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ABSTRACT

Alzheimer’s disease (AD) is the major cause of dementia in the elderly population and
is characterized by memory deficits and cognitive decline that arise from synaptic and
neuronal loss, initially affecting the hippocampus. Neuropathologically, AD is
characterized by extracellular accumulation of senile plaques composed by amyloid-
beta peptides (AB) and intracellular neurofibrillary tangles formed by
hyperphosphorylated tau. AB oligomers, namely of ABi4,, are considered the most
synaptotoxic forms, being responsible for early cognitive deficits in AD. AP induces
Ca®*, dyshomeostasis and reactive oxygen species (ROS) formation, both largely
associated with neuronal dysfunction in early stages of AD. Moreover, hydrogen
peroxide (H,0,) can modulate the non-receptor tyrosine kinase protein Src activity and
nuclear factor erythroid derived 2-related (Nrf2), the latter a transcription factor that
regulates the antioxidant response. In this work, using mature rat hippocampal
neurons cultures, we evaluated the effect of oligomeric AB14, on H,0,-mediated Src
and Nrf2 phosphorylation and feed-forward influence of Src activation on oxidative
stress regulation. Moreover, using the hippocampal cell line HT22, we also evaluated
the role of Src on mitochondrial dynamics as well as its relationship with Nrf2

subcellular localization.

We evidenced that, in hippocampal neurons, AB1.4, oligomers trigger increased Ca”";
through the activation of N-methyl-D-aspartate receptors (NMDARs) and increased
H,0, levels, which can be generated by mitochondria. Moreover, these effects could
be modulated by the inhibition of the tyrosine kinase Src, probably due to its effect on
the regulation of NMDARs. Importantly, AB-associated ROS further led to increased Src
activation. Concomitantly, A induced Nrf2 phosphorylation in hippocampal neurons.
Interestingly, in hippocampal neurons and in HT22 cells, exposure to H,0, induced
both Src and Nrf2 phosphorylation; additionally, Nrf2 phosphorylation at Ser40
occurred in a Src-dependent manner. In the nuclear extracts of HT22 cells exposed to
H,0,, results evidenced unchanged levels of Nrf2, but decreased Src protein levels and
increased phosphorylated Src, suggesting a possible novel role for Src in the nucleus,
independently of Nrf2. Moreover, H,0, treatment was also shown to induce Src and



Nrf2 phosphorylation in mitochondria obtained from HT22 cells. H,0,-mediated
mitochondrial Src activation seemed to have a preventive effect on mitochondrial

fission.

In hippocampal neurons, AB exposure evoked enhanced H,0, production through
mitochondria, and Src and Nrf2 activation occurring in a ROS and NMDAR-dependent
manner, providing new insights into the characterization of cellular mechanisms
potentially involved in AD pathogenesis. Furthermore, in HT22 cells, this study showed
H,0,-mediated Src and Nrf2 phosphorylation in mitochondria, and Src phosphorylation
in nucleus, suggesting modulation of alternative subcellular pathways that may help to

regulate mild redox changes.

Keywords: Alzheimer’s disease, amyloid-beta peptide, hydrogen peroxide, Src kinase;

Nrf2 transcription factor.



RESUMO

A doenca de Alzheimer (DA) é a principal causa de deméncia nos idosos e caracteriza-
se por défices de memdria e declinio cognitivo consequentes da perda sindptica e
neuronal que afeta inicialmente o hipocampo. Histologicamente, a DA caracteriza-se
pela acumulacdo extracelular de placas compostas pelo peptideo beta-amiléide (AB) e
a acumulacdo intracelular de trangas neurofibrilares compostas pela proteina tau
hiperfosforilada. A forma oligomérica do peptideo AB1.4, é considerada como a mais
tdxica a nivel sinaptico, sendo responsavel pelas alteragdes cognitivas verificadas nas
fases iniciais da DA. O peptideo AB induz, entre outros, a formacdo de espécies
reativas de oxigénio (ERO) e a desregulacio da homeostasia do Ca®', efeitos
comumente associados a disfuncdo neuronal nos estadios iniciais da DA. Além disso, o
perdxido de hidrogénio (H,0,) pode modular a atividade da tirosina cinase Src e do
fator de transcricdo Nrf2 (do inglés “nuclear factor erythroid derived 2-related”) que
regula a resposta antioxidante. Assim, neste trabalho avalidmos o efeito de oligdmeros
de ABi4, na fosforilagdo/ativacdo de Src e Nrf2, através da producdo de H,0,, e o
retro-controlo da Src na regulagao do stresse oxidativo utilizando culturas primarias de
neurdnios maduros de hipocampo. Estuddmos também o papel da Src na dindmica
mitocondrial, assim como a sua relacdo com a localiza¢do subcelular de Nrf2, usando a

linha celular de hipocampo HT22.

Os nossos resultados demonstraram que, em neurdnios hipocampo, a exposicdo a
oligdmeros de AB1.4; induziu um aumento do Ca2+; através da ativacdo dos recetores N-
metil-D-aspartato (NMDA), e aumento da producdo de H,0, pela mitocondria. Além
disso, todos estes efeitos foram modulados apds inibicdo da Src, provavelmente
devido ao seu efeito na regulagdo dos receptores NMDA. E importante salientar que a
producao de ERO associada ao AB levou, por si sé, ao aumento da fosforilagdao da Src.
Além disso, a producdo de ERO associada ao AB induziu a fosforilacdo do Nrf2 em
neurénios do hipocampo. Adicionalmente, tanto em neurdnios primadrios de
hipocampo como na linha HT22, observamos a fosforilacdo da Src e do Nrf2 apds
tratamento com H,0,; de forma interessante, a fosforilacdo do Nrf2 na Ser40 ocorreu

de forma dependente da Src. Em extratos nucleares das células HT22 expostas a H,0,



ndo se verificaram alteragcdes nos niveis totais de Nrf2, contudo observou-se uma
diminuicdo dos niveis nucleares de Src e um aumento da sua fosforilagdo/ativacao,
sugerindo um possivel papel da Src no nucleo, independente do Nrf2. Em extratos
mitocondriais de células HT22, a exposi¢cdo a H,0, induziu um aumento dos niveis de
fosforilacdo da Src e do Nrf2. Adicionalmente, a ativacdo da Src associada ao

tratamento com H,0; parece ter um efeito preventivo na fissdo mitocondrial.

Estes resultados evidenciam, em neurdnios primdrios maduros de hipocampo, a
ativacdo da Src e do Nrf2 por AB de forma dependente dos recetores NMDA e dos
ERO, fornecendo assim novas perspetivas sobre a caracterizacdo de mecanismos
celulares potencialmente envolvidos na DA. Além disso, nas células HT22, o nosso
estudo evidencia a fosforilacdo da Src e do Nrf2 por H,0, na mitocéndria, assim como a
fosforilagdo da Src no nucleo, sugerindo a ocorréncia de mecanismos subcelulares que

poderdo estar envolvidos na regulacdo de alteragdes redox.

Palavras-Chave: Doenca de Alzheimer, peptideo beta-amildéide, perdxido de

hidrogénio, Src cinase, fator de transcricao Nrf2.
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Introduction

1.1 Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disorder
and the most common cause of dementia worldwide, affecting 10% of the population
over the age of 65 and 30-50% of the population over the age of 85 (Li et al., 2016, for
review). AD is initially characterized by occasional minor lapses in recalling recent
events of daily life, i.e. a loss of episodic memory, and lately by the impairment of
other cognitive domains that interfere with mood, reasoning, judgment and language
(LaFerla and Oddo, 2005). This episodic memory decline is related to pathological
changes in entorhinal cortex and limbic brain regions, including the hippocampus that
is early impaired in the disease process, and the amygdale (Pennanen et al., 2004).
Amnesic symptoms are the turnover to mild cognitive impairment (MCI). Patients with
MCI or mild AD have fully preserved alertness and no language, motor or sensory
dysfunction. Some additional problems appear after the first couple of years. With
increased deficits, the patients show disinterest in hobbies, apathy, as well as
difficulties in language and mathematical problems. With the advancing of cognitive
decline, motor function deficits begin, leading to marked dementia, full disorientation,
memory impairment and global cognitive deficits (Selkoe and Schenk, 2003, for

review).

The major histological hallmarks of AD are the accumulation of extracellular amyloid
plaques and intracellular neurofibrillary tangles (NFT) both in cortex and hippocampus
(Fig. 1). Amyloid plaques, also known as senile plaques, are aggregates of amyloid beta
peptide (AB) that deposit outside neurons in dense formations. Neurofibrillary tangles
(NFT) consist in the accumulation inside nerve cell bodies of abnormal
hyperphosphorylated tau protein (Selkoe and Hardy, 2016). Both aggregates lead to a
neurodegenerative cascade, including, among other, synaptic dysfunction, axonal
transport impairment, excitotoxicity, mitochondrial dysfunction, triggering neuronal

loss (Lambert and Amouyel, 2011; Li et al., 2016, for review).
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Fig. 1 | Neurofibrillary tangles and amyloid plaques in Alzheimer’s disease brain patient.
Neurofibrillary tangles are intraneuronal deposits of the hyperphosphorylated tau protein; amyloid
plaques are extracellular accumulation of the AB peptide (round diffuse structures). Adapted from Irvine
et al. (2008).

AD is a complex neurodegenerative disorder related with numerous pathogenic
interactions between various factors, including genetic, epigenetic and environmental
factors (Huang and Mucke, 2012). Age is the most prominent biological risk factor (Carr
et al., 1997) The age of 65 years is often used to classify AD patients in early-onset
(EOAD) and late-onset (LOAD) groups when the disease is detected before and after
this age (Cacace et al., 2016). Only 10% of AD patients are diagnosed with EOAD, and
an important part of them has a family history caused by rare autosomal dominant
mutations in the genes encoding for Amyloid Precursor Protein (APP gene, at
chromosome 21), presenilin-1 (PS-1 for PSEN1 gene, at chromosome 14), and
presenilin-2 (PS-2 for PSEN2 gene, at chromosome 1) (Lambert and Amouyel, 2011).
Late-onset forms are considered to be sporadic because they do not show any obvious
genetic mutation. Since 1993, the apolipoprotein E (Apo E) €4 gene polymorphism is
considered as the major risk factor for the sporadic form of AD (Corder et al., 1993).
ApoE is involved in the regulation of both intracellular and extracellular clearance of
AB and the €4 isoform is clearly associated with a lower efficient clearance, when
compared to other isoforms (€1, €2 or £3) (Laws et al., 2003). Due to genome-wide

association studies, new other risk loci for LOAD have been discovered and studied,
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such as the Complement Receptor 1 (CR1), the Clusterin (CLU) (Lambert et al., 2009),
the Triggering Receptor Expressed on Myeloid cells 2 (TREM2) (Matarin et al., 2015)
and the Phosphatidylinositol Binding Clathrin Assembly Protein (PICALM) (Lambert and
Amouyel, 2011). These risk-associated genes have different possible functions: (i) CR1
probably favors the clearance of apoptotic cells and amyloid fibrils; (ii) CLU is one of
the most abundant apolipoproteins in the central nervous system (CNS) and
participates on AP clearance; (iii) TREM2 might be a determinant molecule of the CNS
in response to AB accumulation; and (iv) PICALM seems to be implicated in the
transport of AB across the blood brain barrier and into the bloodstream (Selkoe and

Hardy, 2016).

Importantly, the definitive diagnosis of AD can only be confirmed after death. In fact,
all pathological changes might not be measured in vivo. However, in the last years,
development of molecular imaging techniques like magnetic resonance imaging (MRI),
Positron Emission Tomography (PET) and Single Photon Emission Computed
Tomography (SPECT), as well as the analysis of cerebrospinal fluid (CSF) biomarkers
(Arora and Bhagat, 2016) were of great help in the diagnosis of AD. Core CSF
biomarkers are: (i) decreased AP levels, which reflect cortical amyloid deposition
(Bloudek et al., 2011); (ii) increased total tau protein (t-tau), which reflects the severity
of neurodegeneration (Sunderland et al., 2003); and (iii) increased phosphorylated tau
protein (P-tau), which correlates with neurofibrillary pathological changes (Sunderland
et al., 2003). Therefore, it is possible to recognize a long pre-dementia stage, the MCl,
which may evolve or not to AD (McKhann et al., 2011). AD can be divided into three
stages, mild, moderate and severe, which may be difficult to differentiate (McKhann et
al., 2011; Prestia et al., 2013). CSF tau changes have been shown to occur about 15
years before the onset of clinical AD and decreased AB in CSF is extrapolated up to 20
years before symptom onset. As the severity of the disease increases, AB levels in the
CSF decrease, as a result of aggregation of the peptide in the brain, while t-tau and P-

tau levels increase in the CSF (Dubois et al., 2016; Moghekar et al., 2013).
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1.2 The Amyloid-beta peptide

1.2.1 APP Processing

AP peptide results from the processing of APP, a type | membrane glycoprotein of 87
kDa, consisting of a long N-terminal extracellular fragment (ectodomain, NTF), a
transmembrane domain and a shorter intracellular C-terminal fragment (the
cytoplasmic domain) (Vardy et al., 2005). APP has a half-life of about 45—-60 minutes in
most cell types (Weidemann et al., 1989) and can have multiple isoforms derived from
alternative splicing, but its physiological functions are still not fully understood (Muller
& Zheng, 2012). Full-length APP is synthesized in the endoplasmic reticulum (ER) and
then transported to the Golgi apparatus and to membrane cell surface (Sisodia et al.,

1993).

There are two proteolytic processing pathways of APP as shown in Fig. 2. In the non-
amyloidogenic pathway, APP is initially cleaved by the a-secretase leading to the
production of soluble form of APP (sAPPa) and a carboxyl terminal fragment with 83
amino-acid (C83). Subsequently, the C83 fragment is cleaved by y-secretase, to
produce the p3 peptide and the intracellular domain of APP (AICD) (Vardy et al., 2005).
The sAPPa has several neuroprotective properties and AICD has nuclear signaling
functions (Selkoe and Schenk, 2003). In the amyloidogenic pathway, APP is cleaved by
B-secretase or B-site APP-cleaving enzyme (BACE), generating a membrane bound C-
terminal fragment (C99). C99 is further cleaved by y-secretase within the
transmembrane domain to produce AP and the smaller AICD (CTFy) (Vardy et al.,
2005). It was also shown that y-secretase can cleave APP near to the boundary of the
cytoplasmic membrane, named e-cleavage, and in the middle of the membrane, also
named as y-cleavage (Weidemann et al., 2002). In this way, the total length of the AB
peptide varies at C-terminal according to the cleavage pattern of APP, ranging 39 to 43

amino acid residue peptides.
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Fig. 2 | Structure and processing of APP in amyloidogenic and non-amyloidogenic pathways. AB
(purple box) constitutes part of the transmembrane domain and an adjacent short fragment of the
extracellular domain. a and y secretases are responsible for the APP cleavage in the non-amyloidogenic
pathway, originating sAPPa, p3 and AICD. In the amyloidogenic pathway B and y secretases are involved,
originating sAPPB, AB and AICD (Vardy et al., 2005).

It is well established that mutations in APP and in PS-1 and PS-2 change the APP
proteolytic processing, leading to increased levels of the AR peptides (Barage and
Sonawane, 2015; Scheuner et al., 1996). The y-secretase activity resides in a complex
of four components, PS-1 or PS-2, nicastrin, anterior-pharynx-defective-1 (Aph-1) and
presenilin enhancer 2 (Pen-2) (Haass and Selkoe, 2007), described in Fig. 3. PS-1 and
PS-2 are homologous integral membrane proteins containing nine transmembrane
domains (Guerreiro et al., 2012) that provide the active site aspartate residues
required for the catalytic active site of y-secretase (Wolfe, 2008). Mutations in PSEN1
and PSEN2 genes alter the cleavage pattern of y-secretase, causing higher ABi4;

production (Shen and Kelleher, 2007).
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Presenilin Nicastrin Aph-1 Pen-2

Fig. 3 | Components of the y-secretase complex. y-Secretase is composed by four different integral
membrane proteins: presenilin, nicastrin, Aph-1, and Pen-2. Presenilins can modulate the
transmembrane proteolysis carried out by y-secretase, leading to increased proportion of AB peptides,
being associated with familial forms of AD (Wolfe, 2008) authorized by “Neurotherapeutics”.

The most common AP fragments have 40 and 42 amino-acids, with ABi4 isoform
being the most prevalent, followed by the hydrophobic AB;—4, that aggregates in a
faster way and tends to form stable trimeric and/or tetrameric oligomers than ABi_40
(Barage and Sonawane, 2015). Inherited missense mutations directly in the AR region
of APP increase the propensity of the peptide to aggregate (Haass and Selkoe, 2007). In
particular, the AB1.42/AB1.40 ratio can be increased by mutations in the three different
genes referred above (Haass and Selkoe, 2007). Thus, it is possible to define two
different forms of AP extracted in AD brains: aggregates that are termed oligomers or
protofibrils (depending on their complexity) and mature amyloid fibrils based on their
appearance by electron or atomic force microscopy or based on the separation of
soluble and insoluble fractions (Thal et al., 2015). The major compound of amyloid
plaques are mature amyloid fibrils (Masters et al., 1985) that have a width of ~10-20
nm and a length of usually more than 1 um (Sachse et al., 2006). AB has been shown to
adopt multiple fibril structures that can even be observed in the same sample (Schmidt

et al., 2009).

1.2.2 The Amyloid Hypothesis

The amyloid hypothesis proposes that neurodegeneration in AD is caused by abnormal
accumulation of AB plaques, acting as a pathological trigger for the cascade. Genetic,
biochemical and pathological evidences support this hypothesis, suggesting that

accumulation and aggregation of AP plaques are the primary causes of AD (Barage and
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Sonawane, 2015). As depicted in Fig. 4, AB levels can be amplified through higher
production or reduced clearance. Deficient AB clearance is considered to be involved
in the majority of sporadic AD cases. The clearance can be reduced by several reasons,
including increased aggregation, defective degradation and disturbed transport across
the blood brain barrier or inefficient peripheral removal of the peptide (Sagare et al.,
2012). Moreover, as referred above, AB4/AB4o ratio may be increased in FAD due to
mutations in APP, PSEN 1 and/or PSEN 2 genes (Wolfe, 2008). The relative increase in
AB1.4, enhances oligomers formation and further diffuses plaques accumulation that
evolves into fibrils responsible for microgliosis and astrocytosis (local inflammatory
responses) (Haass and Selkoe, 2007). Over time, these events result in oxidative stress,
altered ionic homeostasis and a host of additional biochemical changes (Palotas et al.,
2002), leading to synaptic spine loss and neuritic dystrophy (Hartley et al., 1999). The
cascade finish with cell death, leading to progressive dementia associated with

extensive AB and tau pathology (Haass and Selkoe, 2007).

Changes in AP metabolism

« Increase in total AP production

« Increase in the AB42/AB40 ratio

» Reduced AP degradation/clearance
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\(diffuse) AP42 deposits
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on synaptic function
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M ———
Fig. 4 | The amyloid cascade hypothesis. The hypothesis proposes that increased production or
decreased clearance of AP peptides are initial pathological events in AD, resulting in accumulation of AR
peptides and further hyperphosphorylated tau, which together trigger a cascade of deleterious changes,
resulting in neuronal death and thus causing AD (Haass and Selkoe, 2007) authorized by “Nat Rev Mol
Cell Biol”.
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In the early 2000s the amyloid hypothesis, in particular the importance of A fibrils in
AD pathogenesis, has begun to be questioned. In fact, amyloid fibrils levels were not
always related to the severity of AD or to the cognitive defects verified in AD
transgenic mice (Chui et al., 1999). Moreover, taking into account the toxicity of AB
fibrils for most of cells (glial, retina and cerebellar granule cells) (Scorziello et al., 1997;
Stix and Reiser, 1998), the fibrillar AR hypothesis did not explain the selective
neurodegeneration affecting specifically the hippocampus and parietal lobes. Thus,
researchers started to investigate the role of a prefibrillar and soluble stage of AR
peptide, the AB oligomers. AP oligomers have rapidly been associated with potent
neurotoxic activities (Walsh et al., 2002). Importantly, in contrast to the weak
correlation of fibrillar density with AD severity, soluble AB concentrations in the brain
are highly correlated with severity of disease (MclLean et al, 1999), which is also

consistent with familial AD mutations that lead to increased soluble AB.

Thus, in 2003, Kim and colleagues showed that both amyloid fibrils and soluble
oligomeric species of AB exhibited neurotoxicity, contributing for neurodegeneration
in AD. They showed that AP oligomers were toxic in NT-2 cells and in specific regions of
organotypic slices from hippocampus and cerebellum, whereas A fibrils were lethal to
NIH-3T3, SH-SY5Y, HTB186 and MO59K cells and also killed neurons in all regions of the
cerebral slice cultures (Kim et al.,, 2003); these data suggested an initial selective

regional neurodegeneration that characterizes AD.

Although AP is detected mainly in the extracellular space, there are several evidences
that AR accumulates within neurons (Gimenez-Llort et al., 2007; Wirths et al., 2001)
and this accumulation occurs early in AD (Gouras et al., 2000). Studies report the
existence of intracellular AP in different regions of the brain, especially those
presenting neurofibrillary tangles (D’Andrea et al.,, 2002; Oddo et al.,, 2003).
Importantly, accumulation of oligomeric AB14, has been shown to occur before
neurofibrillary tangles and amyloid plaque deposition (Gouras et al., 2010). AB can also
be internalized after its interaction with some membrane receptors like the N-methyl-
D-aspartate receptors (NMDARs), Advanced Glycation End-products (AGE) Receptors

(RAGE) and nicotinic Acetylcholine receptors a7 Receptors (a7nAChRs) (Nagele et al.,
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2002; Sasaki et al., 2001; Snyder et al., 2005). In this way, interaction with AR may
differ regarding cell type; it was demonstrated that ABi4, is internalized by CA1
hippocampal neurons in organotypic hippocampal slice cultures, whereas cells in other
hippocampal subdivisions such as CA3 and dentate gyrus do not, leading to higher
production of amyloidogenic APP fragments and enhanced deterioration of central

synapses in a selective way (Bahr et al., 1998).

Indeed, AB14, oligomers are the most toxic species of AR (Jan et al., 2011; Selkoe,
1996) namely due to their ability to promote excitotoxicity by interacting with
different receptors (Nagele et al., 2002; Sasaki et al., 2001; Snyder et al., 2005), as well
as to cause endoplasmic reticulum stress and Ca” levels depletion (Resende et al.,
2008a), mitochondrial dysfunction (Wang et al., 2008), inhibition of bidirectional
axonal transport (Pigino et al., 2009) and oxidative stress (De Felice et al., 2007) by
interacting with several cellular structures (Benilova et al.,, 2012, for review).
Interestingly, besides being present in AD patients brain, AP senile plaques can also
exist in non-demented individuals with a similar composition, suggesting the existence

of other important factors involved in AD (Fukumoto et al., 1996).

11
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1.3 Synaptic Dysfunction in Alzheimer’s Disease — Involvement of
NMDARs

The idea that loss of synaptic function is a key characteristic of AD neuropathogenesis
started in the 60s when Gonatas and colleagues first described abnormalities in
synapses from AD brain tissues (Gonatas et al., 1967). Since then, several studies in
brain samples from patients with symptoms between MCI and early-mild AD showed
that synapse loss can be related with AD severity. Significant loss of synaptic elements
such as proteins SV2 and p65, and about 45% of synaptic boutons in neocortex and
hippocampus, have been found in MCl and AD brains when compared with cognitively
normal controls (Masliah E, 1993; Masliah et al., 1989; Scheff and Price, 1993). Other
studies confirmed a similar pattern of abnormalities related with dendrites, such as a
significant reduction in the number of dendritic spines (Moolman et al., 2004) and
reduced excitatory synaptic transmission (Shankar et al., 2008). These injurious effects
may contribute to the cognitive deficit and memory loss verified in AD, demonstrating
that synaptic fail could be one of the earliest events that occurs in the pathogenesis of

AD prior to neuronal loss (Sheng et al., 2012).

Long-term potentiation (LTP), a basic mechanism underlying learning and memory
(Malenka and Nicoll, 1999), is a process which inserts a-Amino-3-hydroxy-5-Methyl-4-
isoxazolepropionic Acid Receptor AMPAR at the surface of the synapse in a Ca?* and
NMDAR-dependent manner to enhance the glutamatergic synaptic strength (Malenka
and Bear, 2004). Structural remodeling of spine synapses, or synaptic plasticity, is
implicated in memory formation (Gruart et al., 2006; Whitlock et al., 2006). Long-term
depression (LTD), in opposite to the increase in synaptic transmission observed
following induction of LTP, is a long-lasting decrease in synaptic efficacy followed by
low frequency stimulation. AB oligomers accumulate around neurons in the very early
stages of AD. They may be a direct trigger of synaptic dysfunction by blocking LTP and
directly affecting the density and stability of dendritic spines or even targeting one or
more receptors present on the surface of dendritic spines (Nimmrich and Ebert, 2009).

Shankar and colleagues showed that AP oligomers extracted from AD patients inhibit

12
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LTP and enhance LTD in rat organotypic hippocampal slices and lead to decreased
spine density and memory impairments (Shankar et al., 2008). Importantly, induction
of LTD or inhibition of LTP in AD seems to be directly related with changes in synaptic
morphology, resulting in dendritic spine shrinkage or collapse by F-actin remodeling
(Selkoe, 2008). Furthermore, AB can also significantly impair synaptic plasticity by
directly decreasing the accessibility of AMPARs at excitatory synapses (Rui et al., 2010;
Yan et al., 2016).

NMDARs are cationic channels gated by the neurotransmitter glutamate and the main
source of synaptic Ca” involved in the rapid induction of synaptic plasticity. NMDARs
are essential for excitatory transmission, synaptic integration, learning and memory in
the CNS (Mota et al., 2014, for review). NMDARs are hetero-tetramer constituted by
two required GIuN1 subunits and two modulatory GIuN2 or GIuN3 subunits (Cull-
Candy et al., 2001). The GIuN2 subunit has different possible subtypes (GIuN2A, B, C or
D), which have diverse spatial and temporal patterns of expression (Zhang et al., 2016),
being GIuN2A and GIuN2B the major subunits. NMDARs activation requires the binding
of glutamate to the receptor and also a sufficient postsynaptic depolarization to
remove the Mg2+ blocker ion from the channel, which results in intracellular Ca** (Ca2+i)
increase (MacDermott et al., 1986) (Fig. 5). Downregulation of GIuN2B subunits
contributes to cognitive decline, exhibiting impaired LTP and memory (Brigman et al.,
2010); contrariwise, upregulation of GIuUN2B significantly improves LTP and memory

function in rodents, including in aged mice (Cao et al., 2007a).
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Fig. 5 | Scheme of the NMDA receptor. Activation of NMDA receptors, a glutamate receptor, results in
the opening of the ion channel that is nonselective to cations, namely Na* and Ca’*. NMDARs are
constituted by two required GIuN1 subunits and two modulatory GIUN2 or GIuN3 subunits (Danysz and
Parsons, 2003) authorized by “Int J Geriatr Psychiatry”. In current nomenclature of these receptors, NR
stands for GIuN.

Besides the differential temporal pattern of expression, NMDARs also present
differential cellular localization pattern, namely synaptic or extrasynaptic localization.
Extrasynaptic NMDARs require high glutamate concentrations and are located on
dendrites or the sides of spines (Oliet and Papouin, 2014). Several reports propose that
the function of synaptic and extrasynaptic NMDARs may depend on the receptor type
(presence of different subunits) and associated proteins, as well as a preferential
affinity of synaptic NMDARs for D-serine and extrasynaptic NMDARs for D-glycine
(Mota et al., 2014, for review). Synaptic NMDARs are inhibited by D-serine degradation
decreasing the LTP, while glycine degradation has no effect on LTP, suggesting that
synaptic NMDARs play a key role on LTP, in contrast with extrasynaptic receptors
(Papouin et al., 2012). Otherwise, both synaptic and extrasynaptic NMDARs are crucial
for LTD (Newpher and Ehlers, 2009; Papouin et al., 2012). In this way synaptic NMDARs
seem to be neuroprotective, whereas stimulation of extrasynaptic NMDARs cause loss
of mitochondrial membrane potential and cell death (Zhang et al., 2016). Interestingly,
it seems that extrasynaptic NMDARs are mainly composed by GIuN2B subunits
(Petralia, 2012). Moreover, injection of AB in rat brain impaired induction of LTP in a
GluN2B subunit-dependent manner and not depending on GIuN2A (Hu et al., 2009).

Our group also showed that AB oligomers may cause microtubule disassembly in a
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NMDARs-dependent manner associated to neurite retraction and DNA fragmentation
in mature hippocampal cells, showing a relevant role of NMDARs on AR toxicity

(Ferreira et al., 2012, 2015; Mota et al., 2012).

AB oligomers may interact with other cellular receptors, in y-Aminobutyric Acid
(GABA)ergic and dopaminergic synapses. First studies in AD postmortem patients
revealed unchanged GABAergic synapses, resulting in less intensive studies; but more
recently it was proven that reduction of GABA functions in AD patients is related to
high levels of soluble AB, which can decrease bursting activity and impair inhibitory
potentials of GABAergic neurons in the septohippocampal system (Nava-Mesa et al.,
2014). Furthermore, NMDARS activation by endogenous glutamate seems to evoke a
transient and reversible enhancement of postsynaptic GABA, receptor, being the
crosstalk considered as a compensatory mechanism for the overexcitation frequently

observed in pathological conditions (Potapenko et al., 2013).
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1.4 Cellular dysfunction in Alzheimer’s Disease

1.4.1 Oxidative Stress and Antioxidant defenses

Oxidative stress is a disturbance in the equilibrium status of pro-oxidant and
antioxidant reactions in living organisms that happen due to metabolic reactions using
oxygen. Reactive oxygen species (ROS) can be defined as a group of reactive molecules
derived from oxygen with a short life time and extremely reactive because of their
unpaired valence electron. Some examples of ROS are free radicals, such as superoxide
anion (0,") and the hydroxyl radical ("OH), or the non-radical hydrogen peroxide
(H,0,) (Kim et al., 2015, for review). A large production of ROS can damage cellular
lipids, proteins or DNA, but the delicate balance between beneficial and harmful
effects of free radicals is a very important aspect of living organisms. The redox
regulation protects living organisms from various oxidative stresses and maintains the
homeostasis by controlling the redox status (Droge, 2002). In AD, increased oxidative
stress induces cellular injuries, mitochondrial dysfunction and impair DNA repair
system, which may play a critical role in the initiation and progression of the disease

(Behl, 1994; Gandhi and Abramov, 2012; Patten et al., 2010).

The brain requires an elevated oxygen consumption rate to produce adenosine
triphosphate (ATP) and it is known that oxygen metabolism in different organelles like
mitochondria, ER, and peroxisomes generates oxidant free radicals (Gilgun-Sherki et
al., 2001, for review). Cells have a complex mechanism of defense to fight oxidative
stress. Indeed, cellular ROS levels may be reduced using a range of antioxidant
enzymes and small-molecules, which prevent and repair damages caused by oxidative
stress (Gandhi and Abramov, 2012). The key enzymes of antioxidant defense are: (i)
superoxide dismutases (SOD) that play a significant role in catalyzing the breakdown of
highly reactive O," to less reactive H,0,; (ii) Catalase that originate the conversion of
H,0, into water plus oxygen; (iii) Glutathione peroxidases (GPX) that catalyze the
reduction of H,0, and peroxides using reduced glutathione (GSH) as an electron donor,
originating oxidized glutathione (GSSG), which can be reduced to GSH by glutathione
reductase. Key antioxidant small molecules include: (I) GSH, a tripeptide synthesized

from glutamate, cysteine and glycine; (ll) Vitamin E that can attenuate the effects of
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peroxide and protect against lipid peroxidation; or (lll) Vitamin C that is involved in the
removal of free radicals by electron transfer and also acts as a cofactor for antioxidant

enzymes (Dasuri et al., 2013; Kim et al., 2015, for review).

Interestingly, high levels of ROS damage most biomolecules, serving as oxidation
markers. These include lipid peroxidation (e.g. 4-hydroxynonenal), protein oxidation
(e.g. carbonyl) and DNA/RNA oxidation (e.g. 8-hydroxyldeoxyguanosine and 8-
hydroxylguanosine), which have been observed in the cortex and hippocampus from
AD patients (Butterfield et al., 2002). Interestingly, Baldeiras and colleagues
demonstrated that the oxidative changes found in mild AD patients are already
present in the MCI group; the plasma levels of mild AD patients revealed decreased
vitamin E levels and both MCI and mild AD patients showed increased levels of
oxidized glutathione (Baldeiras et al., 2008). Moreover, we previously demonstrated a
decrease in the levels of SOD1 protein in MCl PBMCs (Mota et al., 2015). The 3xTg-AD
mouse model of AD also showed reduced glutathione and vitamin E, and increased
activity of the antioxidant enzymes GPX and both SOD (Resende et al., 2008b).
Furthermore, decreased levels of other antioxidant defenses, namely SOD1 and heme
oxygenase-1 (HO-1) were also seen in this AD mouse model (Mota et al., 2015). These
observations support the concept of the importance of oxidative stress in AD
pathogenesis. Importantly, AR seems to increase oxidative stress and lead to
mitochondrial dysfunction even in early stages since AD transgenic mouse models
expressing mutant APP and PS-1 showed high levels of H,0, and oxidation of proteins

and lipid (Apelt et al., 2004; Manczak et al., 2006; Mohmmad Abdul et al., 2006).

On the other hand, oxidative stress may increase the production and aggregation of AB
and sustain the polymerization and phosphorylation of tau protein (Dumont et al.,
2011; Li et al., 2004). Moreover, high levels of ROS stimulate pro-inflammatory gene
transcription and release of cytokines, such as IL-1pB, IL-6, and TNF-alpha, which in turn
activate microglia and astrocytes to generate large amounts of ROS; this interaction
between oxidative stress and neuroinflammation promotes increased AB production
(Chakrabarty et al., 2010; Motta et al., 2007; Sokolova et al., 2009). NMDARs may also

be a target of oxidative stress since they contain three pairs of extracellular cysteine
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residues which can interact and form disulfide bonds, leading to an altered receptor

conformation and decreased function (Aizenman et al., 1990; Lipton et al., 2002).

1.4.2 Mitochondrial dysfunction

Mitochondria represent the main source and one of the main targets of ROS, being
implicated in neuronal death. These organelles, present in all aerobic cells, are able to
use O, as final acceptor of electrons to form ATP as well as perform other functions,
namely maintenance of Ca’" homeostasis, ROS generation, heme synthesis, amino
acids, fatty acids and steroids metabolism, and apoptosis regulation. Mitochondria are
divided into the following membrane compartments: the mitochondrial outer
membrane (MOM), the mitochondrial intermembrane space (MIS), the mitochondrial
inner membrane (MIM) and the mitochondrial matrix. The matrix contains
mitochondrial DNA that encodes proteins needed for replication and energy
transduction, although most of the mitochondrial proteins are encoded by the nuclear
DNA (Mattson et al., 2008). The MIM contains the mitochondrial respiratory chain
(MRC), which is one of the main functional and structural parts of mitochondria. The
MRC is composed by five complexes (I, I, lll, IV, V) responsible for the final
phosphorylation of ADP to ATP by transferring electrons between these integrated
complexes (Ghezzi and Zeviani, 2012) (Fig. 6). Neurons are highly dependent on
mitochondria to execute numerous cellular processes, such as neurotransmitter vesicle
transport and release, axonal transport of organelles and macromolecules and
maintenance of transmembrane ionic gradients; interestingly, in contrast to
astrocytes, neurons do not use glycolysis when mitochondria are dysfunctional or

damaged (Almeida et al., 2004; Bolafios et al., 2009).
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Fig. 6 | ATP and ROS formation in mitochondria. Mitochondrial electron transport is composed by five
multimeric complexes that shuttles electrons from NADH and FADH, to molecular oxygen. During
electron transfer, proton pumping to the intermembrane space (complexes I, lll and IV) generates an
electrochemical gradient (A)m) across the mitochondrial inner membrane. Complex V (ATP synthase)
utilizes the proton motive force to synthesize ATP from ADP (Bhat et al., 2015).

Mitochondria are dynamic structures, continuously subjected to cycles of fission and
fusion depending on the needs of the cell. Thus, mitochondria are able to
communicate between them and with other organelles in order to assemble the
energetic needs of the cell, as well as to prevent cellular damage. Mitochondrial fission
is an important mechanism that allows the renewal and proliferation of the organelle,
facilitating their autophagic clearance, while mitochondrial fusion contributes to
communication with each other, as well as to their distribution across long distances
and to the synapses, preventing the expansion of oxidative damage (Hoppins et al.,
2007). The energy required for these events are obtained from a family of GTPase
proteins: (i) Dynamin-Related Protein 1 (DRP1) is present in the cytosol and recruited
to the MOM, acquiring an active conformation state to promote fission; Mitochondrial
Fission 1 protein (FIS1) is also situated in MOM and required in fission process; (ii)
Mitofusin 1 (MFN1) and Mitofusin 2 (MFN2), both in MOM, and Optic Atrophy 1

(OPA1) in MIM promote fusion (Bolafios et al., 2009, for review).

Mitochondrial dysfunction has been suggested to be an early event in AD; in fact,
patients display early metabolic changes that precede the appearance of any
histopathological or clinical abnormalities (Gibson and Shi, 2010). Additionally,

increased oxidative damage on mitochondrial DNA, promoting mutations, has been
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reported in patients with AD (Gandhi and Abramov, 2012; Wang et al., 2014). Several
reports suggest that accumulation of APP and AB mediates mitochondrial toxicity,
since they were found in purified mitochondria from AD patient and AD mouse model
brains (Caspersen, 2005). AR peptide seems to interact with mitochondria inducing
cytotoxic effects, affect mitochondrial fusion and fission and alter mitochondrial
motility (Manczak et al., 2011). Furthermore, disruption of MRC function and increased
ROS production were also verified in the presence of AB (Caspersen, 2005; Rui et al.,
2006). Interestingly, an atypical accumulation of A within synaptic mitochondria was
observed, possibly contributing for early AD synaptic dysfunction (Du et al., 2010).
Different studies described possible routes for AB entry into mitochondria, which may
involve the mitochondrial-associated endoplasmic reticulum membrane (MAM)
(Hedskog et al., 2013; Pinho et al., 2014) or the translocase of MOM complex (Hansson
Petersen et al., 2008).

Regarding AB-mediated changes on mitochondria dynamic, neurons exposed to AR
oligomers and primary neurons cultured from APP mice showed mitochondrial
fragmentation and reduced mitochondrial density (Du et al., 2010). Furthermore, AD
patient brains present increased levels of Drpl and Fisl and reduced expression of
Mfn1, Mfn2 and OPA1, suggesting that increased production of AP and interaction of
AB with Drpl are crucial factors in mitochondrial fragmentation, causing abnormal
mitochondrial dynamics and synaptic damage (Manczak et al., 2011). Exposure to AB
leads to mitochondrial Ca®* accumulation that seems to be related with increased ROS
production and opening of the permeability transition pore (PTP) (Moreira et al.,
2001). AB-induced mitochondrial dysfunction may also contribute to an impairment in
Ca”* homeostasis, resulting in increased Ca®* overload and decreased organelle
reuptake (Abramov et al., 2003). Indeed, we previously demonstrated in primary
cortical neurons, that AB and NMDA largely induced
immediate mitochondrial depolarization, when compared with AB or NMDA alone, and
also that mitochondria control Ca** entry through NMDARs in AB presence, suggesting
that mitochondrial Ca®* dyshomeostasis and subsequent dysfunction are relevant
mechanisms for early neuronal dysfunction in AD linked to AB-mediated GIuN2B-

composed NMDARs activation (Ferreira et al., 2015).

20



Introduction

1.4.3 Intracellular Calcium Dyshomeostasis

Ca?"is an essential intracellular messenger, governing the activity of neuronal cells and
relevant in multiple physiological functions. This divalent cation binds different
proteins, receptors or ion channels. Several studies showed a connection between

disruption of Ca** homeostasis and the development of AD (Berridge, 2013).

ca® buffering is secure by two organelles: the endoplasmic reticulum and the
mitochondria, while ATPase Ca®* pump and NA'/Ca®* exchanger (NCX) are the two
main systems involved in Ca** efflux through the plasma membrane (Magi et al., 2016).
When Ca’' is highly concentrated in microdomains close to mitochondria, its uptake
occurs via the mitochondrial Ca®* uniport (MCU) at the MIM due to the negative
mitochondrial transmembrane potential (Aym) and it is rapidly accumulated within this
organelle (Naia et al.,, 2016, for review). It is well established that AB leads to
upregulation of neuronal ca® signaling, which has been associated with age-related
deficits in learning or memory and apoptosis (Berridge, 2013; Thibault et al., 2007).
The Increase in cytosolic Ca’* levels mediated by AB can occur through the Ca’*-
permeable channels in membranes formed by AB oligomers (Ferndndez-Morales et al.,
2012), the activation of ionotropic receptors (Ferreira et al., 2012) such as the
NMDARs, or AB-mediated activation of metabotropic receptors coupled to Ca’' release
from internal stores (Naia et al., 2016, for review). ER Ca’' release through inositol
1,4,5-trisphosphate receptor (InsP3R) was further shown to cause mitochondrial
dysfunction induced by AR, particularly a loss of A, and cytochrome c release
(Ferreiro et al.,, 2006). We previously demonstrated that AB;4, oligomers bind to
NMDARs through the GIuN2B subunit (Costa et al., 2012), thus leading to an increase
in cytosolic Ca®* ( Ferreira et al., 2012; Ferreira et al., 2015). Activation of NMDARSs in
the presence of AP was also shown to potentiate the neurodegenerative process in AD
through mitochondrial depolarization and mitochondrial Ca” retention (Ferreira et al.,
2015). However, mitochondrial Ca®" overload involving the ER, observed in AD, seems
to be not exclusively due to AB-mediated NMDARs activation (Thathiah and De

Strooper, 2011). Importantly, Jensen and coworkers showed that intracellular Ca’* rise
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stimulated by Af does not seem to be necessarily sustained by extracellular Ca? influx,

suggesting an important role for Ca”* release from the ER (Jensen et al., 2013).
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1.5 Nuclear factor erythroid 2 related factor 2 - Nrf2

Nuclear factor erythroid 2 related factor 2 (Nrf2) is generally considered an adaptive
cell response and inducible cell defense component to endogenous and environmental
oxidative stress. Nrf2 mediates the expression of more than 100 oxidative stress-
related genes, including antioxidant proteins, detoxifying enzymes, transport proteins,
proteasome subunits, chaperones, growth factors and their receptors, and some
transcription factors. All of these cytoprotective genes contain, in their promoter, a cis-
regulatory element sequence named as the antioxidant response element (ARE), which
constitutes a binding target for Nrf2 (Stepkowski and Kruszewski, 2011, for review).
Nrf2 contains six conserved NRF2-ECH (Neh) domains: (i) Neh1 domain, which contains
a basic leucine zipper motif (bZIP) and allows binding to the ARE; (ii) Neh2 domain,
located in the most N-terminal region, which possesses the Keapl binding domain and
acts as a negative regulatory domain; (iii) Neh3 domain, located in the most C-terminal
region and that has a role in Nrf2 transactivation; (iv) Neh4 domain along with (v) Neh5
domain, which seem to be also essential for Nrf2 transactivation; and (vi) Neh6

domain, required for Nrf2 protein degradation (Taguchi et al., 2011) (Fig. 7).
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Fig. 7 | Domains structure of Nrf2 protein. Nrf2 protein consists of 589 aminoacids and has six
homology domains, Neh1-6. The domains of interest in Nrf2 are: the Neh1 domain, that contains a bZip
motif, a basic region — leucine zipper (L-Zip) structure, where the basic region is responsible for DNA
recognition and the L-Zip mediates dimerization with small Maf proteins; and the Neh2 domain that
contains ETGE and DLG motifs, which are required for the interaction with Keapl, and a hydrophilic
region of lysine residues, which are indispensable for the Keapl-dependent polyubiquitination and
degradation of Nrf2. Adapted from (Kansanen et al., 2013) authorized by “Redox Biol”.

Nrf2 is ubiquitously expressed in most eukaryotic cells and under normal conditions is

maintained in the cytosol at low levels due its constant polyubiquitination. Indeed, in
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the cytosol, Nrf2 binds to Kelch-like ECH-associated protein 1 (Keap1) through the N-
terminal Neh2 domain, inhibiting its activity by acting as an adaptor for Cullin-3-based
E3 ubiquitin ligase complex. Under physiological conditions, Keapl constitutively
targets Nrf2 for poly-ubiquitination via the Cul3 E3 ligase, which lead to consequently
degradation of Nrf2 by the 26S proteasome (Nguyen et al., 2003). Komatsu and
colleagues have demonstrated that p62, a polyubiquitination binding protein that
targets substrates for autophagy, interacts with Keap1l in its Nrf2 binding site leading
to its degradation , which in consequent inhibits polyubiquitination of Nrf2 (Komatsu

et al.,, 2010; Lau et al., 2010).

Keapl has a large number of cysteine residues working as a sensor molecule for
oxidative stress through thiol oxidation, altering its activity. In this way, under
oxidative stress conditions, Keapl alters its conformation, inhibits the E3 ubiquitin
ligase and release Nrf2, resulting in the stabilization and accumulation in cytosol; this
allows Nrf2 to translocate to the nucleus to transcribe several cytoprotective genes
codified in the ARE (Table 1). In this way, dimerization of transcriptional co-activator
Mafs with Nrf2 facilitates stable Nrf2-ARE interaction and enhances the transcription
of the genes (Hirotsu et al., 2012). This type of Nrf2 regulation is considered to be
Keapl-dependent (reviewed by Obuobi et al., 2016) (Fig. 8).
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Fig. 8 | Keapl-dependent mechanisms Nrf2 activation. Under unstressed conditions Nrf2 is constantly
recruited for ubiquitination by Keapl-Cul3 complex resulting in low constitutive level of activity.
Electrophilic compounds or ROS covalently bind to reactive cysteines interfering with the normal
function of the complex and resulting in accumulation of Nrf2. Nrf2 then translocates into nucleus and
promote the transcription of antioxidant enzymes binding to ARE (Kim et al., 2016).

On the other hand, some authors suggest that phosphorylation of Nrf2 which
contribute to its nuclear migration can be also regulated independently of Keapl
(reviewed by Obuobi et al., 2016). Thus, Nrf2 contains many serine, threonine and
tyrosine residues, which may provide sites for phosphorylation by different kinases
(Rojo et al., 2012). The phosphorylation of Nrf2 by Protein kinase RNA (PKR)-like
endoplasmic reticulum kinase (PERK) (Cullinan et al., 2003) or specifically on Nrf2 Ser-
40 residue, mediated by protein kinase C (PKC) (Huang et al., 2002), and also its
phosphorylation in the transcription activation domain (Neh4 and Neh5), mediated by
protein kinase CK2 (Apopa et al., 2008), seems to disrupt the association between Nrf2
and Keapl thus promoting the translocation of Nrf2 into the nucleus. Furthermore,
acetylation and deacetylation of Nrf2 can regulate the nuclear-cytoplasmic movement
and its transcriptional activity. For instance, Nrf2 acetylation of lysine residues
enhances Nrf2-DNA binding and transcription of target genes (Kawai et al., 2011).
Additionally, glycogen synthase kinase-3B (GSK-3B) was shown to negatively regulate

Nrf2 by reducing its nuclear localization. This protein can also phosphorylate members
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of the Src family kinases, which translocate into the nucleus and phosphorylate Nrf2 in

Tyr568 residue, leading to its nuclear export (Niture et al., 2011).

Concluding, under basal intracellular conditions, Keapl continuously regulates Nrf2
degradation, maintaining low cellular levels of the protein, however, under conditions
of oxidative stress, the regulation of Nrf2 becomes complex, involving both Keapl-

dependent and -independent mechanisms.

Table 1 | Cytoprotective genes regulated by Nrf2 transcription factor

Gene Protein Principal Function

Glucose-6-phosphate dehydrogenase G6PD Provides NADPH to glutathione reductase

Glutathione peroxidase GPx Detoxifies peroxides and hydroperoxides

Catalyzes the conjugation of the reduced form
Glutathione S-transferase GSTs

of glutathione (GSH) to xenobiotic substrates

Catalyzes the reduction of glutathione disulfide
Glutathione reductase GR (GSSG) to the sulfhydryl form of glutathione or

reduced glutathione (GSH)

Degrades heme and generates the antioxidant
Heme oxygenase-1 HO-1

molecules, biliverdin and CO

FAD-binding protein, reduces quinones to
NAD(P)H:quinone dehydrogenase 1 NQO1

hydroquinones

Catalyzes the dismutation of the superoxide

SOD1
Superoxide dismutases radical (0,") into hydrogen peroxide (H,0,) or
SOD2

molecular oxygen (0,)
Thioredoxin reductase TR Reduces thioredoxin

Catalyzes the rate limiting step in the
y-Glutamylcysteine ligase (Catalytic GCLc

biosynthesis pathway of cellular glutathione
subunit or modulatory subunits) GCly

(GSH)
Sulfotransferases SULFs Catalyze sulfation of many xenobiotics

Reduces hydrogen peroxide and alkyl
Peroxiredoxin-1 Prdx-1

hydroperoxides

(Adapted from Loboda et al., 2016)
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1.5.1 Nrf2in AD

It has been described that different potential sources of oxidative stress might be
present in early stages of AD. Interestingly, in vitro studies showed that Nrf2 activity is
essential to neutralize oxidative damage and neuronal death induced by AP
(Karkkdinen et al., 2014). In postmortem AD human brains, there are evidences for
decreased nuclear Nrf2 levels (Ramsey et al., 2007), suggesting decreased Nrf2 activity.
In contrast, studies demonstrated that different target genes of Nrf2 are increased in
AD compared to control brain tissues, namely NQO1, GR, GPx, HO-1, p62 and GCL
(Raina et al., 1999; Schipper et al., 1995; SantaCruz et al., 2004) suggesting a higher
activity of the transcription factor as the result of higher oxidative stress. However,
these contradictory findings may be explained by the stage of the disease and the type
of tissue collected for the study. In a mouse model of AD (APP/PS1 mouse), mRNA
levels of GCLy, GCLc and NQO1 were decreased at 6 months of age and Nrf2 at 16
months of age (Kanninen et al., 2008). Furthermore, studies in hippocampus and
cortex, using 3xTg-AD mouse also showed a significant increase in NQO1 protein at 2
months of age, but a decrement at later stages in hippocampus at 6 months of age
(Torres-Lista et al., 2014). Finally, also in 3xTg-AD mice, we previously showed
increased Nrf2 phosphorylation at Ser40 and increased nuclear Nrf2 levels in 3 month-
old male mouse peripheral blood mononuclear cells (PBMCs) and brain cortex,
respectively (Mota et al., 2015). Accordingly, an increase in oxidative stress and Nrf2
phosphorylation was found in human PBMCs isolated from individuals with mild
cognitive impairment (MCI) (Mota et al., 2015). Despite this, SOD1 protein levels were
decreased in human MCI PBMCs and in 3xTg-AD mouse brain cortex, suggesting that
Nrf2 failed to regulate some of its targets in these AD models, as demonstrated by

reduced mRNA levels of SOD1, HO-1 and Prdx-1 (Mota et al., 2015).
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1.6 Src family tyrosine kinase

Src kinase family (SKF) is a family of non-receptor tyrosine kinases composed by eleven
members: Src, Yes, Fyn, Fgr, Frk, Srm, Lyn, Hck, Lck, Brk and Blk, wherein only Src, Yes
and Fyn are expressed ubiquitously (Roskoski, 2004). Several reports refer that Src
kinase family is involved in numerous processes, namely cell growth, differentiation,
metabolism, signal transduction and neuronal ion channel and receptor regulation
(Cao et al., 2007b). All Src family members share the same structure, composed of six
functional regions: (i) N—terminal Src homology domain (SH) 4 (SH4) containing a
myristic acid that is essential for its localization at the inner surface of the cell
membrane; (ii) a unique domain that is characteristic of each element of the Src family,
located between the SH4 and SH3 domains; (iii) a SH3 domain, linked to a sequence
rich in proline to mediate intra- and intermolecular interactions; (iv) a SH2 domain,
that binds phosphorylated tyrosine residues on Src and other proteins; (v) a SH1
domain, known for its catalytic capacity; and (vi) C-terminal tail containing a negative

regulatory Tyr530, in humans (Fig. 9).
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Fig. 9 | The structural domains of human Src. Src is composed to an N-terminal group attached to an
Src homology (SH) 4 domain (SH4), a unique region following the SH4 domain, an SH3 domain, an SH2
domain, a kinase domain (also known as the SH1 domain), and a C-terminal domain (Chojnacka and
Mruk, 2015) authorized by “Mol Cell Endocrinol”.

Src tyrosine kinase has been intensively investigated for more than three decades due
to its association with malignant transformation and oncogenesis (Levinson et al.,
1972). Brain, osteoclasts, and platelets express higher levels of Src than other cells; in
neurons, this expression suggest that Src is involved in different processes besides cell
division, since neurons are post-mitotic cells (Brown and Cooper, 1996). Src can be
located at different cellular compartments, such as the cytosol, plasma membrane,
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nucleus, rough endoplasmic reticulum, mitochondria, endosomes, lysosomes,
phagosomes and the Golgi apparatus (Sandilands and Frame, 2008). The activity of Src
is regulated by phosphorylation and dephosphorylation of its tyrosine residues, mainly
at Tyr530 and Tyr419 (in humans) or Tyr527 and Tyr416 (in mice and rats) by kinase
and phosphatase proteins, which cause structural changes by intramolecular
interactions (Roskoski, 2015). Thus, phosphorylation of Tyr530 closes Src conformation
by approaching the SH2 domain, preventing this way the autophosphorylation of
Tyr419 and keeping Src unable to bind substrates. This closed conformation is
supported by an interaction between the SH3 domain and the region rich in prolines.
Conversely, Tyr530 dephosphorylation opens the conformation of Src, allowing Tyr419
autophosphorylation and consequently activating Src, permitting the phosphorylation
of substrates and the interaction with SH3 and SH2 with downstream proteins. Under
normal conditions, Src is maintained in an inactive state but can be activated by intra-
and intermolecular interactions, a reduction in the C-terminal Src kinase activity, the
action of tyrosine phosphatases and a mutation at Tyr530 residue (Chojnacka and

Mruk, 2015) (Fig. 10).

Fig. 10 | The inactivation and activation forms of Src. Src is maintained in an inactive state under
normal conditions, in a closed conformation that is strengthened by an interaction between the SH3
domain and the proline-rich region, flanked by the SH2 domain and the kinase domain. In contrast, Src
can be activated by several interactions leading to Tyr530 dephosphorylation, opening the conformation
and Tyr419 autophosphorylation, thereby creating a fully activated Src kinase. (Chojnacka and Mruk,
2015) authorized by “Mol Cell Endocrinol”.
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Csk or Csk-homologous kinase are proteins that can phosphorylate the Tyr530 and
inactivate Src protein, whereas tyrosine phosphatase non-receptor type 1, 2, 6, 11
(PTPN1, PTPN2, PTPN6, and PTPN11) and receptor-like protein tyrosine phosphatases
(alpha, gamma and type C) activate Src through dephosphorylation of Tyr530.
Furthermore, Src can also be activated by extracellular signals resulting from the
activation of integrin receptors, growth factor receptors, steroid receptors, and G-
protein coupled receptors, controlling Src (reviewed in Hebert-Chatelain, 2013).
Moreover, a crosstalk between Src and several tumor-associated pathways such as
phosphoinositide 3-kinase (PI3K), protein kinase B (PKB) or Akt, and extracellular
signal-regulated kinase (ERK) signaling cascades lead to Src activation. Interestingly, Src
kinase family members are redox-sensitive and can be activated by H,0, and
peroxynitrite. At the same time, tyrosine phosphatases are also sensitive to ROS and
oxidation of their SH groups, inhibiting their activities and favoring Src activation
(Akhand et al., 1999). Sato and colleagues showed that hypoxia-dependent increase in
mitochondrial ROS production activates Src protein in vascular smooth muscle cells

(Sato et al., 2005).

1.6.1 Src Kinases and NMDARs

An essential function of Src family kinases in the adult CNS is to regulate the activity of
different channels and receptors: (i) ion channels namely, NMDARs (Wang and Salter,
1994); (ii) voltage-gated ion channels, including K* channels (Fadool et al., 1997) and
Ca®* channels (Cataldi et al., 1996); (iii) ionotropic neurotransmitter receptors,
including GABA, receptors and NMDARs (Moss et al., 1995); and (iv) nicotinic
acetylcholine receptors (Wang et al., 2004). By transducing signals from these
pathways, Src family members might be involved in learning and memory, pain,
epilepsy and neurodegeneration (Salter and Kalia, 2004). Of relevance, Src protein can
regulate the activity of NMDARs channels at the synaptic level. Src co-
immunoprecipitated as part of the NMDAR complex of proteins and was found within
the postsynaptic density (Yu et al., 1997). Several evidences linking Src protein and
NMDARs have also emerged since electrophysiological studies showed that NMDARs

currents in neurons are regulated by a balance between tyrosine phosphorylation and
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dephosphorylation. In HEK293 cells transiently expressing NMDARs, addition of
exogenous Src or Fyn potentiated NMDARs currents (Kohr and Seeburg, 1996) and this
upregulation of the ion channel activity occurred through GIuN2A and GIuN2B
phosphorylation (Ali and Salter, 2001; Lau and Huganir, 1995). Furthermore, in
hippocampal mouse neurons, potentiation of NMDARSs currents stimulated by PKC is
prevented by Src inhibitors, whereas PKC inhibitors do not prevent the effects of
stimulating Src (Lu et al., 1999), reinforcing the direct interaction between NMDARs
and Src. Additionally, phosphorylation of GIUN2B at Tyr1472 residue, by Src or Fyn, was
associated with enrichment of synaptic NMDARs (Goebel-Goody et al., 2009).
Furthermore, postsynaptic density 95 protein (PSD-95), an adaptor protein that binds
to NMDARs at GIuN2A and GIuR2B subunits, is phosphorylated by Src and Fyn at
Tyr523 residue, in vitro and in vivo (Du et al., 2009). Interestingly, the interaction
between Src and mitochondrial complex | allows the anchoring of Src to the NMDARs

and the regulation of this receptor activity (Gingrich et al., 2004).

1.6.2 Src family and Mitochondria

Over the years, it became increasingly clear that protein phosphorylation has an major
influence on mitochondrial function (Hebert-Chatelain, 2013). Different Src family
members were observed in rat brain mitochondria, namely Fgr, Fyn, Lyn and Src (Salvi
et al., 2002). It was shown that Src-mediated phosphorylation of complex IV or
cytochrome c oxidase (subunit Il) increases the activity of this enzyme and appears
crucial for the normal function of osteoclasts (Miyazaki et al., 2006). Furthermore,
both Src Homology 2 domain-containing tyrosine Phosphatase-2 (SHP-2) and PTPN1,
also known as protein-tyrosine phosphatase 1B (PTP1B), which are important
regulators of Src kinases activity (Liu et al., 2015), as well as Csk that phosphorylates
Src at Tyr530, are found in rat brain mitochondria, suggesting that Src activity can be
directly regulated in mitochondria (Augereau et al., 2005; Salvi et al., 2002, 2004).
Interestingly, previous studies reported that addition of ATP increases phosphorylation
of Src at Tyr419 (Arachiche et al., 2008). Moreover, a specific inhibitor of PTP1B leads

to the deactivation of Src in mitochondria (Hébert Chatelain et al., 2011).
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While previous studies suggested that Src, Fyn, Lyn, Fgr and Csk could be resident
proteins in mitochondria (Salvi et al., 2004), Boerner and colleagues suggest that the
intramitochondrial localization of Src could result from continuous mitochondrial
import and export (Boerner et al., 2004). Since Src family kinases do not have a
mitochondrial localization signal, these enzymes need an adaptor protein to be
translocated to mitochondria. In the past few years, different proteins were shown to
import Src to mitochondria. This includes A-kinase anchor protein 121 (AKAP121), an
anchoring protein that targets protein kinase A (PKA) to the MOM through interaction
with B-tubulin; AKAP121 was shown to be able of bind PTP1B as well as Src (Livigni et
al., 2006). It has been shown that AKAP121 binds to mitochondria, increasing complex
IV activity in a Src-dependent manner (Livigni et al., 2006). Moreover, overexpression
of AKAP121 in HEK293 cells increased mitochondrial production of ATP and
mitochondrial membrane potential in a process dependent on Src and PKA (Livigni et
al., 2006). Other proteins seem to be involved on Src translocation within
mitochondria, such as Dok-4, a member of the downstream of kinase family (Itoh et
al., 2005). When Dok-4 is overexpressed in endothelial cells, mitochondrial Src
localization is increased, while its downregulation of Dok-4 leads to increased cytosolic
localization of Src (ltoh et al., 2005). Furthermore, Dok-4 increases the association of
Src with complex IV without altering the activity of this enzyme and decreases the
expression of the complex | subunit of 39 kDa (ltoh et al., 2005). Interestingly, if
mitochondrial localization of Src kinases results from its translocation from the cytosol,
mechanisms responsible for the export of Src kinases out of the mitochondria have not
been unraveled. It is important to mention that active Src kinases seem to be rapidly

degraded by the ubiquitin—proteasome system (Hebert-Chatelain, 2013).

It has been previously reported that Src can have different targets in mitochondria. As
referred above, complex IV can be phosphorylated by Src, resulting in increased
enzymatic activity of this enzyme complex in osteoclasts (Miyazaki et al., 2006). Other
authors suggested that adenine nucleotide translocase 1 (ANT1), which transports ADP
from cytosol to mitochondria in exchange of ATP, is another mitochondrial Src
substrate (Feng et al., 2010). Moreover, treatments that are known to increase Src

tyrosine phosphorylation, such as ATP, H,0, or orthovanadate increased the enzymatic
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activity of complex IV and decreased the activity of complexes |, lll and V, suggesting a
regulatory effect of Src on these complexes (Hébert Chatelain et al., 2011). In human
T98G glioblastoma cells and primary neocortex mouse neurons it was also suggested
that Src is essential for regulating the oxidative phosphorylation system and
consequently for maintaining cell viability (Ogura et al., 2012, 2014). Src can also bind
to mitochondrial complex | (NADH dehydrogenase) subunit 2 (ND2), as observed in
excitatory synapses in the brain (Gingrich et al., 2004). Finally, Src kinases are also
considered key players in different mitochondrial-dependent apoptotic pathways.
Moreover, although Lyn and Lck members seem to have a pro-apoptotic role in
mitochondria, Src has anti-apoptotic properties, since activated Src can phosphorylate
the nuclear factor-kappaB (NF-kB), contributing to cell survival during hypoxia (Lluis et

al., 2007).

1.6.3 Src Kinases in AD

The hypothesis that Src kinase family could be related to AD started to be investigated
few years ago. In 2007, Zou and colleagues demonstrated in HEK293 cells and mouse
hippocampus that BACE activity could be regulated by receptor tyrosine kinases (RTKs),
consequently leading to changes in AR production (Zou et al.,, 2007). Interestingly,
enhancement in BACE activity and AB production were abrogated by Src family kinase
inhibitors and by depletion of endogenous Src with RNAi (Zou et al.,, 2007). In
agreement, Chaufty and colleagues showed that Src is responsible for the
phosphorylation of Mint2, a member of the Mint adaptor proteins, which is involved in
the regulation of APP endocytic sorting pathway, increasing intracellular AP
accumulation (Chaufty et al., 2012).

In previous studies, our group showed that hippocampus and cortex of 3 month-old
3xTg-AD male mice exhibited reduced Src phosphorylation, which in the case of
hippocampus was related with decreased GIuN2B Tyr1472 phosphorylation (Mota et
al., 2014). On the other hand, Wu and Hou, showed that treatment with AB;s_ss
resulted in higher tyrosine phosphorylation of GluN2A-contaning NMDARs in rat
hippocampal CA1 region, facilitating the interactions of GIuUN2A and PSD-95 with Src
(Wu and Hou, 2010). Importantly, the effects of AB,s-35 could be impaired by 4-Amino-
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3-(4-chlorophenyl)-1-(t-butyl)-1H-pyrazolo[3,4-d]pyrimidine (PP2), a Src kinase family
inhibitor, protecting against neuronal loss in the CA1 region (Wu and Hou, 2010).
Additionally, AB,s_35 leads to Src and Fyn-induced PSD-95 phosphorylation at Tyr523,
which may be responsible for AR neurotoxicity neurotoxicity in SH-SY5Y cells (Du et al.,
2012). Furthermore, in primary murine microglia cultures, Src also seems to be related
with microglial activation induced by AB;4, fibrils (Dhawan and Combs, 2012). Finally,
pharmacological activation (using the agonist SKF38393) of dopamine D1/D5 receptors
(D1R/D5R), known to increase surface expression of synaptic NMDARs and facilitate
LTP, was shown to protect LTP of hippocampal CA1 synapses from the negative effect
of AB oligomers in a Src-dependent manner; in contrast, the use of Src family kinase
inhibitor completely eliminated the protective effects of D1R/D5R stimulation (Yuan

Xiang et al., 2016).
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1.7 Objectives

It has been recognized that AB can interact with NMDARs, leading to increased H,0,
production, intracellular Ca®* dyshomeostasis (Ferreira et al., 2012) and mitochondrial
dysfunction (Ferreira et al., 2015), which are largely associated with neuronal
dysfunction in AD (Ferreira et al., 2015). Oxidative stress is an important feature in AD
pathogenesis, present in several models of AD (Butterfield, 2002), and it is also known
to be able to activate Src protein (Akhand et al., 1999). Src can regulate the activity of
NMDARs, by phosphorylating GIuN2B-containing NMDARs at Tyrl472, which leads to
increasing NMDARs targeting in the synaptic membrane (Goebel-Goody et al., 2009).
Moreover, low levels of ROS can activate the transcription factor Nrf2, described to be
altered in AD (Ramsey et al., 2007). In the present study, we aimed to define the
impact of H,0, produced following AB;.4, oligomers exposure as a regulator of Src and
Nrf2 proteins phosphorylation, as well as the feed-forward influence of Src activation
on oxidative stress regulation. For this purpose, the following specific objectives have

been pursued:

I. Evaluate H,0,generation after ABi4, oligomers exposure in hippocampal
neurons, whether it occurs by mitochondria, and the involvement of Src protein
and NMDARs in this process.

Taking into account that AP increase NMDAR-mediated Ca’', levels (Ferreira et al.,
2012) and that Src is involved in NMDARs regulation (Mota et al., 2014b), we
hypothesized that AP could increase oxidative stress in a Src and NMDARs
dependent manner. We aimed to determine cellular and mitochondrial production
of H,0, in mature rat hippocampal neurons and HT22 cells (mouse hippocampal cell
line) exposed to APi4, oligomers. Moreover, we further evaluated the role of

NMDARs and Src in this effect.

Il. Determine the effect of ApB-induced H,0, on Src activation and Nrf2
phosphorylation as well as the feed-forward role of Src on Nrf2 activation.
In this part of the study we aimed to evaluate AB-mediated Src and Nrf2 activation
and determine whether this occurs through ROS formation, or NMDARs interaction;

35



Ligia Fao

36

for this purpose we measured total and phosphorylated levels of these proteins in
mature primary hippocampal neurons exposed to AB1.4> oligomers in the presence
of antioxidants or NMDARs antagonist. The relationship between Src activation and
Nrf2 phosphorylation under oxidant stimulus was also evaluated in total and

nuclear extracts from primary hippocampal neurons and HT22 cells.

Elucidate the role of Src on mitochondrial dynamics and the involvement of Nrf2.

Since Src protein can be located in mitochondria (Salvi et al.,, 2002), where it
mediates different pathways and is directly regulated in this organelle, and Nrf2 was
also found in mitochondria (Strom et al., 2016), we hypothesized that Src might
have a role on mitochondrial dynamics, with a possible relation with Nrf2. To
answer this question, we measured, in mitochondrial extracts derived from HT22
cells treated with H,0,, total and phosphorylated levels of Src and Nrf2, as well as

the levels of dynamic mitochondrial proteins.
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Materials and Methods

2.1 Materials

Neurobasal medium, B27 supplement, fetal bovine serum (FBS) and all antibiotics were
purchased from GIBCO (Paisley, UK). Dulbecco’s Modified Eagle’s Medium (DMEM)
culture medium (SIGMA D5648), protease cocktail inhibitors, Fura-2/AM, Amplex®
Red, Hoechst 33342 nucleic acid stain were purchased from Invitrogen/Molecular
Probes (Life Technologies Corporation, Carlsbad, CA, USA). Trypsin, trypsin inhibitor,
fatty acid free bovine serum albumin (BSA), SU 6656, L-Buthionine-Sulfoximine (BSO),
L-Glutathione reduced (GSH-EE), N-Acetyl-L-Cysteine (NAC), Hydrogen peroxide (H,0,),
5-Fluoro-2'-deoxyuridine (5-FDU), horseradish peroxidase, Mito PY1 and other
analytical grade reagents were purchased from Sigma Chemical and Co. (St.Louis, MO,
USA). The compound MK-801 [(+)-5-methyl-10,11-dihydro-5H-dibenzol[a,d]
cyclohepten-5,10-imine maleate)], were obtained from Calbiochem (Merck Millipore,
Darmstadt, Germany). BioRad Protein Assay and Western Blot PVDF membrane were
purchased from BioRad Laboratories, Inc. (Munich, Germany). BSA used in Western
blotting was purchased from Santa Cruz Biotechnology (Santa Cruz Biotechnology, Inc.,
TX, USA). ECF substrate was purchased from GE Healthcare (GE Healthcare Bio-
Sciences, PA, USA) and Lennox L Broth (LB) from Invitrogen (Eugene, OR, USA). All the
primary and secondary antibodies wused for Western Blotting and

immunocytochemistry are described in Table 2.
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Table 2 | Antibody information used in this data

Primary

Dilution
Antibodies

Reference/Supplier

B Actin Mouse 1:5000 (WB) Sigma A5316 (Sigma)
Complex Il Molecular Probes A11142 (Molecular
. Mouse 1:1000 (WB) .
(70kDa subunit) Probes—Invitrogen)
Drpl Mouse 1:500 (WB)  BD biosciences 611112 (BD Biosciences)
GAPDH Mouse 1:2500 (WB) Chemicon MAB374
GFAP (H50) Rabbit 1:200 (ICC) Santa Cruz sc-9065 (Santa Cruz)
1:1000 (WB) Millipore MAB3514
HSP60 Mouse .
1:200 (ICC) (Merck Millipore)
Lamini B1 Rabbit 1:1000 (WB) Abcam # 16048 (Abcam)
MAP-2 Rabbit 1:200 (ICC) Chemicon AB5622
Mfn2 Rabbit 1:1 000 (WB) Sigma M6319 (Sigma)
Nrf2 Rabbit 1:500 (WB) Abcam #31163-500 (Abcam)
OPA1l Mouse 1:500 (WB)  BD Biosciences 612606 (BD Biosciences)
Phospho-Nrf2 .
Rabbit 1:500 (WB) Abcam ab76026 (Abcam)
(S40)
Phospho-Src (Tyr
p416) (Ty Rabbit 1:1000 (WB) Cell Signalling 6943 (Cell Signalling)
1:1000 (WB) o o
Src Mouse Cell Signalling 2110 (Cell Signalling)
1:200 (ICC)
TFAM Rabbit 1:2000 (WB) Abcam ab131607
Tom20 Rabbit 1:200 (WB) Santa Cruz sc-11415
Secondary
Antibodies
Alexa Fluor-647 Donkey 1:300(ICC)  #A31571 (Molecular Probes-Invitrogen)
(Anti-Mouse) ' g
Alexa Fluor-594 Antﬁggibit) 1:300 (ICC)  #R37117 (Molecular Probes-Invitrogen)
Alexa Fluor-488 Donkey 1:300(ICC) #R37118 (Molecular Probes-Invitrogen)
(Anti-Rabbit) 8
Alexa Fluor-agg , DONKeY 1:300 (ICC)  #R37114 (Molecular Probes-Invitrogen)
(Anti-Mouse) ' &
Anti-Rabbit
(H+L), Alkaline Goat 1:10000 Thermo Scientific Pierce #31340 (Pierce
Phosphatase (Anti-Rabbit) (WB) Thermo Fisher Scientific)
Conjugated
Anti-Mouse
(H+L), Alkaline Goat 1:10000 Thermo Scientific Pierce #31320 (Pierce
Phosphatase (Anti-Mouse) (WB) Thermo Fisher Scientific)
Conjugated
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2.2 Primary hippocampal cultures

Primary hippocampal neurons were prepared as described previously (Ambrdsio et al.,
2000), with some minor modifications. Female Wistar rats with 17-18 days of gestation
were sacrificed by cervical dislocation following anesthesia with 2-bromo-2-chloro-
1,1,1-trifluoroethane. Hippocampus were dissected out from fetal rats and then
digested with 0.6 mg/mL trypsin for 5 min at 37°C in Ca®"- and Mg**-free Hank's
balanced salt solution, containing 137 mM NacCl, 5.36 mM KCI, 0.44 mM KH2PO4, 0.34
mM Na,HPO4.2H,0, 5 mM glucose, 1 mM sodium pyruvate and 10 mM HEPES, pH 7.2.
Trypsin was inhibited using 1.5mg/ml of trypsin inhibitor in Ca’*- and Mg2+—free Hank's
balanced salt solution. Cells were separate by mechanical digestion using a pipette.
Cells were plated at a density of 8.4x10" cells/cm” in poly-D-lysine coated 6-well or 96-
well plates for total extracts preparation and H,0, and ca® monitoring respectively,
and at a density of 4.2x10" cells/cm? in poly-D-lysine coated glass coverslips for
immunocytochemistry. Cells were cultured for 17 days in vitro (DIV) in 95% air and 5%
CO,, in serum-free Neurobasal medium supplemented with 2% B27, 25 uM glutamate,
0.5 mM glutamine and 0.12 mg/mL gentamicin. In order to reduce glia growth, 10 uM
of the mitotic inhibitor 5-FDU was added to the culture at 72 hours in culture. One half
of the medium was changed with fresh medium without added glutamate or 5-FDU
each 7 DIV. Immunofluorescence to detect the presence of glial cells revealed 1,7% of
astrocytes (Supplementary Fig. S1). All animal experiments were carried accordingly to
the care and use of laboratory animals and guidance of CNC, University of Coimbra,

with care to minimizing the number of animals and their suffering.

2.3 HT22 cell line culture

Mouse clonal hippocampal HT22 cells, a glutamate-sensitive cell line and a subclone of
the HT4 hippocampal cell line (Morimoto and Koshland, 1990), were obtained from Dr.
Dave Schubert from The Salk Institute, La Jolla. Cells were cultivated in 95% air and 5%
CO2 at 37°C, in high glucose DMEM containing 10% FBS, 12mM NaHCOs, 5 mM HEPES

pH 7.3 supplemented with 100 pug/mL streptomycin and penicillin. Sub-cultures were
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made using dissociation medium containing 140 mM NaCl, 8.1 mM Na,HPO,4, 1.47 mM
KH,PO,4, 1.47 mM KCI, 0.55 mM EDTA, Fenol Red, pH 7.3, when confluence was about
80%.

2.4 ABi.gand AB4,,oligomers preparation

AP peptide preparation, previously described as ADDLs (AB-derived diffusible ligands),
was made from synthetic ABi_4, or AB4,.1 peptide, as previously described [W.L. Klein,
2002]. Briefly, synthetic AR peptide was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) to a final concentration of 1 mM. The peptide—HFIP solutions were incubated
at room temperature for 60 min, with the vial closed and then was back on ice for 5-
10min. HFIP was first evaporated overnight in the hood at room temperature and then
removed in a Speed Vac (lIshin Lab. Co. Ltd., Ede, The Netherlands), and dried HFIP film
was stored at -20 °C. The peptide film was resuspended to make a 5 mM solution in
anhydrous dimethyl sulfoxide. AB peptides were further prepared by diluting the
solution in phenol red-free Ham’s F-12 medium without glutamine to a final
concentration of 100 uM and incubated overnight at 4°C. The preparation was
centrifuged at 14,000 x g for 10 min at 4°C to remove insoluble aggregates, and the
supernatant containing soluble oligomers and monomers was transferred to pre-
lubrificated clean tubes (Costar) and stored at -20°C. Protein content was determined
by using the BioRad protein assay and quantified by using a microplate reader Spectra
Max Plus 384 (Molecular Devices, USA). The presence of different assembly peptide
forms (monomers, oligomers and/or fibrils) in the preparation was evaluated by 4—
16% Tris—Tricine SDS-PAGE gel electrophoresis and further staining with Coomassie
blue. The AB1.4, and AB4,.1 preparation contained about 65% and 50% of oligomers and

about 35% and 50% of monomers, respectively (Fig. 11).
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MS ABrs ABya

20kDa
17 kDa <16 kDa
11 kDa <8kDa
v
& 4 kDa

Fig. 11 | Representative gel of electrophoretic separation of AB;.4; and AB,,., peptides prepared from
synthetic forms. Oligomeric forms of AB;4, and AB4.; are represented by the arrow heads and
monomeric form is represented by the arrow. MS — molecular weight standard

2.5 Cells treatments

Hippocampal and HT22 cells were exposed to 1 uM of soluble AB14, and AB4,.1 oOr to
1mM of H,0, for 5, 10 and 30 min (or 1, 2 or 6 h when indicated) in conditioned
culture medium. In some conditions, cells were also exposed to GSH (0.1mM) and
Mitotempo (1uM) for 24 h, BSO (0.5mM) for 6 h, SU6656 (5uM), and NAC (1mM) for 1
h or MK-801 (10 uM) for 10 min.

2.6 Proteins extraction

2.6.1 Total extract preparation

Cells were washed 3 times in ice-cold PBS and then scrapped in RIPA extraction buffer
(containing 150 mM NaCl, 50 mM Tris HCI, 5 mM EGTA, 1% Triton X-100, 0.1% SDS,
0.5% deoxycholate, pH 7.5) supplemented with 100 nM okadaic acid, 1 mM PMSF, 25
mM NaF, 1 mM Na3vO4, 1 mM DTT and 1 ug/ml protease inhibitor cocktail
(chymostatin, pepstatin A, leupeptin and antipain). Homogenates were then lysed in a
ultrasonic bath (UCS 300 — THD; at heater power 200 W and frequency 45 kHz) during
10 sec and centrifuged for 10 minutes at 20 800xg (4°C) to remove cell debris and the

supernatant was collected.
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2.6.2 Nuclear fractions

Nuclear fractions from primary hippocampal cell cultures and HT22 cells were obtained
using the Nuclear/Cytosolic fractionation kit (Biovision, CA, USA). The characterization

of the nuclear fractions is expressed in Fig.2.

N C

LaminB1 n 70kDa

Fig. 12 | Characterization the nuclear fractions. The purity of the fractions was evaluated by Western
Blotting. N — Nuclear fractions, C — Cytosolic fraction

2.6.3 Mitochondrial fractions

HT22 cells were washed twice with PBS 1x. Cells were scratched in ice-cold sucrose
buffer (250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM
EGTA — pH 7.4), supplemented with 100 nM okadaic acid, 1 mM PMSF, 25 mM NaF, 1
mM Na3vV04, 1 mM DTT and 1 pg/ml protease inhibitor cocktail (chymostatin,
pepstatin A, leupeptin and antipain). Lysates were homogenized using a potter with 40
strokes, at 280 rpm, and later centrifuged at 1300xg for 12 minutes (4°C). The
nuclear/cell debris pellet was discarded, and the supernatant was centrifuged again at
11 900xg for 20 minutes (4°C). The mitochondrial pellet was resuspended in ice-cold
supplemented sucrose buffer. Trichloroacetic acid (TCA) at 15% was used to
precipitate cytosolic proteins from the cytosolic supernatant and centrifuged at 16
300xg for 10 minutes (4°C). Cytosolic pellet was resuspended in ice-cold supplemented
sucrose buffer, and brought to pH 7 with 10 M KOH. The characterization of the

mitochondrial fractions is expressed in Fig. 13.

M C
Complexll - S 70kDa
GAPDH . 37kDa

Fig. 13 | Characterization of the mitochondrial fractions. The purity of the fractions was evaluated by
Western Blotting. M — Mitochondrial fractions, C — Cytosolic fraction
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2.7 Western blotting

Protein content of cellular fractions was determined using the BioRad protein assay
reagent based on the Bradford dye-binding procedure. Then, proteins extracts were
denaturated with 6x concentrated loading buffer (containing 300 mM Tris-HCl| pH 6.8,
12% SDS, 30% glycerol, 600 mM DTT, 0.06% bromophenol blue) at 95°C for 5 min.
Equivalent amounts of protein samples (15ug-30ug) were separated by 8-12% SDS-
PAGE gel electrophoresis and electroblotted onto polyvinylidene difluoride (PVDF)
membranes. The membranes were further blocked with 5% (w/v) BSA in Tris Buffered
Saline (containing Tris-HCl 25 mM pH 7.6 and NaCl 150 mM) with 0.1% Tween-20
(TBS-T), for 1h at room temperature and then incubated overnight at 4°C with primary
antibodies. Furthermore, Actin, GAPDH, Complexll and TBP were used as control
loading, for the total, cytosolic, mitochondrial and nuclear extracts, respectively. Anti-
mouse or anti-rabbit IgG secondary antibody conjugated to the alkaline phosphatase
prepared in 1% (w/v) BSA in TBS-T were used for 1 hour, at room temperature.
Immunoreactive bands were visualized by alkaline phosphatase activity after
incubation with ECF reagent and visualized by using a BioRad ChemiDoc Touch
Imaging System (BioRad, Hercules, USA) and quantified using Image Lab analysis
software (BioRad). All the primary and secondary antibodies used are described in

Table 2.

2.8 Immunocytochemistry

Mature hippocampal and HT22 cells cultured in glass coverslips were washed 3 times
with warm PBS, fixed with 4% paraformaldehyde (pre-warmed at 37°C) for 20 minutes
and permeabilized in 0.1% Triton X-100 in PBS for 2 minutes. Then, cells were blocked
for 1h at room temperature with 3% (w/v) BSA in PBS (blocking solution) and further
incubated with the primary antibody prepared in blocking solution, overnight, at 4°C.
Cells were washed with PBS and incubated with the secondary antibody in blocking
solution for 1 hour at room temperature. Nuclei were stained using Hoechst 33342 in
PBS (1 pg/mL) for 10 minutes and coverslips were mounted using Mowiol 40-88 (Sigma

Chemical and Co., St.Louis, MO, USA). Confocal images were obtained using a Plan-
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Apochromat/1.4NA 63x lens on an Axio Observer.Z1 confocal microscope (Zeiss

Microscopy, Germany) with Zeiss LSM 710 software.

2.9 H,0, levels determination

H,0, levels were determined by following Amplex® Red fluorescence. Amplex® Red
reagent (10-acetyl-3,7-dihydroxyphenoxazine) is a colorness substrate that reacts with
H,0, in a 1:1 stoichiometry to produce the red-fluorescent oxidation product, the
resorufin (excitation 550 nm; emission 580 nm) allowing the monitoring of H,0,
production/release. After a washing step with Na* medium (containing 140 mM NaCl,
5 mM KCl, 1 mM CaCl2, 1 mM MgCI2, 10 mM Glucose, 10 mM Hepes, pH 7.4/NaOH),
H,O0, were measured in 10 pM Amplex® Red plus 0.5 units/mL of horseradish
peroxidase in Mg2+—free Na® medium during 3 min (basal) and further 30 min after
stimuli using a microplate reader Spectrofluorometer Gemini EM (Molecular Devices,

USA).

2.10 Mitochondrial H,0, levels determination

MitoPY1 was used to evaluate mitochondrial-derived H,0, in primary hippocampal
neurons. Cells were incubated with 10 pM MitoPY1 in Na* medium at 37°C for 30 min
to allowed entry into mitochondria. Then, cells were washed to remove not
internalized probe and changes in mitochondrial H,0, levels were evaluated in Mg2+-
free Na* medium supplemented with glycine (20 pM) and serine (30 uM) using
confocal images obtained with a 20x objective, on a Cell Observer SD microscope.
Basal Mitochondrial H,0, production was recorded for 15 min basal followed by 30

min after stimuli.

2.11 Intracellular Ca** recording

Primary hippocampal neurons were incubated with the Fura-2/AM ratiometric
fluorescent probe (10 uM) for 40 min at 37 °C in Mg**-free Na* medium supplemented
with glycine (20 uM) and serine (30 uM). When added to cells, Fura-2/AM crosses cell
membrane and once inside the cell, the acetoxymethyl groups are removed by cellular

esterases, which generate "Fura-2", the pentacarboxylate calcium indicator. After a
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washing step, Fura-2 fluorescence was analyzed using a Spectrofluorometer Gemini
EM (Molecular Devices, USA) microplate reader at a 340/380 nm excitation and 510
nm emission wavelengths. Fura-2 fluorescence was recorded for 2 min (basal values)
and for further 5 min after stimuli. Fluorescence values (ratio 340/380) were

normalized to the baseline.

2.12 Constructs and Transfection

2.12.1 Constructs

Plasmids used for transfection were: pLNCX chick src Y527F (Addgene plasmid #13660)
and pLNCX chick src K295R (Addgene plasmid #13659) obtained from Addgene (UK) in
the form of already transformed bacteria. For the empty vector, in order to separate
Src amino acids sequence from the vector plasmid, we firstly used restriction enzyme
digestion Clal (BioLabs #Ro197L, New England), according to the manufacturer’s
protocol. Then, we visualize the results of digestion in a 1% Agarose Gel. The DNA band
corresponding to the empty vector was cropped and DNA was extracted using the
NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel #740609, Germany) accordingly
to the manufacturer’s protocol. Finally, the blunt end and cohesive end termini of the

resulting empty vector were join using T4 DNA Ligase enzyme.

2.12.2 Bacteria transformation and Plasmid DNA extraction

The pLNCX (empty vector) plasmid expressing bacteria were obtained adding 1 pg of
plasmid DNA to competent DH5a Escherichia coli bacteria and mixed by tapping.
Bacteria were incubated for 25 minutes on ice, suffered a heat shock of 30 seconds at

42°C and returned to ice for 3 more minutes.

Transformed E. coli were incubated in LB at 372C for 5 hours under 220 rpm agitation
and then plated overnight at 379C in LB-Agar plates, prepared with the respective
antibiotic (100 pg/mL Ampicillin for SrcY527F, SrcK295R). Isolated colony from each
culture was picked from the LB-Agar plates and was grown overnight, at 37°C, under
220 rpm agitation, in LB with the respective antibiotic. Cells were centrifuged at

4000xg for 10 minutes and growth medium was discarded. PureLink® HiPure Plasmid
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Filter DNA Purification kit (Invitrogen, Eugene, OR, USA) was used for plasmid DNA
extraction. Plasmid DNA quantification was done using NanoDrop® 2000 (Pierce

Thermo Fisher Scientific, Rockford, IL, USA).

2.12.3 Transfection of Hippocampal neurons and HT22 cells

HT22 cells were co-transfected with SrcY527F, SrcK295R or empty plasmid, by calcium
phosphate co-precipitation, 48 hours before experiments. HT22 cells were plated and
maintained in culture until reach 50% of confluence. A solution 1 was prepared adding
sequentially H,0, 3 pug of DNA plasmid and 250 mM CaCl2 (2M stock in H,0). Then,
solution 1 was mix dropwise with an equal volume of a 2x HBS (HEPES buffered saline)
pH 7.5 to obtained a transfection solution. Transfection solution was incubated at
room temperature for 30 min, with vortex every 5 minutes, to allow the formation of
precipitates and latter added dropwise to the cells. Cells were maintained 4-6h in the
incubator (372C, 5% CO,) and finally transfection medium was replaced by culture

medium. Plasmids expression was enabled for 48 hours.

2.13 Statistical analysis

Statistical significance was determined by one-way or two-way ANOVA followed by the
Bonferroni post-hoc test for multiple groups or by the Student’s t-test for comparison
between two Gaussian populations, as described in figure legends. Data were analyzed
by using Excel (Microsoft, Seattle, WA, USA) and GraphPad Prism 5 (GraphPad
Software, San Diego, CA, USA) softwares Data were expressed as the mean + S.E.M. of
the number of experiments indicated in figure legends. P<0.05 was considered

significant.
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Results

3.1 AB induces increased mitochondrial H,0, production related with
Src protein and NMDA receptors in mature hippocampal neurons

In this study, we first investigated the effect of AB;4, oligomers (prepared and
characterized as described in Materials and Methods) on H,0, production and
Ca’* levels, exploring the possible role of Src and NMDARs, in primary mature
hippocampal neurons. AB has been largely recognized to increase ROS levels, as
described by Behl (1994) in rat cortical neurons, leading this way to oxidative stress
and mitochondrial dysfunction (Zhao and Zhao, 2013). In this context, we evaluated
the specific production of H,0, in mature hippocampal neurons after AB1.4, oligomers
immediate exposure. By following the fluorescence of resorufin (see Material and
methods section) we were able to evaluate the production of H,0; in our cell culture.
We observed a significant increase in H,0, production along 30 minutes of ABi4;
exposure, which was prevented, as expected, by pre-treatment with antioxidants
namely, GSH-EE and NAC (Fig. 14A). We also observed a tendency for a decrease in the
H,0, production following pre-treatment with Mitotempo, a mitochondrial
antioxidant, although this is very preliminary data (Fig. 14A). Moreover, in order to
identify some possible pathways that could participate in increased H,0, production,
we also used a Src protein inhibitor, SU6656, and an antagonist of NMDARs, MK-801.
Interestingly, we observed that the effect induced by AB oligomeric species could be
prevented in the presence of SU6656 and MK-801 (Fig. 14B), suggesting the
involvement of Src and NMDARs activation on AB-mediated H,0, levels in mature
hippocampal neurons. Moreover, to prove the specific effect of AB;4, and discard the
hypothesis of non-specific effect due to the addition of a peptide, we also exposed the
cells to AB4;.1, the reverse peptide. Results depicted in Fig. 14C show no significant
differences in H,0, levels in hippocampal neurons treated with the AB4,.1 peptide, in
comparison to the control (untreated conditions), validating the selective effects of
AB1.4. Of note, SU6656, MK-801 and GSH-EE treatments per se did not affect H,O,
levels under control conditions (data not shown) and further studies should be
performed with NAC and Mitotempo treatments. In HT22 cell line, no differences were

verified with AB1.4, oligomers on H,0, production (supplementary Fig. S2).
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Fig. 14 | H,0, production under AB,_;, stimulus in mature hippocampal neurons. H,0, production was
evaluated by monitoring the fluorescence of resorufin using a microplate reader Spectrofluorometer
Gemini EM (excitation 550 nm; emission 580 nm). Basal fluorescence was recorded for 3 min, while the
effect of AB oligomers (1 uM) was recorded for 30 min. The influence of NAC (1 mM), a precursor of
GSH, GSH-EE (0.1 mM), Mitotempo (1 uM), a mitochondrial antioxidant (A) and the effect of Src
inhibitor (SU6656, 5 uM) and MK-801 (10 uM), an NMDARs antagonist (B), were evaluated. The
influence of the reverse peptide, ABs,1 (1 uUM), was also evaluated (C). In graphics (i), results were
plotted as the difference between the last value achieved and the basal value before AP addition.
Graphics (ii) are the representative line charts. Data are expressed as the mean + SEM of n=1 to 7
experiments in quadruplicates. Statistical analysis: (A and B) ***p < 0.001 versus control, ssp < 0.01 and
$$‘sp < 0.001 versus AB (two-way ANOVA followed by Bonferroni post-hoc test); (C) ***p < 0.001 versus
Control (one-way ANOVA followed by Bonferroni post-hoc test) and ‘p < 0.05 versus ABy.4, (Student’s t-
test).
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Oxidative stress and mitochondrial dysfunction are closely related in AD. Furthermore,
AmplexRed allows the measurement of extracellular H,0,, thus leaving uncertainty as
to the origin of H,0, in the cell. Taking this into account, we evaluated the specific
mitochondrial H,0, production in the presence of ABi.4, oligomers by monitoring the
fluorescence of MitoPY1, a specifically mitochondrial probe, in the same conditions
described before. Our results showed increased mitochondrial H,0, production after
AB14, treatment that was prevented in the presence of antioxidants like NAC or
Mitotempo, the latter a mitochondrial antioxidant (Fig. 15A). Additionally, AB-induced
mitochondrial H,0, was precluded following exposure to SU6656 and MK-801 (Fig.
15B). These results suggest that H,0, production induced by AB may occur in
mitochondria, further confirming the involvement of Src and NMDARs in AB-mediated
mitochondrial H,0, production. Of note, all treatments largely reduced mitochondrial

H,0, levels under control/untreated conditions (Fig. 15A,B).

V Fig. 15 | Mitochondrial H,0, production under AB,.4, stimulus in mature hippocampal neurons.
Levels of mitochondrial H,0, production were evaluated by monitoring the fluorescence of MitoPY1
(10 uM) in confocal images obtained with a 20x objective, on a Cell Observer SD microscope. Basal
mitochondrial H,0, production was recorded for 15 min and the effect of AB oligomers (1 uM) was
recorded for 30 min; fluorescence intensity was quantified in Image J. The effect of Mitotempo (1
M) and NAC (1 mM) (A) or SU6656 (5 uM) and MK-801 (10 uM) (B), were also evaluated. In graphics
(i), slope was calculated using values of RFU before and after AB addition. (ii) Representative line
charts. (iii) Fluorescence image of representative cells before and after the treatment. Scale bar: 10
um. Data are presented as the mean + SEM of 20 to 100 single cell lecture analysis obtained from 2
to 5 independent experiments. Statistical analysis: *mp < 0.0001 versus control “no treatment”, $$$$p
< 0.0001 versus AB “no treatment” (two-way ANOVA followed by Bonferroni post-hoc test).
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Results

3.2 Increased Ca*'; levels after AB1.4, acute treatment depends on Src
protein

Taking into account the close relationship between Ca®*; homeostasis, mitochondrial
dysfunction and oxidative stress, and considering that AB can lead to Ca’*" entry
through NMDARs (reviewed in Naia et al., 2016), we examined whether Src or ROS
influence AB-mediated Ca”"; levels changes in mature hippocampal neurons. Using the
fluorescence probe Fura-2, we confirmed the significant increase in Ca", after AB1a
acute treatment (Fig. 16), observed by Ferreira and co-authors (2012). Interestingly,
this Ca®" rise was notably decreased in the presence of SU6656 or MK-801 (Fig. 16A),
confirming the involvement of NMDARs and supporting an important role Src kinase in
Ca” levels mediated by AB exposure. Results depicted in Fig. 16B show no differences
in Ca’*; levels in hippocampal neurons control or treated with AB4,.; reverse peptide,
validating once again the specificity of ABi4, effect. In Fig. 16A, the absence of
preventive effect of the antioxidant NAC suggests that AB14,-mediated Ca2+i rise is not

regulated by ROS levels.
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Fig. 16 | Ca”; levels after AR acute treatment in mature hippocampal neurons. Levels of ca”; were
evaluated by monitoring the fluorescence of Fura-2. Basal Ca”"; levels were recorded for 2 min and the
effect of AB oligomers (1 uM) were recorded for 5 min. The effect of AR was calculated by analyzing the
Fura-2 fluorescence ratio at 340/380 nm. SU6656 (5 uM), MK-801 (10 uM) and NAC (1 mM) were
evaluated in (A). The influence of the reverse peptide, ABs,1 (1 uUM), was also evaluated in (B). In
graphics (i) results were plotted as the difference between the last and the first value achieved before
and after AB addition. Graphics (ii) are the representative line charts. Data are expressed as the mean +
SEM of n=2 to 9 experiments, run in quadruplicates. Statistical analysis: (A) ****p < 0.0001 versus control
“no treatment”, sp <0.05and $$$‘p < 0.001 versus AB;.4; with “no treatment” (two-way ANOVA followed
by Bonferroni post-hoc test) and (B) ***p < 0.001 versus control and SSSp < 0.001 versus AB;.4; (one-way
ANOVA followed by Bonferroni post-hoc test).
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3.3 AB..4 mediates Src activation in an oxidant-dependent manner in
hippocampal neurons

It is known that H,0, may directly or indirectly induce the activation of Src protein
(Hebert-Chatelain, 2013) and we demonstrated that AB;.4, oligomers lead to increased
H,0, production in mature hippocampal neurons. Thus, in this part of the study, we
evaluated the activation of Src protein through its phosphorylation on residue Tyr416
by Western Blotting in hippocampal neurons after H,0, or AB14, exposure for 10 and
30 min. Moreover, a similar analysis was evaluated in a mouse clonal hippocampal cell

line, the HT22 cells, described as a glutamate-sensitive cell line.

Results depicted in Fig. 17 show the effect of 1 mM of H,0, on Src phosphorylation in
mature hippocampal cells (A-C) and HT22 cells (D-E). We observed a large tendency for
an increase in the ratio P(Tyr416)Src/Src after H,0, treatment in mature hippocampal
neurons at 30 min, indicating an enhanced phosphorylation/activation of the protein
(Fig. 17B,C). HT22 cells also presented higher levels (although still not significant)
phosphorylated Src after 30 min of exposure to 1 mM H,0, when compared to the
control (Fig. 17F); this effect was also observed after longer exposure times, such as 2,
4 or 6 hours treatment with 1 mM H,0, (preliminary data, not shown). Importantly, in
both cell types, the levels of total Src remained unaffected by the treatment (Fig. 17A,
D). These results confirmed the positive effect of H,O, in Src regulation in both cell

models.
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Fig. 17 | Src protein total and phosphorylated levels in mature hippocampal neurons and HT22 cell
line after H,0, exposure. (A, B and C) Hippocampal mature cells and (D, E and F) HT22 cells were
incubated for 10 min and 30 min with H,0, (1 mM). Levels of Src/Actin (A and D), P(Tyr416)Src/Actin (B
and E) and P(Tyr416)Src/Src (C and F) were analyzed by Western blotting. Data are expressed in
arbitrary units relative to actin as the mean + SEM of n=4 to 10 experiments in (A, B and C) and n=6 to
10 experiments in (D, E and F). Statistical analysis:*p < 0.05 versus control and &&p < 0.01 vs H,0, 10 min
(one way ANOVA followed by Bonferroni post-hoc test); ‘p < 0.05, p=0.0836 and p=0.0730 versus

Control (Student’s t-test).
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In order to evaluate the effect of AR on Src activation and whether this effect was
mediated by oxidative stress, we measured Src phosphorylated levels in mature
hippocampal neurons incubated with AB;.4, oligomers. Our experiments evidenced a
significant increase in the levels of phosphorylated Src protein at 10 and 30 min of AB,.
42 treatment, being more robust at 30 min (Fig. 18C). Interestingly, the use of MK-801
showed a strong trend for a decrease in Src activation induced by APi.4, (Fig. 18F),
suggesting a possible involvement of NMDARs in regulating Src activation pathway in
the presence of ABi4,. Furthermore, to evaluate if AB;4,-mediated Src activation was
primarily dependent on ABi.4-induced H,0, production, we pre-treated hippocampal
neurons with antioxidants, namely NAC and GSH-EE (Fig. 18G-l). Results showed that
GSH-EE and NAC were able to prevent the increase in Src phosphorylation induced by
AB1.4> oligomers, strongly suggesting that the effect of AB1.4> on Src may not be a direct
effect, but is dependent on a prior increase in ROS production. In these experiments,
BSO, a sulfoximine that reduces glutathione levels (Griffith, 1982), was used as a
positive control to indirectly increase the levels of H,0,, as described by Harlan et al.
(1984), and further activate Src protein (Fig. 18G-l). No significant changes in total
levels of Src protein were observed in any of the applied treatments. Importantly, no
effect of ABi4, oligomers was observed in HT22 cell line (supplementary Fig. S3A),
suggesting the absence of sensibility to AP of this cell line, at least in the conditions

tested.
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in arbitrary units relative to actin as the mean = SEM of n=3 to 10 experiments. Statistical analysis: *p <
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Sp < 0.05 versus Control and ‘p < 0.05 versus AB 30 min, (Student’s t-test);
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Results

3.4 AB;.s2and H,0, induce Nrf2 phosphorylation in a Src-dependent
manner in hippocampal neurons and in HT22 cells

We have demonstrated above that AB1.4, oligomers lead to increased Ca®'; and H,0,
production, which is further involved in Src phosphorylation/activation. Mild oxidative
stress conditions have been shown to induce the activation of the transcription factor
Nrf2, which once phosphorylate at Ser40 in the presence of ROS, translocate to the
nucleus and induce ARE-dependent gene expression (Niture et al.,, 2009). In this
regard, we first evaluated Nrf2 phosphorylation in mature hippocampal neurons and in
HT22 cells after H,0, treatment. We observed a significant increase in
P(Ser40)Nrf2/Nrf2 ratio after 30 min of H,0, exposure in hippocampal neurons (Fig.
19A-C). In HT22 cells, which we have demonstrated to be slightly sensitive to 1 mM
H,0,, we observed a strong tendency for increased Nrf2 phosphorylation (Fig. 19D-F).
Interestingly, this increase was prevented by the Src inhibitor SU6656, suggesting that
phosphorylation of Nrf2 at Ser40 may occur in a Src-dependent manner. No alterations

in Nrf2 total levels were observed in these conditions (Fig. 19A, D).
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Fig. 19 | Nrf2 protein levels in mature hippocampal neurons and HT22 cell line after H,0, exposure.
(A, B and C) Hippocampal mature cells and (D, E and F) HT22 cells were incubated for 10 min and 30 min
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Statistical analysis: **p < 0.01 versus control, &p < 0.05 versus H,0, 30 min (one-way ANOVA, followed by
Bonferroni post-hoc test); and ‘p < 0.05 versus Control (Student’s t-test)
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Results

To examine the effect of ABi4 treatment on Nrf2 phosphorylation in mature
hippocampal neurons, total and phosphorylated Nrf2 levels were evaluated after
incubation with ABi4, oligomers. Our results showed a significant increase in Nrf2
phosphorylation levels after 30 min of APi4, exposure (Fig. 20B, C), which was
prevented by the antioxidants GSH-EE and NAC (Fig. 20D-F). Interestingly, ABi4>
oligomers-induced Nrf2 phosphorylation was also prevent by SU6656 and
tendentiously prevent by MK-801 (Fig. 20G-I), suggesting once again the dependence
on Src for Nrf2 phosphorylation and a possible indirect role of NMDARs. No differences
were observed in Nrf2 phosphorylation after AB14, oligomers exposure in HT22 cells
(supplementary Fig. S3B), which is in accordance with the absence of AB effects in

regard to Src protein.
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Nrf2 total levels were considered both at 90 and 110 kDa. Statistical anamysis:

$p <0.05 and $$p < 0.01 versus AB 30 min (Student’s t-test)
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Results

3.5 Constitutive activation of Src protein leads to increased Nrf2
phosphorylation in HT22 cell line

Taking into account the results obtained in Fig. 19 and Fig. 20 regarding the
dependence of Src for H,0,—induced Nrf2 activation, we further evaluate Nrf2
phosphorylation in transfected HT22 cells with a constitutively active form of Src
protein. Thus, cells were transfected with constitutively active form of Src (Y527F-Src),
negative form (K295R-Src) and empty vector (empty) and, after 48h of plasmid
expression, levels of total and phosphorylated Src and Nrf2 protein were measured. No
differences were observed in total levels of Src protein (Fig. 21A); however, we
detected significantly higher levels of P(Tyr416)Src in HT22 cells transfected with the
active form (Y527F-Src) when compared to control and more importantly when
compared to the negative form (K295R-Src) and the empty vector (Fig. 21B, C).
Interestingly, cells transfected with the active form (Y527-Src) also revealed significant
increased levels of phosphorylated Nrf2 (Fig. 21E,F), while no differences were verified
in total levels of Nrf2 protein (Fig. 21D), strengthening the hypothesis of a Src-
dependent phosphorylation of Nrf2.
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Fig. 21 | Src and Nrf2 protein levels and phosphorylation in transfected HT22 cells following
expression of constitutively active form of Src protein. HT22 cells were transfected with plasmid
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Results

3.6 Altered Src kinase in the nucleus is apparently independent of Nrf2

It has been shown that Src protein can localize in the nucleus and interact with Nrf2
(Niture et al., 2011). In order to further understand the relationship between Src and
Nrf2, we analyzed total and phosphorylated levels of these proteins in nuclear
fractions of HT22 cells and hippocampal neurons. We firstly validated the presence of
Src in the nucleus of HT22 cells using immunocytochemistry (Fig. 22-Inset).
Fluorescence images in Fig. 22 show the co-labeling for Src, HSP60 (to label

mitochondria) and Hoechst (nuclear labeling).

Hoechst33342 HSP60 Src

Hoechst33342, HSP60 & Src Hoechst33342 & Src Inset

Fig. 22 | Src protein in nucleus of HT22 cells. Nucleus was visualized by Hoechst staining (blue),
mitochondria were labeled with an antibody against HSP60 (white) and Src was immunostained with a
specific antibody (green), Images were treated using Fiji program. In inset image, the perimeter
delimited by a blue selection is the nucleus and white labeling represents Src. Confocal images were
obtained using a 63x objective, NA=1.4 on a Zeiss LSM 710 inverted microscope. Scale bar: 10 pum.
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Results depicted in Fig. 23A showed that treatment with 1 mM H,0, induced a
decrease in total Src levels in the nucleus, while inhibition of Src with SU6656 did not
cause a significant effect. In contrast, increased Src phosphorylation was observed in
the nucleus following treatment with H,0, for 30 min, which was not affected by the
Src inhibitor (Fig. 23B and C). These data suggest another role of Src in the nucleus
independent of Nrf2. No significant differences were found in Nrf2 protein levels in
HT22 cell nucleus after 30 min of H,0, exposure, although there was a tendency for
decrease after SU6656 addition (Fig. 23D). Although H,0, incubation for 30 min caused
an increase in Nrf2 phosphorylation, the same time point may not be sufficient to
observe its nuclear accumulation. An apparent effect of Src inhibition on nuclear Nrf2
levels might be in accordance with a possible (indirect) role of Src on Nrf2

phosphorylation, at a Ser residue commonly associated to its translocation to the

nucleus.
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Fig. 23 | Src total and phosphorylated protein levels and Nrf2 total protein levels in nuclear fractions
obtained from HT22 cells exposed to H,0, Protein levels of Src/Lamin B1 (A), P(Tyr416)Src/Lamin B1
(B), P(Tyr416)Src/Src (C) and Nrf2/Lamin B1 (D) were assessed, by Western Blotting, in nuclear-enriched
fractions from HT22 cells incubated for 30 min with H,0, (1 mM) and SU6656 (5 uM). Data are
expressed in arbitrary units relative to Lamin B1 as the mean + SEM of n=3 independent experiments.
Nrf2 total levels were considered both at 90 and 110 kDa. Statistical analysis: *p <0.05, **p <0.01, mp <
0.001 versus Control (one-way ANOVA, followed by Bonferroni post-hoc test).
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Subsequently, we also evaluated the same protein levels in the nuclear fractions of
HT22 cells, expressing the constitutively active form of Src (Y527F-Src) and the
negative one (K295R-Src) — preliminary data. Cells expressing the constitutive activated
Src showed higher levels of phosphorylated Src in the nucleus (Fig. 24B, C), although
no differences in Src total levels were verified (Fig. 24A). Again, no significant

differences were observed in nuclear Nrf2 protein levels (Fig. 24D).
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Fig. 24 | Src total and phosphorylated protein levels and Nrf2 total protein levels in nuclear fractions
from HT22 cells transfected with constitutively active and inactive forms of Src. HT22 cells were
transfected with plasmids constructs codifying for the constitutively active form of Src (Y527F-Src), the
negative form (K295R-Src) and the empty vector (empty). Expression of plasmids was allowed for 48
hours and levels of Src/Lamin B1 (A), P(Tyr461)Sr/Lamin B1 (B) and P(Tyr461)Src/Src (C) and Nrf2/Lamin
B1 (D), were assessed in nuclear-enriched fractions by Western Blotting. Data are expressed in arbitrary
units relative to Lamin B1 as the mean + SEM of n=2 experiments. Nrf2 total levels were considered both
at 90 and 110 kDa.
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In mature hippocampal neurons, sensitive to APi.4;, we evaluated the relationship
between Nrf2 and Src. Preliminary results showed no differences in total Src or Nrf2
protein levels in nuclear fractions of neurons pre-exposed to AB;4, oligomers, for 30

min (Fig. 25).
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Fig. 25 | Src and Nrf2 protein levels in nuclear fractions isolated from mature hippocampal neurons
exposed to AB;.4,. Protein levels of Src/Lamin B1 (A) and Nrf2/Lamin B1 (B) were assessed in nuclear-
enriched fractions by Western Blotting in hippocampal mature cells incubated for 30 min with ARy, (1
UM). Data are expressed in arbitrary units relative to Lamin B1 as the mean + SEM of n=2 experiments.
(Note that no band was detected at 90 kDa in these experiments).

All together, these results suggest that APi4, oligomers induce Ca”increase and
mitochondrial H,0, generation, this last appearing to be responsible for Src activation
and phosphorylation of Nrf2 at Ser40. Interestingly, our findings support the
hypothesis that Nrf2 phosphorylation at Ser40 occurs in a Src-dependent manner.
Moreover, despite increased Nrf2 phosphorylation at Ser40 is commonly associated to
is nuclear translocation, we did not observe higher levels of Nrf2 in the nucleus; this
suggests either: (i) that the chosen time point for analysis of Nrf2 in nuclear fractions
may not have been appropriate, (ii) a failure in Nrf2 nuclear translocation, and/or (iii)

another cellular role related with Nrf2 phosphorylation at Ser40.
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3.7 H,0; exposure in HT22 cells induces Src and Nrf2 phosphorylation
in mitochondrial fractions

Although Src activation was shown to mediate Nrf2 phosphorylation at Ser40 in
cytosol, no changes were observed in Nrf2 levels in the nucleus. Thus, we decided to
evaluate other subcellular compartment, namely mitochondria, where the presence of

both Src and Nrf2 was previously described.

Previous data showed that Src protein can be detected in rat mitochondria (Salvi et al.,
2002), further interacting and phosphorylating different proteins in this organelle,
namely, complexes Ill and IV (Miyazaki et al., 2006). Moreover, previous studies
showed the presence of Nrf2 in mitochondria, associated to the MOM of mice
myocardium cells (Strom et al., 2016). Therefore, in this study we were also interested
in exploring a possible role of Src in mitochondria and its possible relationship with
Nrf2. First we validated the presence of Src in mitochondria from HT22 cells by
immunocytochemistry. Fluorescence images in Fig. 26 showed the co-labeling of Src

with nucleus and the mitochondrial protein Hsp60.

71



Ligia Fao

Hoechst33342 HSP60 Src

Fig. 26 | Src protein in HT22 cells mitochondria. Nucleus was visualized by Hoechst staining (blue),
mitochondria were labeled with an antibody against HSP60 (white) and Src was immunostained with a
specific antibody (green). Images were treated using Fiji program. In inset image, the perimeters
delimited by blue selections are mitochondria and white labeling represents Src. Confocal images
obtained with a 63x objective, NA=1.4 on a Zeiss LSM 710 inverted microscope. Scale bar: 10 um

We further evaluated Src protein phosphorylation levels in mitochondrial extracts of
HT22 cells following 30 min or 4h exposure to H,0,, in the presence or absence of Src
inhibitor, SU6656. Significantly higher phosphorylation levels of Src protein at Tyrd16
were observed in HT22 cells mitochondria (Fig. 27B and C), which was prevented by
SU6656, whereas no differences in total protein levels were observed (Fig. 27A),
suggesting a H,0,-mediated activation of Src associated to mitochondria. Considering
the possible relationship of Src and Nrf2 phosphorylation, we further determined Nrf2
proteins levels and its phosphorylation at Ser40 in mitochondrial fractions derived
from HT22 cells. We observed a significant increase in mitochondrial Nrf2
phosphorylation at Ser40 after 30 min or 4h of H,0, treatment (Fig. 27E and F) with

unchanged total levels (Fig. 27D). Interestingly, phosphorylation levels of Nrf2
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exhibited a tendency for decrease in the presence of Src inhibitor, SU6656, especially
after 4h of H,0, exposure (Fig. 27E and F); these data are in accordance with our
previous results regarding the dependence on Src for Nrf2 phosphorylation at Ser40,

which also seems to occur at the level of mitochondria.
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In order to further evaluate the relationship between Src and Nrf2 in mitochondria, we
analyzed the changes in these proteins in mitochondria from transfected HT22 cells
expressing the constitutively active form of Src (Y527F-Src), negative form (K295R-Src)
and empty vector (empty). Although these are preliminary results, we observed higher
levels of Src phosphorylation at Tyr416 in mitochondria of cells transfected with
constitutively active form (Fig. 28B and C), while no differences in Src total levels were
verified (Fig. 28A). Surprisingly, no significant differences were observed in Nrf2
protein levels, total or phosphorylated (Fig. 28D-F), suggesting that overactivation of

Src only may not be sufficient to influence Nrf2 activation in mitochondria.
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3.8 H,0, induces modified levels of HSP60 and Drpl proteins in
mitochondrial fractions of HT22 cells: influence of Src

Src has been suggested to be essential for regulating the oxidative phosphorylation
system and consequently for maintaining cell viability (Ogura et al., 2012, 2014).
Moreover, mitochondria are dynamic structures continuously subjected to cycles of
fission and fusion, contributing for cell survival. Since we verified the presence of Src in
HT22 cells mitochondria, we further investigated the possible role of Src in this
organelle, more particularly in the regulation of levels of proteins related with

mitochondrial dynamics, namely fusion and fission.

HT22 cell mitochondria exposed to 1 mM H,O, revealed a significant increase in
P(Tyr416)Src/Src ratio, indicating an increased phosphorylation of the protein related
with protein activation (Fig. 27A-C). Under the same experimental conditions (30 min
exposure to H,0,), we analyzed the levels of different mitochondrial proteins, in the
presence or absence of the Src inhibitor, SU6656, in mitochondrial subfractions
obtained from HT22 cells. Our results showed a strong tendency for a decrease in
mitochondrial Drpl levels after 30 min of H,O, exposure that was prevented by
SU6656 (Fig. 29B). Data suggest that H,0, may decrease mitochondrial fission, at least
after a short time exposure, and that Src protein may be involved in this process. No
differences were verified in mitochondrial fusion proteins, namely, Mitofusin2 and

Opal (Fig. 29C, F).

In addition, protein levels of Tom20, a central component of the TOM (translocase of
outer membrane) receptor complex responsible for the recognition and translocation
of cytosolic-synthesized mitochondrial proteins, and HSP60, a protein implicated in
mitochondrial protein import that is required for folding, translocation and assembly
of native proteins, were also measured. We observed a significant increase in HSP60
protein levels following inhibition of Src by SU6656 (Fig. 29E). No significant changes
were observed in Tom20 protein levels (Fig. 29D). Lastly, Tfam levels, known as the
major transcriptional regulator of mtDNA, showed no significant differences under the

same experimental conditions (Fig. 29A).
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Results obtained in HT22 cell line suggest that both Src and Nrf2 can be
phosphorylated in mitochondria after H,0, treatment, especially for long time
exposure (4h). Moreover, we observed a possible involvement of Src on mitochondrial
fission under oxidative stress conditions. Considering the preliminary nature of these
data, future experiments will be required to characterize the role of Src in

mitochondria.
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test);
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Discussion

4.1 DISCUSSION

Accumulation of AP in AD has been described to stimulate numerous signaling
pathways leading to synaptic degeneration, neuronal loss and decline of cognitive
functions (Goedert and Spillantini, 2006; Walsh and Selkoe, 2007; Yankner and Lu,
2009; Zhao and Zhao, 2013). In early studies, AB,s.35 was shown to increase hydrogen
peroxide and lipid peroxides levels in PC12 cells and rat cortical neurons (Behl, 1994).
Also, increased H,0, and nitric oxide production were observed in various AD
transgenic mouse models, linking AB peptide accumulation to oxidative stress
(Matsuoka et al., 2001; Mohmmad Abdul et al.,, 2006; Smith et al.,, 1998).
Concordantly, in the present study we demonstrate AB;.4, oligomers-mediated H,0,
production in mature hippocampal neurons. Furthermore, this production seems to
occur mainly in mitochondria, although the existence of two different pools of ROS
production cannot be discarded. The preventive effect of MK-801, an antagonist of
NMDARs, evidenced the involvement of NMDARs in AB-induced H,0; levels. These
results are similar to those obtained by De Felice and colleagues regarding the role of
NMDARs in the induction of ROS production by soluble AB oligomers in hippocampal
neuronal cells (De Felice et al., 2007). Interestingly, the effect of AR was also prevented
by SU6656, an inhibitor of the Src tyrosine kinase, previously recognized to be a
regulator of NMDARs (Yu et al., 1997). In contrast, in HT22 cell line, oligomers of AB1.4>
did not show any effect on H,0, production, which may be explained by the absence of
functional NMDARs in these cells (Zhao et al., 2012), as AB1.4, forms were previously
shown to interact with extracellular motifs of GIuN1 and GIuN2B subunits (Costa et al.,

2012).

Neurodegeneration observed in AD has been associated to abnormal homeostasis of
intracellular Ca** (reviewed by Mota et al., 2014; Supnet and Bezprozvanny, 2010).
Importantly, studies evidenced that the intracellular Ca®" rise induced by AB occur
through NMDARs. Indeed, we previously demonstrated an immediate increase in
cytosolic ca”, involving GIuN2B-composed NMDARs in hippocampal and cortical
neurons after APi4 oligomeric stimulus, further resulting in impaired ER and
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mitochondrial Ca** homeostasis (Costa et al.,, 2012; Ferreira et al., 2012, 2015).
Concordantly, our present data show an increase in intracellular Ca’" after AB1a>
oligomers acute treatment, which was prevented by MK-801. Moreover, our results
showed a preventive effect of SU6656, pointing out the importance of the relationship
between Src protein and NMDARs. Indeed, phosphorylation of GIuUN2B at Tyr1472
residue through Src or Fyn was associated with enrichment of synaptic NMDARs and
enhanced NMDARs activity (Goebel-Goody et al., 2009). In this context, inhibition of
Src with SU6656 may lead to decreased levels of NMDARs at the membrane surface
and a lower probability of NMDARs activation by AB. Interestingly, increased cytosolic
Ca?* was not reverted by antioxidants, strongly suggesting that AB-induced ca® entry

through NMDARs probably precede the increase in mitochondrial H,0, production.

There are growing evidences of the involvement of Src kinase protein in AD
pathogenesis. Zou and colleagues demonstrated that, in HEK293 cells and in mouse
hippocampus, BACE activity and AP production could be inhibited by Src family kinase
inhibitors and by depletion of endogenous Src with RNAi (Zou et al., 2007). Moreover,
we previously showed reduced Src phosphorylation, which could be related with
decreased GIuN2B Tyr1472 phosphorylation in the hippocampus and cortex of 3
month-old 3xTg-AD male mice (Mota et al., 2014). Src kinase is redox-sensitive and can
be activated by H,0, (Akhand et al., 1999). At the same time, tyrosine-phosphatase
proteins, which reduce Src phosphorylation, are also sensitive to H,0,, favoring Src
activation (Hebert-Chatelain, 2013). In our models, namely mature hippocampal
neurons and HT22 cell line, we verified a positive effect of H,0, on Src regulation. We
further observed, in mature hippocampal neurons, a significant increase in
P(Tyr416)Src/Src ratio after APi4 oligomers treatment, which was prevented by
antioxidants, suggesting that increased H,0, production induced by AB further leads to
Src activation. Interestingly, Src activation induced by AB1.4, was prevented by MK801,

indicating the involvement of NMDARs, at least in part, in Src activation pathway.

Activation of the transcription factor Nrf2 can be induced by oxidative stress, leading
to its phosphorylation at Ser40 and translocation to the nucleus, which result in ARE-

dependent gene expression (Niture et al., 2009). In postmortem AD human brains,
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nuclear Nrf2 levels were decreased (Ramsey et al., 2007), suggesting a lower
activation. In contrast, other studies showed increased gene expression of Nrf2 targets
in AD patients (Raina et al., 1999; Schipper et al., 1995; SantaCruz et al., 2004). We
previously reported PBMCs from MCI individuals and 3 month-old male 3xTg-AD mice,
increased Nrf2 phosphorylation at Ser40, and increased nuclear Nrf2 levels in brain
cortex (Mota et al.,, 2015). In contrast, SOD1 protein levels, a target of Nrf2, were
decreased in human MCI PBMCs, and in 3xTg-AD mice brain cortex we observed SOD1
protein and mRNA decrease as well as for HO-1 and Prdx-1 mRNA levels, suggesting a
failure of the Nrf2 pathway function (Mota et al., 2015). In this study, our results in
hippocampal neurons showed a significant AB-induced Nrf2 phosphorylation increase
that was prevented by antioxidants. Interestingly, ABi4, oligomers-induced Nrf2
phosphorylation was also prevented by SU6656, suggesting to be Src-dependent. MK-
801 was able to decrease Nrf2, however data are not significant, which may implicate
a partial and/or indirect role of NMDARs on Nrf2 regulation in the presence of ABi.4»
oligomers. As referred above, HT22 cells appear to be non-sensitive to AB. However,
we verified increased phosphorylation of Nrf2 under H,O, exposure, which was
prevented by the Src inhibitor SU6656, suggesting that phosphorylation of Nrf2 at
Ser40 occurs in a Src-dependent manner, although indirectly considering that Src is a
Tyr kinase. Accordingly, we also observed a significant increase in Nrf2

phosphorylation levels in HT22 cells transfected with the active form (Y527-Src).

Different studies have reported the presence of Src family members in nucleus (Jain
and Jaiswal, 2006; Niture et al., 2011). Moreover, Niture and colleagues demonstrated
that, in Hepa-1 cells, Src silencing by siRNA enhances Nrf2 nuclear accumulation and
Nrf2 downstream gene expression; otherwise Src overexpression decreased nuclear
Nrf2 and ARE-mediated expression in a dose-dependent manner. The same authors
showed that nuclear Src kinase family members levels were minimal during the early
phase of Nrf2 nuclear activation and import, but increased with longer exposure to
stress, reaching the highest nuclear levels during a late phase that promotes Nrf2
nuclear phosphorylation of Tyr568 and its export from the organelle (Niture et al.,
2011). Concordantly, in HT22 cells, we evidenced a significant decrease in total Src

levels in the nucleus after short period of H,0, stimulus, although this was not
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accompanied by changes in nuclear Nrf2 levels. At the same time, we observed an
increase in phosphorylated Tyr 416 Src levels, suggesting another role of Src in the
nucleus apart from the previously described regulation of Nrf2 export. Surprisingly,
inhibition of Src caused no effect on Src phosphorylation in the nucleus. This result
could be explained by the fact that SU6656 may not cross the nuclear membrane, but
further studies should be performed. Additionally, we observed higher levels of
P(Tyr416)Src/Src ratio in nucleus of HT22 cells expressing the constitutively active form
of Src (Y527F-Src), without changes in nuclear Nrf2 protein levels; suggesting that
nuclear Src activation is not related with nuclear Nrf2 accumulation. This last result
may be also due to the fact that the influence of Src on Nrf2 nuclear regulation can
occur earlier and that 48h of plasmid expression may not be appropriate to evaluate

this parameter.

In mature hippocampal neurons, preliminary data suggest that the increase in Nrf2
phosphorylation after AP treatment, normally associated with its nuclear
translocation, was not accompanied by increased nuclear levels of Nrf2. This appears
contradictory with our previous reports where we showed increased nuclear Nrf2
levels in 3xTg-AD mice brain cortex (Mota et al., 2015). The time of incubation of the
present study may be a limitation; in fact, 30 min of treatment may not be enough to
observe translocation of the transcription factor. On the other hand, Src nuclear levels
were not altered in hippocampal neurons after AB stimulus, and thus further studies

will be required.

There are evidences for the presence of Src kinase and Nrf2 within the mitochondria.
Salvi and colleagues showed that Src is mainly located in the intermembrane space of
rat brain mitochondria (Salvi et al., 2002). Src was also described in MIM of osteoclasts
(Miyazaki et al., 2006). Here, we were able to demonstrate the presence of Src in
mitochondria of HT22 cells. Importantly, relevant regulators of Src kinase activity,
namely SHP-2 and PTP1B, have been found in rat brain mitochondria, suggesting that
Src activity can be regulated directly in mitochondria (Salvi et al., 2004). Interestingly,
we observed higher phosphorylated Src levels in HT22 cell mitochondria after short or

longer (4h) H,0, exposure, while no differences in total protein levels were observed.
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On the other hand, in HEK-293T and Hela cells, Keap-1, a major negative regulator of
Nrf2, was previously reported to locate at the MOM. Apparently, its location is secured
through an interaction with a phosphoglycerate mutase family member, PGAMS5,
which can form a ternary complex of Nrf2-Keap-1-PGAM5 and migrate to
mitochondria (Lo and Hannink, 2008). Moreover, Strom and colleagues, recently
showed increased susceptibility to mitochondrial swelling in Nrf2 knock-out rat
cardiomyocytes; furthermore, they demonstrated the presence of Nrf2 protein in
MOM isolated from rat hearts (Strom et al., 2016). We detected the presence of Nrf2
in HT22 cells mitochondria. Moreover, we evidenced a significant increase in
phosphorylated Nrf2 at Ser40 levels after short and long time exposure to H,0,
stimulus in HT22 mitochondria, suggesting a role for Nrf2 in the mitochondria, as a
sensor to further possibly regulate gene expression in response to changes in
mitochondrial redox status. In fact, the Nrf2—Keapl interaction appears to be
maintained on the mitochondria since Keap1 is also present in mitochondrial fractions,
specifically at MOM (Strom et al., 2016). Additionally, expressing the constitutively
active form of Src (Y527F-Src), we observed higher levels of P(Tyr416)Src/Src ratio in
mitochondria of HT22 cells, with no changes in mitochondrial Nrf2 protein levels;
suggesting that overactivation of Src is not enough, per se, to influence Nrf2 activation

in mitochondria.

H,0, leads to abnormal mitochondrial morphology in rat cardiomyocytes (Strom et al.,
2016). Recently, Gan and colleagues demonstrated that H,0, treatment leads to
mitochondrial fission, increasing total and phosphorylated levels of Drp1, which later
resulted in mitochondrial dysfunction in osteoblasts; furthermore, they showed that
Drp1 inhibition attenuates oxidative stress-induced osteoblast dysfunction (Gan et al.,
2015). Moreover, Src can interact with various mitochondrial proteins namely,
complexes I, lll, IV and V (Hébert Chatelain et al., 2011). Taking into account the
presence of Src in HT22 mitochondria and the fact that we observed mitochondrial Src
activation under short time of H,0, treatment, we finally addressed the possibility of
mitochondrial Src activation to be involved in the regulation of mitochondrial
dynamics, namely fission and fusion. Surprisingly, in short time H,0, treated HT22

cells, we observed a decrease in mitochondrial Drp1 levels, which were reverted after
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Src inhibition. These data suggest that under short oxidative stimuli Src inhibits the
recruitment of Drpl to the mitochondria. Additionally, HSP60 is a major mitochondrial
chaperone that plays a crucial role in the folding and assembly of newly imported
proteins (Cheng et al., 1990). Sarangi and colleagues showed that treatments with
rotenone in BC-8 and IMR-32 cells, which induces H,0, production, combined with
cycloheximide caused HSP60 mitochondrial accumulation; furthermore, they
demonstrated that overexpression of HSP60 with rotenone also resulted in HSP60
mitochondrial accumulation (Sarangi et al., 2013). In the present study, we did not
observe an effect of H,0,, per se, on mitochondrial HSP60 levels; however, inhibition
of Src under H,0, stimulus induced significant HSP60 accumulation within
mitochondria, suggesting that Src may have a role in mitochondrial HSP60 regulation,

or may be the result of cellular stress.
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4.2 CONCLUSIONS

AB has been largely described to increase ROS levels in the context of AD, which is
associated with mitochondrial dysfunction. Cytosolic Ca®* has been also described to
be deregulated in various AD models, as a result of NMDARs activation. Furthermore,
mild redox modifications can modify different pathways in neurons and interact with
proteins such as Src and Nrf2. Herein, we explored the effect of ABi4, oligomers and
H,0, on Src and Nrf2 phosphorylation and their involvement in different pathways in

mature hippocampal neurons and HT22 cells.

In hippocampal neurons, AB;.4, oligomers induced intracellular Ca” increase through
NMDARs in a ROS-independent manner. Moreover, H,0, production associated with
APB treatment, mainly occurs in mitochondria. AR effect was prevented by the use of
SU6656, a Src inhibitor, suggesting the involvement of Src in AB-mediated effects. We
hypothesized that inhibition of Src results in decreased levels of NMDARs at the
membrane surface decreasing their activation by AB and consequently decreasing
intracellular downstream pathways. Our results also showed that AB-mediated H,0,
results in Src and Nrf2 activation, which could be prevented by SU6656 and MK801,
revealing that (i) Nrf2 phosphorylation occurs in a Src-dependent manner and (ii)

NMDARs are involved in this process, most probably upstream of Src activation.

In HT22 cells, we observed that H,0, causes decreased Src protein levels in the
nucleus, while levels of phosphorylated Src were increased, suggesting a possible novel
role for Src in the nucleus, independently of nuclear Nrf2. However, this result can be
discussed taking into account the short time of exposure to H,0,, which may not be
enough to allow Nrf2 import to the nucleus. Additionally, we were able to
demonstrate the presence of Src and Nrf2 in mitochondria from HT22 cells. In this
regard, we evaluated the effect of H,0, in these mitochondrial proteins levels. Results

showed apparently unrelated increased P(Tyr416)Src/Src and P(Ser40)Nrf2/Nrf2 ratios.
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Interestingly, H,O,-mediated mitochondrial Src activation seemed to have a preventive

effect in mitochondrial fission.

Overall, data evidence NMDARs- and ROS-dependent Src and Nrf2 activation, in
hippocampal neurons exposed to AB;4, oligomers, providing new insights to the
characterization of changes that may occur in AD pathogenesis. Our findings allow the
elaboration of a temporal hypothesis. In this way we may propose that ABis
interaction with NMDARs causes intracellular Ca®* rise and (mitochondrial) ROS
production, which mediates phosphorylation/activation of Src and Nrf2; on the other
hand, Src may influence ROS production (probably through modulation of NMDARs)
and indirectly regulates Nrf2 phosphorylation. Thus, Src dependent-AD pathogenesis
seems to act as a loop. These results also suggest novel Src and Nrf2 roles in
mitochondria and nucleus, highlighting the importance of these proteins in cell
regulation. Thus, the understanding of these mechanisms in AD context will be very
important for the development of new strategies aiming to restore cell homeostasis

and consequently avoid the effect caused by AB oligomeric species.
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ATTACHMENTS

SUPPLEMENTARY DATA

Fig. S1 | Characterization of rat hippocampal neuronal culture. Nucleus was visualized by Hoechst
33342 staining (blue), neurons were labeled with an antibody against MAP-2 (red) and astrocytes were
against GFAP (green). Confocal images were obtained using an Axioscope 2 Plus upright microscope
(Zeiss, Jena, Germany).
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Fig. S2 | AB has no effect on H,0, production in HT22 Cells. H,0, production was evaluated by
monitoring the fluorescence of resorufin using a microplate reader Spectrofluorometer Gemini EM
(excitation 550 nm; emission 580 nm). Basal fluorescence levels were recorded for 3 min and the effect
of AB;.4; oligomers (1 uM) was recorded for 30 min. (i) Results were plotted as the difference between
the last value achieved and the basal value before AB addition. Graphics (ii) are the representative line
charts. Data are expressed as the mean + SEM of 3 independent experiments performed in
quadruplicates.
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Fig. S3 | AB1i.4, does not induce Src activation or Nrf2 phosphorylation in HT22 cell line. HT22 cells
were incubated for 10 min, 30 min, 2 h or 6 h with ABi4, (1 uM). In (A) levels of Src/actin (i),
P(Tyr461)Src/actin (ii) and P(Tyr461)Src/Src (iii); and (B) Nrf2/actin (i), P(Ser40)Nrf2/actin (ii) and
P(Ser40)Nrf2/Nrf2 (iii) were analyzed by Western blotting. Data are expressed in arbitrary units relative
to actin as the mean + SEM of n=4 to 8 experiments. Nrf2 total levels were considered both at 90 and
110 kDa.
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