD/BDNF"- mice compared to WT littermates. Data are
shown as mean = SEM; n = 30 dendrites from 3 mice for BDNF”-, AD and AD/BDNF"- groups and n = 20
dendrites from 2 mice for WT group. Statistical analysis was performed with one-way ANOVA followed by
Tukey’s post hoc test, and statistical significance was defined as P < 0.05. ** = P < 0.01, *** = P < 0.001.
Detailed information on one-way ANOVA: F(3, 106) = 6.878, P = 0.0003. The assistance of Ms Rieke Fritz in
the spine density analysis was valuable for the brain sectioning.

3.2 Spine density analysis in the vicinity of amyloid plaques in Golgi-Cox impregnated

hippocampal neurons

3.2.1 Combination of fluorescent labeling of amyloid plaques with Golgi-Cox staining of

CA1 pyramidal neurons in the hippocampus of APP/PS1 mice

It has been described that spine pathology in young APP/PS1 mice that have a relatively low
amyloid plaque load is developing mainly near the amyloid beta (APB) deposits (Spires-Jones
et al., 2007; Liebscher et al., 2014; Bittner et al., 2012). To enable spine density analysis in
relation to amyloid plaques, Golgi-Cox impregnation (Fig. 16 A) and fluorescent staining of
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amyloid plaques (Fig. 16 B, C) were combined for spine density analysis in hippocampal CA1
pyramidal neurons close to amyloid plaques in 6- to 7-month-old APP/PS1 mice. In order to
detect dendritic stretches close to plaques, the amyloid plaques were labeled by
intraperitoneally injecting mice twice with the blue fluorescent dye methoxy-X04 24 hours
(1** injection) and 2 hours (2" injection) prior sacrificing the animals for Golgi-Cox
impregnations. The Golgi-Cox and fluorescent methoxy-X04 stainings were successfully
combined, allowing the detection of pyramidal neuron dendrites near amyloid plaques in

merged images of the CA1 area of the hippocampus (Fig. 16 C).

Hippocampus CA1

AB plaques

Figure 16: Representative images of Golgi-Cox impregnated pyramidal neurons (A) and methoxy-X04 blue
fluorescent staining of amyloid plaques (B) in the CAl area of the hippocampus in coronal brain sections of
APP/PS1 (AD) mice. (C) A merged image of (A) and (B) displays methoxy-X04-positive amyloid plaques near
Golgi-Cox stained CAl pyramidal neurons (the arrowheads indicate the methoxy-X04-positive amyloid
plaques). Magnification: 5x (A, B, C). Modified figure from Kartalou et al., under review.

3.2.2 Reduced spine density in Golgi-Cox impregnated CA1 pyramidal neurons in the
vicinity of amyloid plaques in 6- to 7-month-old APP/PS1 mice

The technique of Golgi-Cox impregnation, combined with fluorescence staining of amyloid
plaques (methoxy-X04), was used to determine spine density in apical secondary dendrites of
hippocampal CA1 pyramidal neurons close to amyloid plaques in young 6- to 7-month-old
male and female APP/PS1 mice. Male and female WT littermates were used as controls. For
the APP/PS1 animals, spine analysis was conducted on dendritic branches which were located
at a distance <50 pum to the closest amyloid plaque (AD near; i.e: 2-40 um) and at a distance
>50 pm from the plaque border (AD distant; i.e. 60-215 pm) (Figs. 17 A & 18 A).
Quantification of spine densities showed a significant reduction of the number of spines
near amyloid plaques in male APP/PS1 mice (APP/PS1 near: 0.91 + 0.05 spines/um; WT:
1.65 = 0.03 spines/um) as well as in female APP/PS1 mice (APP/PS near: 1.42 + 0,02
spines/um; WT: 1.88 £+ 0.04 spines/um) compared to WT littermates (Figs. 17 B & 18 B).
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The analysis also revealed significant spine deficits in dendritic segments distant to amyloid
plaques selectively in male mice (APP/PS1 distant: 1.33 + 0.04 spines/um; WT: 1.65 + 0.03
spines/pm) (Fig. 17 B). This noticeable observation could indicate gender-specific differences
in spine pathology in this mouse model of AD. These results suggest that spine deficits are
more pronounced near amyloid plaques in CA1 pyramidal neurons in the hippocampus of

APP/PS1 mice at this age (i.e. 6- to 7-month old).
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Figure 17: (A) Representative images of dendritic spines in apical secondary dendrites of Golgi-Cox stained
hippocampal CAl pyramidal neurons with methoxy-X04 fluorescent labeling of amyloid plaques in coronal
brain sections in male APP/PS1 (AD) and WT mice at the age of 6 to 7 months. Dendrites >50 pm away from
the nearest plaque (AD distant) and <50 pm away from the closest plaque (AD near) are shown (the arrowheads
indicate the spines in the respective dendrites). Magnification: 40x. (B) Quantification of spine densities reveals
a significant reduction distant from and near amyloid plaques in male AD mice compared to WT littermates.
Data are represented as mean + SEM; n = 30 dendrites from 3 animals per group. Statistical analysis was
performed with one-way ANOVA followed by Tukey’s post hoc test, and statistical significance was defined as
P < 0.05. *** = P < 0.001. Detailed information on one-way ANOVA: F(2, 87) = 81.09, P < 0.0001. Modified
figure from Kartalou et al., under review.
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Figure 18: (A) Dendritic spines in apical secondary dendrites of Golgi-Cox impregnated hippocampal CAl
pyramidal neurons and methoxy-X04 fluorescent labeling of amyloid plaques in coronal brain sections in female
6- to 7-month-old APP/PS1 (AD) and WT mice. Dendrites >50 um away from the nearest plaque (AD distant)
and <50 um away from the closest plaque (AD near) are shown for the AD animals (the arrowheads indicate the
spines in the respective dendrites). Magnification: 40x. (B) Analysis of spine densities reveals a slight reduction
distant to plaques, while spine density is significantly lower near plaques in female AD mice compared to WT
littermates. Data are represented as mean = SEM; n = 30 dendrites from 3 animals per group. Statistical analysis
was performed with one-way ANOVA followed by Tukey’s post hoc test, and statistical significance was
defined as P < 0.05. *** = P < (.001. Detailed information on one-way ANOVA: F(2, 87) = 44.96, P < 0.0001.
Normality test failed only for the WT group, because of a single outlier data point. Modified figure from
Kartalou et al., under review.

3.3 Effects of voluntary running (VR) on spine density in mouse hippocampal neurons

3.3.1 VR rescues spine density deficits in the hippocampus of APP/PS1 mice

In order to study the effects of exercise (voluntary running) on spine pathology, Golgi-Cox
staining combined with fluorescence labeling (methoxy-X04) of amyloid plaques was used to
perform spine density analysis in apical secondary dendrites of hippocampal CA1 pyramidal
neurons near amyloid plaques in 6- to 7-month-old APP/PS1 mice. Male mice were kept in
groups under different housing conditions: standard housing (SH), enriched environment
(EE), and voluntary running (VR). WT male littermates were used as controls for each
housing environment. To relate spine density deficits to amyloid pathology, the analysis was
performed in dendritic branches close to amyloid plaques, at a distance <50 um from the
closest amyloid plaque (AD near; i.e. 5-46 um), and at a distance >50 um from the plaque’s
border (AD distant; i.e. 55-264 um) (Fig. 19).
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Figure 19: Dendritic spines in apical secondary dendrites of Golgi-Cox stained hippocampal CAl pyramidal
neurons and methoxy-X04 fluorescent labeling of amyloid plaques in coronal brain sections of 6- to 7-month-old
male APP/PS1 (AD) and WT mice kept in different housing conditions such as standard housing (SH), enriched
environment (EE) and voluntary running (VR). Dendrites >50 um away from the nearest plaque (AD distant)
and <50 um away from the closest plaque’s border (AD near) are depicted (the arrowheads indicate the spines in
all of the respective dendrites). Magnification: 100x.

The spine density analysis for animals kept in SH conditions revealed spine deficits
distant from amyloid plaques and an even stronger reduction of spine density near amyloid
plaques in APP/PS1 mice compared to WT littermates (WT: 1.65 + 0.03 spines/um; APP/PS1
distant: 1.33 + 0.04 spines/um; APP/PS1 near: 0.91 + 0.05 spines/um). VR for a two-month
period, starting at the age of 4 to 5 months, rescued spine deficits in dendrites distant from
amyloid plaques and significantly increased spine density near amyloid plaques in APP/PS1
mice; compared to SH- APP/PS1 and WT animals (APP/PS1 distant: 1.72 + 0.04 spines/pum;
APP/PS1 near: 1.42 + 0.04 spines/um). Noticeably, EE housing condition improved spine
deficits only in dendrites near amyloid plaques in APP/PS1 animals compared to SH-
APP/PS1 and WT mice (APP/PS1 near: 1.28 £+ 0.04 spines/um). Spine densities presented no
changes in WT animals in VR or EE groups, compared to WT mice in SH conditions (Fig.
20). These results suggest that 2 months of VR regime, starting with the onset of AD

symptoms, dramatically attenuates spine pathology in this animal model of AD.
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Figure 20: Spine density analysis in apical secondary dendrites of 6- to 7-month-old male WT and APP/PS1
(AD) mice held in standard housing (SH), enriched environment (EE) and voluntary running (VR) conditions.
The quantification shows significant spine deficits distant and close to amyloid plaques in mice kept in SH
conditions. VR completely rescues spine deficits in dendrites distant from amyloid plaques and significantly
ameliorates spine loss in dendritic segments near amyloid plaques in AD mice, compared to AD and WT mice
kept in SH conditions. EE significantly increases spine densities only in dendrites near amyloid plaques in AD
mice compared to AD and WT mice held in SH conditions. Spine densities are not changed in WT mice which
were kept in different housing conditions. The data for all animals kept in SH conditions are the same as already
shown in Figure 17. Data are shown as mean + SEM; n = 30 dendrites from 3 animals per group. Statistical
analysis was performed with two-way ANOVA followed by Tukey’s post hoc test, and statistical significance
was defined as P < 0.05. *** = P < 0.001. Detailed information on two-way ANOVA (genotype x treatment
interaction): F(4, 261) =10.13, P <0.0001.

3.4 Effects of chronic treatment with fingolimod (FTY720) in WT and APP/PS1

transgenic mice

3.4.1 Chronic treatment with FTY720 rescued dendritic spine deficits in hippocampal
neurons of APP/PS1 mice

With a view to study the potential of drug repurposing of the Food and Drug Administration
(FDA)-approved drug FTY720 [for the treatment of multiple sclerosis (MS)], its effects on
spine density deficits in APP/PS1 mice were tested. The method of Golgi-Cox brain

impregnation combined with fluorescence staining of amyloid plaques (methoxy-X04) was
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used to determine the extent of the amyloid plaque-associated spine loss in apical secondary
dendrites of CA1 pyramidal neurons in 6- to 7-month-old untreated (vehicle) or treated (with
FTY720) male APP/PS1 mice. Spine density in control untreated and treated WT littermates
was analyzed as well. In APP/PS1 mice, the number of spines was counted in dendrites close
to amyloid plaques at a distance <50 um from the closest amyloid plaque (AD near; i.e. 3-44
um), and in branches distant from the plaques at a distance >50 pm from the closest plaque’s

border (AD distant; i.e. 54-227 um) (Fig. 21).

Vehicle FTY720
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WT
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Figure 21: Representative images showing dendritic spines in apical secondary dendrites of Golgi-Cox
impregnated hippocampal CA1 pyramidal neurons and methoxy-X04 fluorescent staining of amyloid plaques in
coronal brain sections of 6- to 7-month-old vehicle- and FTY720-treated male APP/PS1 (AD) and WT mice.
FTY720 was administered at a dose of 1 mg/kg/2"day. Dendritic spines in dendrites >50 um away from the
nearest plaque (AD distant) and <50 um away from the closest plaque’s border (AD near) are depicted.

Magnification: 100x. Modified figure from Kartalou et al., submitted; preprint available on bioRxiv (Kartalou et
al. 2019).

Quantification of spine densities in hippocampal CA1 pyramidal neurons of untreated
APP/PS1 mice exhibited decreased spine densities in dendritic segments, distant from- and
near to-amyloid plaques, compared to WT littermates. Spine density analysis also indicated
that high and low doses of FTY720, 1 mg/kg/2™day (Fig. 22) and 0.2 mg/kg/2"day (Fig. 23)

respectively, completely rescued spine deficits in dendrites distant from the amyloid plaques,
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and significantly ameliorated spine loss in dendritic segments close to the plaques in APP/PS1
mice, compared to untreated APP/PS1 mice [(‘]1 mg/kg/2™day dose’: WT-vehicle: 1.78 =+
0.02 spines/um; WT-FTY720: 1.74 + 0.01 spines/um; APP/PS1-vehicle distant: 1.46 + 0.03
spines/um, APP/PS1-FTY720 distant: 1.71 £ 0.03 spines/um; APP/PS1-vehicle near: 1.31 +
0.03 spines/um; APP/PS1-FTY720 near: 1.60 + 0.03 spines/um) and (‘0.2 mg/kg/2" day
dose’: WT-vehicle: 1.90 + 0.04 spines/um; WT-FTY720: 1.92 + 0.02 spines/um; APP/PS1-
vehicle distant: 1.62 + 0.03 spines/um, APP/PS1-FTY720 distant: 1.79 £+ 0.03 spines/um;
APP/PS1-vehicle near: 1.32 + 0.03 spines/um; APP/PS1-FTY720 near: 1.65 + 0.03
spines/um)]. Spine density was not changed in WT mice treated with FTY720 doses of 1
mg/kg/2™ day or 0.2 mg/kg/2™day, compared to untreated WT littermates (Figs. 22 & 23).
These results suggest that chronic FTY720 treatment in APP/PS1 mice, starting with the onset

of AD symptoms, strongly ameliorates spine density deficits in this mouse model of AD.

FTY720 dose: 1 mg/kg/2™day
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Figure 22: Quantification of spine densities in apical secondary dendrites in 6- to 7-month-old male WT and
APP/PS1 (AD) mice upon vehicle and FTY720 treatment at a dose of 1 mg/kg/2"day. The analysis shows that
FTY720 completely rescues spine deficits in dendrites distant from amyloid plaques, and significantly
ameliorates spine loss in dendritic segments near amyloid plaques in AD mice, compared to vehicle-treated AD
and WT littermates. Spine densities are not changed in WT animals upon treatment with FTY720 at a dose of 1
mg/kg/2" day, compared to untreated WT mice. Data are represented as mean = SEM; n = 30 dendrites from 3
animals per group. Statistical analysis was performed with two-way ANOVA, followed by Tukey’s post hoc test,
and statistical significance was defined as P < 0.05. ** =P <0.01, *** = P< 0.001. Detailed information on two-
way ANOVA (genotype x treatment interaction): F(2, 174) = 21.51, P < 0.0001. Modified figure from Kartalou

et al., submitted; preprint available on bioRxiv (Kartalou et al. 2019).
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Figure 23: Spine density analysis in apical secondary dendrites after vehicle and FTY720 treatment at a dose of
0.2 mg/kg/2™day in 6- to 7-month-old male WT and APP/PS1 (AD) mice. The quantification shows that
FTY720 results in a total rescue of spine deficits in dendrites distant from amyloid plaques, and significantly
improves spine loss in dendritic segments near the plaques in AD mice, compared to vehicle-treated AD and WT
littermates. FTY720 treatment, at a dose of 0.2 mg/kg/2"day, does not change spine density in WT mice,
compared to untreated WT animals. Data are represented as mean = SEM; n = 30 dendrites from 3 animals per
WT-vehicle, WT-FTY720, AD-FTY720, AD-FTY720 near groups and n = 26 from 3 animals for AD-vehicle
distant and AD-vehicle near groups. Statistical analysis was performed with two-way ANOVA, followed by
Tukey’s post hoc test, and statistical significance was defined as P < 0.05. * =P < (.05, ** =P < (.01, *** =P <
0.001. Detailed information on two-way ANOVA (genotype X treatment interaction): F(2, 166) = 11.05, P <
0.0001.

3.4.2 Chronic treatment with FTY720 reduced microgliosis in the hippocampus and

neocortex of APP/PS1 mice

In order to begin addressing the cellular mechanisms of FTY720 action, the state of microglia
activation was studied in the hippocampus and neocortex. Immunostaining for Ibal was used
to define the level of microgliosis in the CA1 area of the hippocampus and in neocortex of 6-
to 7-month-old untreated (vehicle) or treated with 1 mg/kg/2™day of FTY720 male APP/PS1
or WT mice (Fig. 24 A, B).
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Figure 24: Immunofluorescent detection of Ibal-positive microglia in the CA1 area of the hippocampus (A) and
neocortex (B) in coronal brain sections of 6- to 7-month-old untreated or treated (1 mg/kg/2"day of FTY720)

male WT and APP/PS1 (AD) mice. Magnification: 10x. Modified figure from Kartalou et al., submitted;
preprint available on bioRxiv (Kartalou et al. 2019).

Quantification of the percent area of Ibal-positive microglia in the CA1 region of the
hippocampus indicated an increased level of microgliosis in untreated APP/PS1 mice
(APP/PS1-vehicle: 4.73 + 0.73, WT-vehicle: 1.48 + 0.17) which was significantly reduced
upon treatment with FTY720 back to WT level (APP/PS1-FTY720: 1.97 + 0.14, WT-
FTY720: 1.69 + 0.22), indicating a complete rescue of microgliosis by FTY720.
Densitometric analysis showed that the integrated intensity of Ibal staining divided by the
analyzed CAl area in FTY720-treated APP/PS1 mice was also significantly decreased to the
level of the controls (WT-vehicle: 0.50 = 0.07, WT-FTY720: 0.46 = 0.08, APP/PS1-vehicle:
1.30 £ 0.25, APP/PS1-FTY720: 0.48 £ 0.05) (Fig. 25 A).

Analysis of the Ibal-positive percent area and integrated intensity in the neocortex of
untreated APP/PS1 mice indicated also a robust microgliosis which was significantly reduced
after FTY720 treatment [(‘% Iba-positive area’: WT-vehicle: 1.20 + 0.06, WT-FTY720: 1.17
+ 0.08, APP/PS1-vehicle: 8.84 + 0.88, APP/PS1-FTY720: 4.12 + 0.56) & (‘Ibal integrated
intensity’: WT-vehicle: 0.06 £ 0.01, WT-FTY720: 0.05 + 0.01, APP/PS1-vehicle: 0.42 £ 0.04,
APP/PS1-FTY720: 0.18 £ 0.03)] (Fig. 25 B).

These results suggest that, FTY720 drastically reduces microgliosis in APP/PS1 mice.



A 825 B e 07, .
ok © © E 06 *hk
— *k o 0.6
@ 5 2.0 o X vk
> 6‘ hdedk n Kk © &
0 2 =Y ® 0.54
a o g% %2 52
T g5 10 £F £2 04
8% 4 8E 89 88
8 8= a SE
a8 8T 40 3= o= 0.3
2 £2 " Zw Z3%
© — & © }
=8 2| 38 = g 0.2
0% | £ 05 2 £ o1,
R - £ :
0- 3 00 @ 0.0
- S0
X A AP @D
&« & & A NS Q@
« & IR

Figure 25: Quantitative analysis of the Ibal-positive microglia in the CAl area of the hippocampus (A) and
neocortex (B) in 6- to 7-month-old male WT and APP/PS1 (AD) mice after vehicle or FTY720 treatment at a
dose of 1 mg/kg/2"day. Quantification of microglial area and integrated intensity normalized to the analyzed
area of the section shows a strong increase in the CAl area of the hippocampus in AD-vehicle mice, which is
completely rescued upon chronic FTY720 administration. In the neocortex, the percent area of cortical sections
covered by Ibal-positive microglia and the integrated fluorescent pixel intensity are also strongly increased in
AD-vehicle mice and dramatically reduced after treatment with FTY720. Data are shown as mean = SEM; n =6
mice per WT-vehicle, AD-vehicle and AD-FTY720 groups and 7 mice in the WT-FTY720 group. Statistical
analysis was performed with two-way ANOVA, followed by Tukey’s post hoc test, and statistical significance
was set to P < 0.05. * =P <0.05, ** =P <0.01, *** = P <0.001. Detailed information on two-way ANOVA
(genotype x treatment interaction): (A) Ibal covered area: F(1, 21) = 14.46, P = 0.001, normalized Ibal intensity:
F(1, 21) = 8.565, P = 0.0081, (B) Ibal covered area: F(1, 21) = 21.75, P = 0.0001, Ibal intensity: F(1, 21) =
17.42, P = 0.0004. Modified figure from Kartalou et al., submitted; preprint available on bioRxiv (Kartalou et al.
2019).

3.4.3 Chronic treatment with FTY720 reduced astrogliosis in the hippocampus and
neocortex of APP/PS1 mice

Immunofluorescence detection for GFAP was used to determine the extent of astrogliosis in
the CA1 area of the hippocampus and neocortex of 6- to 7-month-old untreated (vehicle) or

treated with 1 mg/kg/2"day of FTY720 male APP/PS1 or WT mice (Fig. 26 A, B).
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Figure 26: Immunohistological staining for the astrocytic marker GFAP in the CAl area of the hippocampus

(A) and neocortex (B) in coronal brain sections of 6- to 7-month-old untreated or treated (1 mg/kg/2"day of
FTY720) male WT and APP/PS1 (AD) mice. Magnification: 10x. Modified figure from Kartalou et al.,

submitted; preprint available on bioRxiv (Kartalou et al. 2019).

FTY720

Analysis of the percentage of hippocampal CAl area, covered by GFAP-positive
activated astrocytes, exhibited an increase in untreated APP/PS1 mice, which was
significantly reduced after FTY720 treatment, reaching back to WT levels (WT-vehicle: 4.63
+ 0.33, WT-FTY720: 2.73 + 0.28, APP/PS1-vehicle: 8.01 + 1.32, APP/PS1-FTY720: 2.71 +
0.37). Likewise, the integrated intensity of GFAP staining divided by the analyzed CA1l area
in FTY720-treated APP/PS1 mice was significantly reduced to the control levels upon
treatment with FTY720. (WT-vehicle: 1.51 = 0.13, WT-FTY720: 0.86 + 0.16, APP/PS1-
vehicle: 2.86 + 0.47, APP/PS1-FTY720: 0.91 £ 0.15) (Fig. 27 A).

Quantification of the GFAP-positive percent area and integrated intensity in the
neocortex of untreated APP/PS1 mice indicated increased astrogliosis, which was also
significantly lowered after treatment with FTY720 [(% GFAP-positive area’: WT-vehicle:
0.09 £ 0.01, WT-FTY720: 0.04 + 0.01, APP/PS1-vehicle: 10.22 + 0.53, APP/PS-FTY720:
3.73 £ 0.71 and ‘GFAP integrated intensity’: WT-vehicle: 0.01 = 0.00, WT-FTY720: 0.00 £+
0.00, APP/PS1-vehicle: 0.54 + 0.06, APP/PS1-FTY720: 0.21 £ 0.05)] (Fig. 27 B).

These results suggest that FTY720 treatment strongly reduced astrogliosis in APP/PS1
mice, and together with the reduced migrogliosis, these cellular actions of the drug are

potential mechanisms for the rescue of spine density deficits in this mouse model of AD.
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Figure 27: Quantification of the GFAP-positive activated astrocytes in the CA1l area of the hippocampus (A)
and neocortex (B) in 6- to 7-month-old male WT and APP/PS1 (AD) mice after vehicle or FTY720 treatment at
a dose of 1 mg/kg/2™. Analysis of astrocytic area and integrated intensity normalized to the analyzed area of the
section shows a strong increase in the GFAP-positive area of the CA1 hippocampus in AD-vehicle mice, which
is completely rescued after chronic FTY720 administration. In the neocortex, the percent area of cortical sections
covered by GFAP-positive reactive astrocytes and the integrated fluorescent pixel intensity indicate a robust
activation of astrocytes in AD-vehicle mice that is drastically reduced after treatment with FTY720. Data are
shown as mean +£ SEM; n = 6 mice per WT-vehicle, AD-vehicle and AD-FTY720 groups and 7 mice in the WT-
FTY720 group. Statistical analysis was performed with two-way ANOVA, followed by Tukey’s post hoc test,
and statistical significance was set to P < 0.05. * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Detailed
information on two-way ANOVA (genotype x treatment interaction): (A) GFAP covered area: F(1, 21) = 5.999,
P =0.0232, normalized GFAP intensity: F(1, 21) = 6.184, P =0.0214, (B) GFAP covered area: F(1, 21) = 56.75,

P < 0.0001, GFAP intensity: F(1, 21) = 20.12, P = 0.0002.Modified figure from Kartalou et al., submitted;
preprint available on bioRxiv (Kartalou et al. 2019).

3.4.4 Chronic treatment with FTY720 reduced amyloid plaque load in the hippocampus

and neocortex of APP/PS1 mice

In order to study the effects of FTY720 treatment on the presence of amyloid deposits,
fluorescence stainings of fibrillar AP aggregates were performed. Thioflavine S fluorescent
staining was used to investigate the effects of FTY720 treatment, at a dose of 1 mg/kg/2"day,
on the formation of amyloid plaques in the hippocampus and neocortex of 6- to 7-month-old

treated and untreated (vehicle) male APP/PS1 mice (Fig. 28).

53



Thioflavine S

AD-Vehicle AD-FTY720

Hippocampus

Neocortex

Figure 28: Thioflavine S fluorescent staining of amyloid plaques in the hippocampus (A) and neocortex (B) in
coronal brain sections of 6- to 7-month-old untreated or treated (1 mg/kg/2"'day of FTY720) male APP/PS1

(AD) mice. Magnification: 5x. Modified figure from Kartalou et al., submitted; preprint available on bioRxiv
(Kartalou et al. 2019).

Quantification of the load, size and number of amyloid plaques in the total hippocampus
after FTY720 treatment showed a reduction in APP/PS1 mice, although the changes did not
reach statistical significance. Specifically, the load of amyloid plaques displayed a twofold
reduction (APP/PS1-vehicle: 0.30 = 0.11%, APP/PSI-FTY720: 0.14 £ 0.03%). Smaller
reductions of the number of amyloid plaques per unit area and of the average size of the
plaques were also observed in the hippocampus of FTY720-treated APP/PS1 mice compared
to untreated APP/PS1 littermates (Fig. 29 A).

Analysis of amyloid plaques in the neocortex upon FTY720 treatment in APP/PS1 mice
revealed a significant reduction of the plaque load (APP/PS1-vehicle: 3.34 £+ 0.57%,
APP/PS1-FTY720: 1.63 £ 0.18%) and plaque size (APP/PS1-vehicle: 133 + 7.73, APP/PS1-
FTY720: 100 + 6.33). Also the number of plaques slightly dropped, without reaching
significance (Fig. 29 B).

These results indicated a trend towards reduction of amyloid plaque burden upon chronic

FTY720 treatment in this mouse model of AD.
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Figure 29: Quantification of Thioflavine S staining in the hippocampus (A) and neocortex (B) of 6- to 7-month-
old untreated or treated (1 mg/kg/2"day of FTY720) male APP/PS1 (AD) mice. Quantitative analysis of the
amyloid plaque load (percentage area of positive staining), size and number of plaques shows a trend of
reduction in the hippocampus of AD mice upon FTY720 treatment compared to AD-vehicle treated mice. In the
neocortex, the analysis reveals significant reductions of the plaque load and the size of the plaques, but only a
slight decrease of the number of plaques in AD mice after FTY720 treatment, compared to AD-vehicle treated
littermates. Data are represented as mean £ SEM; n = 6 mice per group. Statistical analysis was performed with
unpaired Student’s t-test, and statistical significance was defined as P< 0.05. * = P < 0.05, ** = P < 0.01.

Modified figure from Kartalou et al., submitted; preprint available on bioRxiv (Kartalou et al. 2019).

3.4.5 Chronic treatment with FTY720 reduced the accumulation of AP in the

hippocampus and neocortex of APP/PS1 mice
Immunostaining for A was performed to evaluate the levels of AP protein (including AB on

plaques, oligomers and fibrils) in the hippocampus and neocortex of untreated or with 1

mg/kg/2"day FTY 720 treated male APP/PS1 mice at 6 to 7-months (Fig. 30).
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Figure 30: Representative images showing immunohistological staining for the detection of A (IC16 antibody)
in the hippocampus (A) and neocortex (B) in coronal brain sections of 6- to 7-month-old untreated or treated (1
mg/kg/2"day of FTY720) male APP/PS1 (AD) mice. Magnification: 5x. Modified figure from Kartalou et al.,

submitted; preprint available on bioRxiv (Kartalou et al. 2019).

Quantitative analysis showed that FTY720 treatment in APP/PS1 mice resulted in
significant decreases of AP load in the hippocampus (APP/PS1-vehicle: 2.69 + 0.40%,
APP/PS1-FTY720: 0.97 + 0.24%) and neocortex (APP/PS1-vehicle: 24.6 + 5.0%, APP/PS1-
FTY720: 12.3 £2.0%), compared to vehicle-treated mice (Fig. 31 A, B).

These results indicate that FTY720 treatment reduced AP protein accumulation in
APP/PS1 mice. Together with the reduction of neuroinflammation markers and the rescue of
spine deficits by the drug, it might represent a potent modulator of AD pathology after the

onset of the symptoms.
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Figure 31: Quantification of AP immunoreactivity in the hippocampus (A) and neocortex (B) reveals a
significant reduction upon FTY720 treatment at a dose of 1 mg/kg/2"day in male APP/PS1 (AD) mice,
compared to vehicle treated mice. Data are represented as mean &= SEM; n = 6 mice per group. Statistical
analysis was performed with unpaired Student’s t-test, and statistical significance was defined as P < 0.05. * =P
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<0.05, ** =P < 0.01. Modified figure from Kartalou et al., submitted; preprint available on bioRxiv (Kartalou
et al. 2019).

3.5 Expression of C-terminal fragment 1 (CTF1) of N-cadherin (Ncad), neuroligin 1
(NLGT1) and neurexin (NRX) in sporadic AD

AD has been proposed to include a dysfunction of the y-secretase; a proteolytic protein
complex that is involved in the degradation of type I transmembrane proteins, such as the
amyloid precursor protein (APP) (De Strooper, 2007; De Strooper et al., 2012). Due to the
fact that several synaptic adhesion proteins (Ncad, NLG1, NRX) are also substrates of y-
secretase, a dysfunction of y-secretase might lead to altered proteolytic processing of synaptic
adhesion proteins, accumulation of C-terminal fragments (CTFs), and thereby to
destabilization of synapses (Kim et al., 2009; Andreyeva et al., 2012; Uemura et al., 2006;
Suzuki et al., 2012; Peixoto et al., 2012). In order to address such changes, the expression
levels of CTF1 of Ncad, NLGI1 and NRX were studied in post-mortem human brains from
AD patients in a second project of this PhD work.

3.5.1 Pharmacological inhibition of y-secretase activity increased Ncad CTF1, NLG1
CTF1 and NRX CTFl1 levels in primary neuronal cultures

To identify specific CTFs on Western blots, their degradation by y-secretase was inhibited by
y-secretase inhibitors, leading to an enhanced expression of the respective CTFs. In order to
inhibit the cleavage of the Ncad CTF1, NLG1 CTF1 and NRX CTF1 domains by y-secretase,
cultures of primary hippocampal neurons from pups at postnatal day 1 (P1) were treated with
the y-secretase inhibitor L-685,458 (5 mM) at 8 days in vitro. Western blot analysis revealed a
strong increase in the specific CTF1 levels of each protein (Ncad, NLG1 and NRX proteins)
at 12 days in vitro (Fig. 32 A, B, C). These Western results identified the specific CTFs, and

formed the basis for the analysis of CTF expression in the brains of AD patients.
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Figure 32: Western blot characterization of Ncad CTF1, NLG1 CTF1 and NRX CTF1 after pharmacological
inhibition of y-secretase in primary cultured hippocampal neural cells from mouse pups at postnatal day 1 (P1).
Inhibition of y-secretase activity by L-685,458 increases the presence of Ncad CTF1 (A, ~ 37 kDa), NLG1 CTF1
(B, ~ 20-22 kDa) and NRX CTF1 (C, ~ 15 kDa) after 4 days of incubation. B-actin was used as loading control
(A, B, C, 42 kDa).

3.5.2 Ncad CTF1, NLG1 CTF1 and NRX CTF1 expression levels in post-mortem brains

from patients with sporadic AD

Western blot analysis was used to investigate the presence of Ncad CTF1, NLG1 CTF1 and
NRX CTFI in post-mortem brain homogenates from patients with late onset AD. Specifically,
post-mortem cortical brain tissue samples from 6 female patients with sporadic AD (age
range: 80-87 years) and 5 female non-demented controls (age range: 83-87 years) were used
for quantitative analysis (Figs. 33 A, 34 A & 35 A).

Densitometric analysis of the presence of Ncad CTF1, NLG1 CTF1 and NRX CTF1
normalized to the corresponding actin signals (loading control) revealed significantly
increased levels of Ncad CTF1 in the post-mortem brains of the patients with AD, compared
to the non-demented controls (AD: 1.05 £ 0.09; control: 0.67 + 0.08) (Fig. 33 B).
Interestingly, the NLG1 CTF1 levels were significantly lower in post-mortem brain tissue
from AD patients, compared to non-demented controls (AD: 0.22 £ 0.04; control: 0.49 £ 0.08)
(Fig. 34 B), while the NRX CTFI1 levels were similar for both groups (Fig. 35 B). These
results indicate that the presence of Ncad CTF1 is increased in patients with AD, whereas for
the same patients the presence of NLG1 CTF1 is reduced; this suggests that y-secretase
functional impairments in sporadic AD may lead to specific changes in proteolytic cleavage

for different substrates.
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Figure 33: (A) Western blot of post-mortem brain homogenates from patients with sporadic AD and non-
demented controls. Ncad CTF1 is detected at 37 kDa. B-actin was used as loading control (42 kDa). (B)
Densitometric analysis relative to actin loading control of the Ncad CTF1 presence shows significantly increased
levels in patients with AD, compared to non-demented controls. Data are represented as median; n = 6
individuals with sporadic AD and 5 non-demented controls. Statistical analysis was performed with unpaired
Student’s t-test, and statistical significance was defined as P < 0.05. ** =P < (.01.
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Figure 34: (A) Western blot of post-mortem brain homogenates from patients with sporadic AD and non-
demented controls. NLG1 CTF1 is detected at 20 kDa. B-actin was used as loading control (42 kDa). (B)
Densitometric analysis relative to actin loading control of the NLG1 CTF1 levels shows a significant reduction
in patients with AD, compared to non-demented controls. Data are represented as median; n = 6 individuals with
sporadic AD and 5 non-demented controls. Statistical analysis was performed with unpaired Student’s t-test, and
statistical significance was defined as P < 0.05. * = P<0.05.
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Figure 35: (A) Western blot of post-mortem brain homogenates from patients with sporadic AD and non-
demented controls. NRX1 CTF1 is detected at 15 kDa. B-actin was used as loading control (42 kDa). (B)
Densitometric analysis relative to actin loading control of the NRX CTF1 presence indicates similar levels in
patients with AD, compared to non-demented controls. Data are represented as median; n = 6 individuals with
sporadic AD and 5 non-demented controls. Statistical analysis was performed with unpaired Student’s t-test, and
statistical significance was defined as P < 0.05.
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4. Discussion

Alzheimer’s disease (AD) is the most common type of dementia in elderly population
(Schachter and Davis, 2000). It is a neurodegenerative disorder characterized by severe and
irreversible cognitive impairments (Schachter and Davis, 2000). Although amyloid beta (Ap)
aggregation is the most prominent pathological hallmark, which is widely thought to initiate
the progression of the disease, substantial evidence supports the involvement of the immediate
activation of microglia and astrocytes around amyloid plaques leading to an extreme level of
neuroinflammation in the brain of AD patients (Haass and Selkoe, 2007; Heneka et al., 2015).
Synaptic failure occurs at an early clinical stage of the disease, and it has been correlated with
cognitive deficits in patients with AD. Dendritic spines, small protrusions emerging from
neuronal dendrites, are the main postsynaptic compartments for excitatory input in the brain.
Substantial dysfunction and decrease in the number of dendritic spines has been shown in AD
brains, and mounting evidence suggests that it is caused by several nearby pathophysiological
events; such as diffusible oligomeric AP, fibrillar amyloid plaques, or inflammatory mediators
secreted by activated glial cells (Dorostkar et al., 2015). Potential therapies of AD would
optimally start after the onset of the disease symptoms (Briggs et al., 2016). Over the recent
years, several therapeutic approaches have been proposed, but there is still no effective
treatment or cure of AD (Weinstein, 2018; Chen et al., 2017; Rogers and Friedhoff, 1996;
Bryson and Benfield, 1997; Woodruff-Pak et al., 2007; Riepe et al., 2006).

The main aim of the current study is to determine the extent of the amyloid plaque-
associated spine deficits in APP/PS1 mice, and to investigate novel therapeutic strategies to
rescue spine pathology after the onset of the symptomatic phase of the disease in this animal

model of AD.

4.1 Reduced spine density in the CA1 area of the hippocampus in a mouse model of AD

4.1.1 Dendritic spine loss in the hippocampus of 13-month-old APP/PS1 mice and in 6 to
7-month-old APP/PS1/BDNF*- animals

Using Golgi-Cox brain tissue impregnations, I detected significant spine deficits in apical
secondary dendrites of hippocampal CA1 pyramidal neurons in APP/PS1 at the age of 13

months. This animal model, which carries the familial ‘Swedish’ double mutation in the
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amyloid precursor protein (APP; KM670/671NL) and Leul 66Pro mutation in the Presinilin-1
(PS1) genes, has been previously described to exhibit a strong amyloid pathology in aged
animals (Radde et al., 2006). It is known that high levels of AP load and plaque deposition
into the brain cause neurotoxicity and severe neuronal damage (Dorostkar et al., 2015). The
observed spine pathology in these mice could be probably associated with such impairments.

I also used Golgi-Cox staining to analyze dendritic spine density in pyramidal neurons in
the CA1 area of the hippocampus in young animals, at the age of 6 to 7 months. This analysis
revealed a slight, non-significant, reduction of the number of spines in APP/PS1 at this age.
Recent studies support that spine deficits mostly occur in a proximity to amyloid plaques in
young mice of AD (Tsai et al., 2004; Bittner et al., 2012; Liebscher et al., 2014). This fact
could explain the difficulty in detecting spine impairments in a non-associated to amyloid
plaques spine analysis in young APP/PS1 mice. Moreover, the role of brain-derived
neurotrophic factor (BDNF) is known to be essential in synaptic and structural plasticity;
however, pathological changes in BDNF availability have also been reported in AD (Psotta et
al., 2015; Kellner et al., 2014). My findings showed that reduced levels of endogenous BDNF
production significantly decrease spine density in 6- to 7-months-old BDNF"" animals, and
burden spine pathology in this AD mouse model. The results are supported by the detection of
spine deficits in a non-local plaque focused spine density analysis in APP/PS1/BDNF" mice

at the same age.

4.1.2 Dendritic spine deficits near amyloid plaques in the hippocampus of 6- to 7-month-

old APP/PS1 mice

Keeping my focus on dendritic spine pathology in AD, I established an innovative
combination of the Golgi-Cox staining of neurons with the fluorescent labeling of amyloid
plaques by methoxy-X04 (4,4’-[(2-methoxy-1,4-phenylene)di-(1E)-2,1-ethenediyl]bisphenol;
C23H2003) dye. The fluorescent dye was dissolved in dimethyl sulfoxide (DMSO) and
intraperitoneally administrated to all mice twice following a 24-hour interval. Two hours after
the last injections the mouse brains were removed and prepared for the Golgi-Cox
impregnation. Methoxy-X04 is an organic fluorescent probe that can cross the blood-brain
barrier (BBB) and specifically bind to fibrillary B-sheet deposits; it is well established for
staining and detecting amyloid plaques (Klunk et al., 2002; Bolmont et al., 2008; Bittner et
al., 2012; Liebscher et al., 2014). Methoxy-X04 is widely known to be administrated in living
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animals for labeling the amyloid plaques in the intact brains (Klunk et al., 2002; Jéhrling et
al., 2015); a fact which enables to proceed with the classical Golgi-Cox impregnation.

The use of this novel technique of the combined methoxy-X04 with Golgi-Cox stainings
allowed the visualization of neuronal dendrites close to amyloid plaques, and specifically the
quantitative analysis of dendritic spines in the vicinity of these plaques in 6- to 7-month-old
APP/PS1 mice. The number of spines was counted in secondary dendritic branches of
hippocampal CA1 pyramidal neurons which were located at a distance <50 um to the closest
amyloid plaque (near plaques) and at a distance >50 pum from the plaque’s border (distant to
plaques). My analysis resulted in the detection of strong spine loss in APP/PS1 mice at the
age of 6 to 7 months. Specifically, I found significant reduction in the number of spines in the
vicinity of amyloid plaques, both in male and female APP/PS1 mice at this age. My
quantitative spine analysis revealed also significant spine deficits in dendritic segments distant
to amyloid plaques selectively in male mice; a fact that may indicate gender-specific
differences in spine pathology in this mouse model of AD at this age. A possible factor that
could explain and be responsible for such gender differences could be the role of estrogen
(female anabolic hormone) in female APP/PS1 mice. It has been proposed that estrogens have
a protective role in neurodegenerative diseases by acting on neuronal cells (Deshpande, 2000;
Miranda et al., 1994). Specifically, it is thought that estrogen can modulate growth factors and
neurotrophins related to synaptic and structural plasticity (Deshpande, 2000; Miranda et al.,
1994).

In recent years, several other ways of microscopic visualization of dendritic spines close
to amyloid plaques have been also used, such as the expression of the enhanced green
fluorescent protein (EGFP) in living neuronal cells in vivo in transgenic AD mice (Bittner et
al., 2012; Dorostkar et al., 2015; Liebscher et al., 2014). Although a detailed analysis of
EGFP expressing neurons and spines using high resolution imaging is possible, such
approaches are usually accompanied by photobleaching problems and a time-consuming
process of data acquisition and analysis; drawbacks that can be overcome by the optimized
Golgi-Cox combined with methoxy-X04 staining. By using this new technique, large neuronal

data sets from the whole brain can be rapidly analyzed, providing also data repeatability.

4.2 Potential therapeutic innervations for rescuing spine pathology in APP/PS1 mice

It is crucial to highlight that treatments for AD should be tested at relatively early stages of

the disease, immediately after the onset of symptoms, in order to better evaluate their
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potential to prevent and eventually slowdown the progression of the disease before
irreversible damages occur. In this study, I tested two different potential AD treatments in
young APP/PS1 mice, such as voluntary running (VR) or chronic administration of
fingolimod (FTY720). Both treatments are considered to have neuroprotective effects in
several brain impairments and disorders (Aytan et al., 2016; Carreras et al., 2019; Tapia-Rojas

et al., 2016).

4.2.1 Voluntary running (VR) rescues spine deficits in APP/PS1 mice

Using my novel, and well established method, which allowed me to visualize Golgi-Cox
impregnated neurons close to fluorescent labeled amyloid plaques, I performed spine density
analysis in secondary dendrites of hippocampal CA1 pyramidal neurons in 6- to 7-month-old
male APP/PS1 mice after two months of voluntary running (VR). All animals had all-time
access to running wheels from the age of 4-5 months until the age of 6-7 months. As controls,
I used male APP/PS1 littermates kept in cages with blocked running wheels (enriched
environment; EE), and male APP/PS1 mice held in cages with the standard nesting material
(standard housing; SH). WT littermates kept in the corresponding housing conditions were
also used as controls. I conducted dendritic spine quantitative analysis associated to amyloid
plaques, and I observed strong spine deficits in APP/PS1-SH mice. I found that VR rescued
spine densities in dendritic segments distant from plaques and significantly increased spine
densities in dendrites near amyloid plaques in APP/PS1 mice. On the other hand, EE resulted
in only improving spine densities in dendritic stretches near amyloid plaques.

Numerous studies support that physical exercise contributes to neuronal cell tolerance
against oxidative stress and increases vascularization along with neurotrophin synthesis which
are all of great importance in neurogenesis, memory improvement as well as in synaptic and
structural plasticity in AD (Tapia-Rojas et al., 2016; Choi et al., 2018; Radak et al., 2010).
There is also evidence that VR attenuates several AD-like impairments, such as neuronal cell
death, memory loss and neuroinflammation (Tapia-Rojas et al., 2016). Specifically, it has
been shown that VR reduces amyloid plaques and AP oligomers as well as the levels of tau
phosphorylation and of the reactive astrocytes in the brain of an AD mouse model
(APPswe/PSEN1AE9) (Tapia-Rojas et al., 2016). Moreover, VR it is thought to increase cell
proliferation and neurogenesis, in combination with BDNF elevated levels in the
hippocampus of AD animal models (Tapia-Rojas et al., 2016; Choi et al., 2018; Wrann et al.,
2013). Recent evidence revealed that exercise ameliorates cognitive impairments in SxXFAD
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mice (a different mouse model of AD) via enhanced hippocampal neurogenesis and BDNF
levels in adult animals (Choi et al., 2018). Moreover, other proteins such as postsynaptic
density protein 95 (PSD95) and synaptophysin, which play an important role in synaptic
plasticity and it is known that they are reduced in AD patients, were found to be elevated in
5xFAD mice after exercise (Choi et al., 2018; Proctor et al., 2010). Interleukin-6 (IL-6) levels
which are increased in the hippocampus after physical exercise, were also elevated in 5xFAD
mice after exercise (Choi et al., 2018); an important evidence, since IL-6 has been shown to
have a positive contribution in cognitive function and neurogenesis (Choi et al., 2018; Bowen
et al., 2011). Interestingly, the fibronectin type III domain-containing protein-5 (FNDCS)
which regulates the BDNF expression in the mouse hippocampus has been also shown to be
enhanced in 5XFAD animals (Choi et al., 2018; Wrann et al., 2013). All these beneficial
effects of VR might be in line with my findings which suggest that, VR, starting after the

onset of symptoms, dramatically attenuates spine loss in this mouse model of AD.

4.2.2 FTY720 rescues spine deficits and reduces neuroinflammation along with amyloid

pathology in APP/PS1 mice

FTY720, a Food and Drug Administration (FDA)-approved drug for multiple sclerosis (MS),
is a structural analog of sphingosine and a modulator of sphingosine-1-phosphate (S1P)
receptors (Angelopoulou and Piperi, 2019). This drug can cross BBB and accumulate in the
central nervous system (CNS), where it is converted to its active phosphorylated form,
fingolimod-phospate (FTY720-P) (Angelopoulou and Piperi, 2019; Rothhammer et al., 2017).
The main cells of the CNS, such as neurons, oligodendrocytes, migroglia and astrocytes,
express S1P receptors on their surfaces and their fuctional role can be modulated by the drug
(Healy and Antel, 2016). It has been shown that FTY720 action in the CNS is assosciated
with a reduction of the production of pro-inflammatory cytokines by microglia through S1P
receptors (Noda et al., 2013).

In this study, I was interested in investigating the effects of FTY720 treatment on
dendritic spine pathology in AD using young APP/PS1 mice. The animals were treated with
FTY720, at a dose of 1 mg/kg/2™day or with a lower dose of 0.2 mg/kg/2"day at the age of
5-6 months for one month until the age of 6-7 months. APP/PS1 and WT littermates were
treated with vehicle solution and used as controls. I performed dendritic spine quantitative
analysis associated to amyloid plaques, in secondary dendrites of hippocampal CAl
pyramidal neurons. Specifically, the analysis was conducted in double stained brain sections,
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using my above mentioned novel technique of Golgi-Cox impregnation combined with
amyloid plaque fluorescent staining, in treated and untreated animals. My analysis revealed a
strong dependence of spine deficits on amyloid plaque proximity in untreated APP/PS1 mice.
I found that both high and low FTY720 doses (1 mg/kg/2"day and 0.2 mg/kg/2™day
respectively) completely rescued spine deficits in dendrites distant from amyloid plaques and
significantly ameliorated spine loss near plaques. A more detailed data overview revealed that
spine deficits were stronger near amyloid plaques than distant from plaques in untreated
APP/PS1 mice. Although both concentrations of FTY720 improved spine pathology in
dendrites which were located distant and close to amyloid plaques, only the high dose of
FTY720 treatment (1 mg/kg/2"day) increased spine density at the same level in both distant
and close to plaques groups in this mouse model of AD. These results suggest that a potential
treatment with FTY720 for slowdown the spine pathology in AD could be more beneficial in
a higher than in a lower concentration.

Local spine deficits of amyloid plaques might be related also with neuroinflammatory
responses of activated glial cells, such as reactive microglia or reactive astrocytes that
surround amyloid plaques (Heneka et al., 2015). The exact mechanisms, which are underling
the glia-mediated synaptic elimination, are still not completely understood. However, there is
strong evidence that glial cells are associated with synaptic dysfunction that leads to neuronal
injury and degeneration (Kano and Hashimoto, 2009; Wilton et al., 2019). In my study, I
observed a robust microgliosis and astrogliosis in the hippocampus and neocortex of untreated
APP/PS1 mice. Treatment with FTY720 at a dose 1 mg/kg/2"day drastically reduced
microgliosis and activated astrocytes back to control levels in the hippocampus of treated
APP/PS1 mice. Likewise, FTY720 treatment significantly reduced microglia and the
astrocytic marker in the neocortex.

Furthermore, I performed a detailed analysis of amyloid pathology in untreated and
treated with FTY720 (1 mg/kg/2"day) APP/PS1 mice. Specifically, I contacted a quantitative
analysis of amyloid plaque load, plaque size and plaque number of the total thioflavine S-
stained plaques in the hippocampus and neocortex of these animals. My findings resulted in a
twofold slight reduction, without reaching significant levels, of amyloid plaque load in the
hippocampus and significant decreases of plaque load and size in the neocortex after FTY720
treatment. Interestingly, treatment with FTY720 significantly reduced also the AP protein
load in the hippocampus and neocortex of treated APP/PS1 mice. My findings regarding the
effects of the drug on astrogliosis and microglisis as well as on amyloid pathology are
consistent with the results of recent studies in a different mouse model of AD (5xFAD
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animals), where FTY720 treatment was administrated already from the age of 4 weeks in
female mice (Aytan et al., 2016; Carreras et al., 2019).

Recent evidence supports that treatment with FTY720 is associated with neuroprotection
correlated with the reduction of several pro-inflammatory cytokines that are secreted by
reactive glia and with increased BDNF levels in the brain; effects that might be related to the
results in this study (Doi et al., 2013). Specifically, many studies have shown that FTY720
increases the mMRNA and protein levels of BDNF in mouse models of several
neurodegenerative diseases (Deogracias et al., 2012; Fukumoto et al., 2014; Miguez et al.,
2015). It is thought that the BDNF/tropomyosin-related kinase B (TrkB) signaling is involved
in AD (Zhang et al., 2012). Deficits in BDNF signaling via TrkB receptor are associated with
amyloid and cognitive dysfunction in AD (Zhang et al., 2012; Amoureux et al., 1997; Phillips
et al., 1991; Murray et al., 1994), while there is strong evidence that enhanced BDNF/ TrkB
signaling improves cognitive dysfunctions in AD mice. In this study, I hypothesized that
FTY720 chronic administration can be beneficial on BDNF/TrkB signaling and improve the
AD symptoms in these APP/PS1 treated mice (Kartalou et al., 2019). Of note, although my
investigation revealed that FTY720 treatment improves the AD-like symptoms in these mice,
immediate effects of the drug on BDNF protein levels or on the TrkB signaling efficacy were
not observed in AD and WT treated animals (Kartalou et al., 2019). It has been also recently
shown that FTY720 modulates microglia activation via SIP receptor signaling, resulting in
the inhibition of the production of neuronal AP and the reduction of the levels of AB42 and
AP40 species in AD mouse models (McManus et al., 2017; Takasugi et al., 2013; Aytan et al.,
2016). Moreover, this drug when accesses the CNS can act through the sphingosine-1-
phosphate receptors (SP1Rs) of microglia to regulate the transition from its pro-inflammatory
M1 to the anti-inflammatory M2 phenotype (Qin et al., 2017). There is also evidence that
FTY720 has the ability to induce AP phagocytosis by astrocytes as well as to reduce the
astrocyte reaction along with the production of inflammatory cytokines which are secreted by
these cells (McManus et al., 2017). In this study, the dramatic reduction of the reactive glia
upon FTY720 treatment suggests a beneficial role of the elimination of the mediated by these
cells neuroinflammation in the rescue of the hippocampal spine deficits in FTY720 treated
animals (Kartalou et al., 2019). The complete rescue of the reduced spine densities was
mainly observed in neuronal dendrites which were located distant from amyloid plaques than
in dendrites close to plaques; an effect that can be associated with the reduction of AP levels
in combination with potential alterations in the secreted microglia mediators, such as the pro-
inflammatory interleukin-1 (IL-1), interleukin-1 (IL-6) and tumor necrosis factor-a (TNF-a).

67



Recent studies have shown that adapter protein apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC) specks released by microglia can bind AP
and burden amyloid pathology in AD mice (Venegas et al., 2017). The reduction of these
microglia-derived ASC specks could be another potential effect of FTY720 that may
contribute to the attenuation of the amyloid and spine pathology in these treated APP/PS1
mice.

Overall, my findings demonstrate that FTY720 treatment, starting after the onset of AD
symptoms, strongly reduces neuroinflammation, and, together with the reduced amyloid
pathology, it might lead to a rescue of spine deficits by the drug. Therefore, FTY720 could be

proposed as critical modulator of AD pathology providing neuroprotective effects.

4.3 Analysis of the expression of selected y-secretase substrates in sporadic AD

Over the years, studies in post-mortem brains have been shown that cognitive impairments in
AD are correlated to a higher extent with the loss of post- and presynaptic structures than with
the amyloid plaques and neurofibrillary tangles (NFTs) AD characteristics (Terry et al.,
1991). Furthermore, deficits in synaptic and structural plasticity, which are intimately linked
with impairments in learning and memory, have enhanced the hypothesis of synaptic
dysfunction in AD (Walsh and Selkoe, 2007). Unfortunately, the molecular mechanisms
behind synaptic elimination is not yet very well known. Mounted evidence has reported that
AP, the proteolytic product of APP after sequential cleavage by B- and y-secretase, is
associated with synapse destabilization leading to synaptic failure (Walsh and Selkoe, 2007;
Koftie et al., 2009). It has been also shown that different forms of AP protein are localized
with presynaptic buttons and postsynaptic spine resulting in their loss (Walsh and Selkoe,
2007; Koffie et al., 2009; Buttini et al., 2005; Hsich et al., 2006; Shankar et al., 2007; Evans
et al., 2008). The exact mechanisms that underlie the long-term stability of synapsis are still
not very well understood; however, studies have shown that trans-synaptic interactions
between cell adhesion molecules (CAMs) which are expressed in the pre- and postsynaptic
sites are required for their physiological stabilization (Li and Sheng, 2003). N-cadherin
(Ncad), neuroligin-1 (NLG1) and neurexin (NRX) are thought to be implicated in several
synaptic processes, such as synaptic differentiation, synaptic plasticity and stability.
Moreover, it has been shown that these synaptic CAMs are important substrates of y-secretase
since they are proteolytically processed similarly to the APP protein; therefore, they may also
be implicated in AD (Andreyeva et al., 2012; Peixoto et al., 2012; Borcel et al., 2016).
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Specifically, Ncad, NLG1 and NRX are all initially cleaved by a-secretase (A Disintegrin
And Metalloproteinase 10; ADAM 10) activity to generate a C-terminal fragment 1 (CTF1)
(Ncad CTF1, NLG1 CTFI1 and NRX CTFI1 respectively) which is further cut by y-secretase to
produce and liberate a C-terminal fragment 2 (CTF2) (Ncad CTF2, NLG1 CTF2 and NRX
CTF2 respectively) into the cytoplasm (Andreyeva et al., 2012; Borcel et al., 2016; Peixoto et
al., 2012).

There is strong evidence that in early-onset familial Alzheimer’s Disease, (EOFAD) v-
secretase dysfunction, due to loss-of-function mutation of the presenilin-1 (PS1) gene, leads
to misprocessing or alternative processing of APP protein, resulting in an increase in the
generation of AP42 relative to AB40 (De Strooper, 2007; Suzuki et al., 1994). Recent studies
have reported that alternative APP processing by y-secretase without curing any mutations in
PS1 gene, results in an increase of the AP42/AB40 ratio in sporadic AD. This evidence
indicates that y-secretase dysfunction might also occur in sporadic AD; however, the exact
pathological mechanisms which underlie this process are still not completely understood
(Hata et al., 2011; Kim et al., 2009; Hata et al., 2009).

In this study, in order to investigate the potential y-secretase dysfunction in sporadic AD,
I first looked over the consequence of inhibiting the function of y-secretase by characterizing
the CTF1 levels of the synaptic adhesion molecules Ncad, NLG1 and NRX that are all
proteolytically processed by y-secretase activity in cultured primary hippocampal neurons
from mouse pups in postnatal day 1 (P1). I observed by Western blot analysis that
pharmacological inhibition of y-secretase increased the levels of Ncad CTF1, NLG1 CTF1
and NRX CTF1 because their degradation was blocked.

In addition, there is evidence that the CTF1 levels of Ncad are enhanced in AD patients
with sporadic AD (Andreyeva et al., 2012). Specifically, it is thought that the increased Ncad
CTF1 levels in post-mortem brains of AD patients is possible to enhance AP oligomer-
induced synapse impairment, and therefore, to play an important role in AD progression
(Andreyeva et al., 2012). I then continued this study evaluating the levels of CTF1 of Ncad,
NLG1 and NRX, in post-mortem brains from patients with sporadic AD. Post-mortem brains
from non-demented individuals were used as control for my investigation as well. After
quantitative analysis, I observed that the Ncad CTF1 levels were significantly elevated in
patients with sporadic AD, while the NLG1 CTF1 levels were significantly reduced in the
same patients. Of note, I did not observe level alterations of NRX CTF1 between AD patients
and non-demented controls. Over the last years, the role of NLG1 in amyloid-associated
memory impairments in AD has been extensively investigated (Suzuki et al., 2012;
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Dinamarca et al., 2011; Saura et al., 2011; Bie et al., 2014). It is thought that NLGI1 is a
potential target of AP oligomers related to synaptic damage in AD (Dinamarca et al., 2011;
Dinamarca et al., 2012). Moreover experiments in rats have shown that amyloid-induced
neuroinflamatory reaction by microglia is related to epigenetic suppression of NLGI1 in
hippocampal CA1 pyramidal neurons (Bie et al., 2014). According to this evidence, a
potential reduction of NLG1 protein in AD could be associated with the observed reduction of
the NLG1 CTF1 levels in post-mortem brains from AD patients in this present study.

Overall, my findings indicate that potential y-secretase activity impairments in sporadic
AD may lead to altered proteolytic cleavage of specific substrates by the enzyme. The
previous evidence of the increased vulnerability of synaptic damage by A action, which is
accompanied by the enhanced levels of Ncad CTF in AD patients, could be of highly
importance for the development of future potential therapeutic strategies targeting y-secretase
and the reduction of the toxic AP without affecting the production of Ncad CTF1 (Andreyeva
et al., 2012). However, whether the increase of the Ncad CTF1 presence, which was
investigated in this study, is a direct consequence of y-secretase dysfunction in sporadic AD,
is an issue which needs to be further investigated. There is mounting evidence that ADAM10
enzyme (known for its involvement in the APP metabolism) is implicated in AD pathology
via mechanisms which underlie synaptic function in the brain, including interactions with its
post- and presynaptic Ncad, NLG1 and NRX protein substrates (Yuan et al., 2017). Over the
last years, several mutations in ADAM 10 gene as well as changes in its protein levels have
been proposed by numerous studies in AD (Yuan et al., 2017; Niemitz, 2013). Moreover,
there is also evidence of enhanced ADAMIO0 expressed protein levels correlated with
increased Ncad CTFI1 levels in a different neurodegenerative disease [Huntington's disease
(HD)] (Vezzoli et al., 2019). Potential changes in ADAMI10 activity could be an alternative
explanation of the observed alterations of the Ncad CTF1 and NLG1 CTFI1 levels in post-
mortem brains from patients with sporadic AD, compared to post-mortem brains from non-

demented individuals in this current study.
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