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RESUMO



A doenca de Alzheimer ¢ a patologia neurodegenerativa mais prevalente em
idosos, afetando quase 35 milhdes de pessoas em todo o Mundo. Trata-se de
uma doenca cronica e progressiva caracterizada por perda de memoria e
declinio cognitivo devido a perda sinaptica e neuronal no hipocampo e cortex
cerebral. Nos ultimos anos fizeram-se progressos consideraveis com o intuito
de compreender melhor a patogénese da doenca de Alzheimer, contudo este
conhecimento ndo foi ainda traduzido em firmacos novos e eficazes.
Atualmente, apenas duas classes de medicamentos estdo disponiveis para o
tratamento sintomatico da doenga de Alzheimer, mas estes apenas apresentam
beneficios clinicos modestos em termos de melhoria das capacidades
cognitivas e infelizmente ndo previnem a progressao da doenga.

A deposicao anormal do peptideo beta-amildide (AP) no cérebro de doentes
de Alzheimer sugere que este desempenha um papel crucial na patogénese da
doenca. Apesar das espécies fibrilares serem ha muito tempo consideradas
como mediadoras dos seus efeitos neurotoxicos, foi demonstrado recentemente
que oligdbmeros soltiveis do AP (APO) sdo as principais espécies responsaveis
pelas alteragdes a nivel sindptico e neuronal na doenca de Alzheimer. De
acordo com estas descobertas, a “hipdtese da cascata de amiloide” previamente
proposta foi reformulada e considera agora que os ABO sdo responsaveis pelas
alteracdes cerebrais que ocorrem durante a fase inicial da doenga, conduzindo a
deméncia. Assim, prevenir a formagao ou a toxicidade destes APO podera ser a
chave definitiva para travar a progressao da doencga de Alzheimer.

Com este estudo pretendeu-se ampliar os conhecimentos sobre os
mecanismos moleculares subjacentes aos efeitos lesivos desencadeados pelo
AP, focando-nos no seu papel como indutor de “stress” do reticulo

endoplasmatico (RE). Especificamente, foi investigado: 1) a comunicagao entre



o RE e a mitocondria durante a morte celular induzida por AP e ii) o papel dos
recetores glutamatérgicos N-metil-D-aspartato (NMDARs), em particular das
suas subunidades NR2A e NR2B, como um mecanismo desencadeador de
“stress” do RE induzido pelo AP.

Na primeira parte deste trabalho (capitulo 4), usamos uma linha celular p0
depletada do seu ADN mitocondrial e caracterizada pela auséncia de
mitocondrias funcionais, para demonstrar que a morte celular por apoptose

b

mediada pelo “stress” do RE induzido pelo AP ocorre através de um
mecanismo dependente da mitocondria. Mostramos que a isoforma AP;-49 do
peptideo AP aumenta os niveis do chaperone GRP78 e ativa a caspase-4, dois
marcadores do “stress” do RE, depletando também as reservas de Ca’" neste
organelo, ndo apenas em células p0 mas também nas células parentais p+. No
entanto, observamos que somente em células p+ tratadas com A;-49 ocorre um
aumento dos niveis de GADD153/CHOP, um fator de transcri¢ao ativado sob
condicoes de “stress” do RE, ativacdao de caspase-9 e -3 e aumento do nlimero
de células apoptoticas marcadas positivamente para TUNEL.

Com o objetivo de investigar melhor a interacdo mitocondria/RE na
patogénese da doenga de Alzheimer, usamos células cibridas que recriam o
defeito na actividade da citocromo ¢ oxidase (COX) mitocondrial detetado em
plaquetas de doentes de Alzheimer esporadicos (capitulo 5). Mostramos que a
disfungdo mitocondrial resultante da inibicdo da COX afeta a resposta ao
“stress” do RE e subsequente morte celular desencadeada pelo AB. Provou-se
que o aumento dos niveis de GRP78 e da atividade da caspase-4 observados
em consequéncia do tratamento com o AP;-49 ¢ mais pronunciado em cibridos
de Alzheimer do que em cibridos preparados a partir de plaquetas de

individuos saudaveis. Além disso, o decréscimo da sobrevivéncia celular e



também o aumento na atividade da caspase-3, dos niveis da forma clivada da
poli-ADP-ribose-polimerase (PARP), assim como no numero de células
apoptoticas observados em cibridos de Alzheimer foi mais proeminente do que
em cibridos controlo tratados com o AP;-s. A morte celular por apoptose
induzida pelo APj;4 em ambas as linhas celulares mostrou envolver a
libertagdo de Ca>" do RE visto que a ativacio da caspase-3 efetora de apoptose
foi prevenida por dantroleno, um antagonista dos canais de Ca’" associados aos
reeptores de rianodina do RE.

A interagdo mitocondria/RE durante a morte celular induzida pelo AP foi
ainda avaliada usando um modelo neuronal (capitulo 6). Em culturas primarias
de neuronios corticais de rato, determinou-sede que modo o dano na atividade
da COX afecta a perda da homeostasia de Ca>" no RE e no citosol e promove a
ativacao da via de morte celular por apoptose mediada pela mitocondria. Em
neurdnios corticais tratados com concentragdes toxicas de AP, na presenga
de cianeto de potassio (KCN), um inibidor da COX, verificou-se uma
acentuada libertacdo de Ca’" do RE acompanhada pelo aumento dos seus niveis
citosolicos, decréscimo da viabilidade celular e ainda ativacao das caspases -9
e -3.

No capitulo 7, investigdmos a possibilidade dos APO desencadearem
“stress” do RE e disfun¢do neuronal através de um mecanismo dependente dos
NMDARs, analisando a contribuicdo das subunidades NR2A ¢ NR2B deste
recetor glutamatérgicos. Em culturas primarias de hipocampo de rato tratadas
com APO mostramos que a producdo de superoxido mediada pela NADPH
oxidase ocorre apos a interacdo APO-NR2B desregulando a homeostasia de
Ca®". Estes eventos precederam alteragdes na viabilidade celular e na ativagao

da via apoptoética mediada pelo “stress” do RE como ¢ demonstrado pelo



aumento dos niveis de GRP78, XBP-1 ¢ GADDI153/CHOP. O papel da
subunidade NR2B no “stress” do RE, induzido por ABO, e na disfungao
neuronal no hipocampo foi demonstrado usando ifenprodil, um antagonista
desta subunidade dos NMDARs. Por outro lado, um antagonista das
subunidades NR2A, apenas atenuou ligeiramente a neurotoxicidade induzida
por ABO, negligenciando o envolvimento desta subunidade.

Finalmente, estudamos o papel do “stress” do RE in vivo usando um modelo
animal da doenca de Alzheimer, osratinhos triplo transgénicos (3xTg-AD)
(capitulo 8). Em comparacdo com a estirpe ndo-transgénica (non-Tg),
observaram-se alteragdes nos marcadores de “stress” do RE em ratinhos 3xTg-
AD que foram mais pronunciadas ao nivel do hipocampo do que no cortex
cerebral tanto em fémeas como em machos, sendo as fémeas aparentemente
mais suscetiveis ao “stress” do RE. Além disso, os resultados obtidos neste
modelo animal mostram que os niveis de marcadores de “stress” do RE estao
alterados em animais jovens sugerindo o seu envolvimento nas fases precoces
da patologia. Estes resultados foram corroborados por dados obtidos num
modelo periférico da doenga de Alzheimer. Em colaboragao com a Prof. Isabel
Santana dos Hospitais da Universidade de Coimbra e com o grupo ‘Sinaliza¢do
e disfungdo mitocondrial na neurodegenerescéncia’ do Centro de
Neurociéncias e Biologia Celular (CNC), foi-nos possivel utilizar células
mononucleadas de sangue periférico humano (PBMCs), nomeadamente
linfocitos, isolados de doentes em diferentes fases da doenca de Alzheimer
(ligeira, moderada e severa) e individuos com defeito cognitivo ligeiro (DCL)
versus individuos ndo dementes (capitulo 8). Neste modelo periférico,
pretendeu-se relacionar a disfuncdo cognitiva durante as diferentes fases da

doenca com marcadores de dano celular. Com este proposito investigamos as



alteragdes nos niveis de Ca>* do RE e no citosol e analisamos diferencas na
expressao de marcadores do “stress” do RE e de proteinas apoptodticas
associadas a0 RE. Um decréscimo no conteido de Ca®" deste organelo
intracelular, acompanhado por aumento dos seus niveis no citoplasma, foi
observado em PBMCs de individuos com DCL e doentes na fase ligeira que
apresentaram também aumento nos marcadores do “stress” do RE,
nomeadamente de GRP78 e XBP-1. Em PBMCs de doentesna fase moderada-
severa, os niveis destas proteinas assemelharam-se aos obtidos em controlos.
Contudo, nesta fase a via apoptdtica mediada pelo “stress” do RE estd ja
activada, como demonstrado pelo aumento dos niveis de GADD153/CHOP.

Os resultados obtidos recorrendo a modelos humanos ¢ ndo humanos de
diferente complexidade, mostram que a morte celular apoptoética induzida pelo
AP envolve a cooperacao entre o RE e a mitocondria, e que ¢ desencadeado
pela interacdo da AP com recetores glutamatérgicos NMDA, contribuindo
assim para uma melhor compreensdo dos mecanismos associados a patogénese

desta doenga.

(Nota: este texto foi escrito ao abrigo do novo acordo ortografico.)



SUMMARY




Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder
in the elderly that currently affects almost 35 million people worldwide. It is a
chronic and progressive neurodegenerative illness characterized by memory
deficits and cognitive decline due to synaptic and neuronal loss in the
hippocampus and cerebral cortex. Considerable progress has been made in
recent years towards better understanding the pathogenesis of AD but this
knowledge has not yet been successfully translated into new and effective
disease-modifying drugs. Only two classes of medication are currently
available for the symptomatic treatment of AD but these drugs have only
modest clinical benefits in terms of improved cognition and ultimately do not
prevent disease progression.

The abnormal deposition of amyloid-beta (AB) peptide in the brain of AD
patients has suggested that it plays an essential role in AD pathogenesis.
Although fibrillar species have long been considered to account for the
neurotoxic effects of AP, it was recently demonstrated that soluble AP
oligomers (APO) are the main species responsible for synaptic and neuronal
changes in AD. Accordingly to these findings, the previously proposed
“amyloid cascade hypothesis” has been reformulated and it now considers that
APO are responsible for the brain alterations occurring during the early stages
of the disease, leading to dementia. Therefore, preventing the formation or
toxicity of these ABO may be the ultimate key to halting the progression of
AD.

This study was aimed to better understand the molecular mechanisms
underlying the deleterious effects triggered by AP, focusing on its role in the

induction of endoplasmic reticulum (ER) stress. Specifically, it was



investigated: 1) the ER/mitochondria cross-talk during AB-induced cell death
and 1i) the role of the glutamatergic N-methyl-D-aspartate receptor (NMDAR),
in particular of its NR2A and NR2B subunits, as an upstream mechanism
leading to AB-induced ER stress.

In the first part of this work (chapter 4), we used mitochondrial DNA
(mtDNA)-depleted pO cells, characterized by the absence of functional
mitochondria to demonstrate that ER stress-mediated apoptotic cell death
induced by AP occurs through a mitochondria-dependent mechanism. We
showed that the AB;—40 isoform of AP increases the levels of the chaperone
GRP78 and activates caspase-4, two ER stress markers, and also depletes ER
Ca’" stores in both p0 cells and parental p+ cells. However, we found that only
in AP;-s0-treated p+ cells occur an increase in the levels of GADD153/CHOP,
a pro-apoptotic transcription factor activated under ER stress conditions,
activation of caspase-9 and -3 and increase in the number of TUNEL-positive
apoptotic cells.

In order to further investigate the mitochondria/ER interplay in AD
pathogenesis, we used cybrid cells that recreate the defect in mitochondrial
cytochrome ¢ oxidase (COX) activity detected in platelets of sporadic AD
patients (chapter 5). We showed that mitochondrial dysfunction arising from
COX inhibition affects the ER stress response and subsequent cell death
triggered by AP. Indeed, the increase in GRP78 levels and caspase-4-like
activity observed upon AP;-4 treatment was more pronounced in AD cybrids
than in cybrids prepared from platelets of non-demented controls. Furthermore,
the decrease in cell survival as well as the increase in caspase-3-like activity,
levels of cleaved poli-ADP-ribose-polymerase (PARP), a caspase-3 substrate,
and TUNEL-positive apoptotic cells observed in AP;-4-treated AD cybrids



was more prominent than in control cybrids. Apoptotic cell death induced by
AB in both cell lines was shown to involve ER Ca”" release since activation of
the apoptosis effector caspase-3 was prevented by dantrolene, an inhibithor of
Ca’" channels associated with ER ryanodine receptors.

The mitochondria/ER cross-talk during AB-induced cell death was further
evaluated using a neuronal model (chapter 6). In primary cultures of rat brain
cortical neurons it was analyzed how the impairment of COX activity affects
the loss of ER and cytosolic Ca®" homeostasis and promotes the activation of
the mitochondria-mediated apoptotic cell death pathway. In cortical neurons
treated with toxic concentrations of AB;.4o in the presence of potassium cyanide
(KCN), a COX inhibitor, it was observed that the increase in ER Ca”" release
and subsequent rise of cytosolic Ca’" levels, the decrease in cell survival and
activation of apoptosis-related caspase-9 and -3 were potentiated in comparison
with neurons treated with AB;4o in the absence of KCN.

In chapter 7, we investigated whether AP oligomers (APO) trigger ER stress
by an NMDAR-dependent mechanism leading to neuronal dysfunction and
analyzed the contribution of NR2A and NR2B subunits of this glutamate
receptor. In primary cultures of rat brain hippocampal neurons treated with
ABO we showed that NADPH oxidase-mediated superoxide production occurs
downstream of ABO-NR2B interaction and impairs Ca’" homeostasis. These
events precede changes in cell viability and activation of the ER stress-
mediated apoptotic pathway as demonstrated by the increase in levels of
GRP78, XBP-1 and GADD153/CHOP. The role of NR2B subunit, but not of
NR2A, on ABO-induced ER stress and hippocampal neuronal dysfunction was
demonstrated using ifenprodil, an antagonist of NR2B subunits and NVP-
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AAMO77, an NR2A antagonist that only slightly attenuated ABO-induced
neurotoxicity.

Finally, we studied the role of ER stress in vivo using an AD animal model,
the triple transgenic mice (3xTg-AD) (chapter 8). In comparison with non-
transgenic (non-Tg) mice, there were alterations in ER stress markers in 3xTg-
AD mice that were more pronounced in the hippocampus than in the cerebral
cortex both in male and female mice, and females were shown to be more
susceptible to ER stress. Furthermore, data obtained in this animal model show
that the levels of ER stress markers are changed in young mice suggesting its
role in early disease stages. These results were corroborated by studies in a
peripheral model of AD. In collaboration with Prof. Isabel Santana from the
“Hospitais da Universidade de Coimbra” and the group “Mitochondrial
dysfunction and signalling in neurodegeneration” from the Center for
Neuroscience and Cell Biology (CNC) we were able to use human peripheral
blood mononuclear cells (PBMCs), namely lymphocytes, isolated from patients
in different stages of the disease (mild, moderate and severe) and individuals
with mild cognitive impairment (MCI) versus non-demented age-matched
subjects (chapter 8). This peripheral model was used in order to identify the
relationship between cognitive impairment occurring during the progression of
the disease and markers of cell injury. A decrease in ER Ca’" levels, followed
by an increase in its cytosolic levels, was observed in PBMCs from individuals
with MCI and mild AD patients that also presented increased levels of ER
stress markers, namely GRP78 and XBP-1. In PBMCs from moderate-severe
AD patients, the levels of these ER stress markers were similar to that

measured in controls. However, on the early stages the ER stress-mediated
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apoptotic pathway was already triggered, as demonstrated by an increase in
GADD153/CHOP levels.

The results obtained using human and non-human models with different
complexity, show that apoptotic cell death induced by AP involves the
cooperation between ER and mitochondria and that it is triggered by the
interaction of AP with the NMDA subtype of glutamatergic receptors for
glutamate, thus increasing our knowledge about the mechanisms implicated in

AD pathogenesis.
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CHAPTER 1 — Introduction
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1.1. Endoplasmic reticulum structure and function: brief overview.

The endoplasmic reticulum (ER), first described by (Porter et al. 1945), is
an eukaryotic organelle that forms an interconnected network of tubules,
vesicles and cisternae. It is delimited by a phospholipid membrane, which
separates the cytosol from the lumen, also called cisternal space, continuous
with the perinuclear space (Fig. 1.1). Being an extensive membrane network of
cisternae (sac-like structures) that are held together by the cytoskeleton (Fig.
1.2), the presence of this organelle is very diffuse across the cell, having a large
surface area that allows the storage of several proteins (Baumann & Walz
2001). In neuronal cells, ER is also widely distributed, not only in the cellular
body, but also across distal parts such as dendrites and dendritic spines (Park et
al. 2008), axonal shaft (Aihara et al 2001), growth cones and synaptic
terminals (Mattson et al. 2000). As an essential intracellular organelle, it
ensures protein translation as well as the correct folding/assembly,
glycosylation and sorting of proteins into the secretory system (Aridor & Balch
1999) and is involved in intracellular Ca*" homeostasis (Paschen 2001).

Three types of this crucial organelle are recognized: rough ER, smooth ER
and sarcoplasmic reticulum. Depending on the cell where it resides, or the kind
of ER, this cellular component may assume different and specialized functions.
Rough ER is distinguishable from smooth ER by the association with
ribosomes that confers a rough aspect to the organelle. For this reason, rough
ER is responsible for most of protein synthesis, including the production and
storage of glycogen and other macro-molecules (Baumann & Walz 2001) that
can then be transported to the Golgi complex for protein sorting, labeling and
transport for it final destination. Smooth ER is responsible for lipids and

steroids synthesis, carbohydrates and steroids metabolism (Maxfield &
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Wustner 2002), regulation of Ca®" concentration, drug detoxification and
attachment of receptors to cell membrane proteins (Mattson et al. 2000). By
last, sarcoplasmic reticulum, found in smooth and striated muscles, is a subtype
of smooth ER which unique function is the regulation of Ca®" levels by acting
as a large Ca”" storage facility, pumping Ca>" ions upon muscle cell stimulation

(Toyoshima et al. 2000).

Smooth
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Figure 1.1 Endoplasmic reticulum, a schematic model.
From: http://micro.magnet.fsu.edu/cells/endoplasmicreticulum/endoplasmicreticulum.html
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Figure 1.2 Electron micrograph of a neuronal nuclear envelope detail, showing nuclear
membrane, nuclear pore and both smooth ER (double arrows) and rough ER with the
associated ribossomes.

(Adapted from: Siegel GJ, Agranoff BW, Albers RW, et al, editors. “Basic
Neurochemistry: Molecular, Cellular and Medical Aspects”. 6th edition. Philadelphia:
Lippincott-Raven; 1999. http://www.ncbi.nlm.nih.gov/books/NBK28209/)
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1.2. Endoplasmic reticulum stress: causes and consequences.

1.2.1. Adaptive mechanisms involved in endoplasmic reticulum (ER)
homeostasis: ER associated degradation, ER overload response,
unfolded protein response.

Healthy cells require normal ER functioning, including the maintenance of
the Ca®" homeostatic balance and the correct protein folding, which are
provided by a stringent quality-control system. By this mechanism, ER is
capable of selectively export correctly folded proteins or to retrotranslocate
misfolded proteins for proteosomal degradation in the cytosol, a process known
as ER-associated protein degradation (ERAD) (Bonifacino & Weissman 1998;
Chapman et al. 1998; Travers et al. 2000; Vembar & Brodsky 2008).

Due to the accumulation of unfolded or misfolded proteins in the ER lumen
or deregulation of ER Ca’" homeostasis caused by pathological stimuli (Cnop
et al. 2010), ER performance can be affected leading to ER stress. Under these
conditions, several adaptive mechanisms are activated in order to restore ER
functioning and to preserve cell survival (Xu et al. 2005). The two main
signalling pathways that can be activated as a self-protective mechanism are
the unfolded protein response (UPR) and the ER overload response (EOR).
Both processes facilitate the protein folding process in the ER and reduce
overall translation (Harding ef al. 1999; Kaufman 2002; Forman et al. 2003).

The EOR (reviewed in Chevet et al. 2001) is generated as a result of the
abnormal accumulation of normal or misfolded proteins in the ER, leading to
the transcriptional activation ofthe nuclear factor-kB (NF-kB) (Pahl &
Baeuerle 1997), involved in cellular responses to stimuli such as stress,
cytokines or free radicals (reviewed in Gilmore 2006) but also in mechanisms

of learning and memory (Albensi & Mattson 2000). NF-kB is activated by
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several drugs that can either act on the N-glycosylation or protein transport
between ER-Golgi complex, such as tunicamycin or brefeldin A, respectively
(Pahl & Baeuerle 1995). This transcription factor is activated upon ER over-
retention of several membranar proteins (Pahl ef al. 1996), a process called ER
overload, but it was also proved to be triggered by the excessive acummulation
of non-membranar proteins in the ER. Although certain stimuli could trigger
both pathways, EOR is distinct from UPR, supporting the hypothesis that NF-
kB works in a novel signal transduction pathway between the ER and the
nucleus (Pahl & Baeuerle 1995), requiring the release of Ca®", followed by the
formation of reactive oxygen intermediates species (ROS) during ER overload
(Pahl & Baeuerle 1996). Even though, both mechanisms are able to provide the
cell with the capacity to respond rapidly to the accumulation of incorrectly
folded proteins within the ER, increasing the folding capacity or target them
for the degradation machinery.

UPR, found to be well conserved and spread in several species from yeast to
mammals, is a good example of how ER manages to restore cellular
homeostasis. Since it was first described twenty years ago, several molecules
have been found to be involved in the mechanisms responsible for UPR. ER
possesses molecular chaperones and protein-modifying enzymes within the
lumen specialized in protein folding (Merksamer & Papa 2010). Being a
dynamic organelle, the capacity of the ER to fold proteins can be adjusted in
response to changes in cellular protein folding requirements through UPR (Ron
& Walter 2007). This adaptive response try to compensate this deregulation
decreasing the influx of proteins into the ER lumen by attenuating the

translation of proteins of the secretory pathway (Trusina et al. 2008) and
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increasing de novo mRNA and protein synthesis of ER chaperones to increase
the folding capacity (Wang et al. 1996; Chapman et al. 1998).

Glucose-regulated protein 78 (GRP78), also called binding immunoglobulin
protein (BiP), is an important ER-resident chaperone that is upregulated under
ER stress conditions. GRP78 has been considered a valuable ER stress marker
(Liu et al. 2010) that acts as a defense mechanism against ER stress (Imaizumi
et al. 2001; Naidoo 2009; Yoshida 2009). GRP78 promotes the correct folding
of proteins that have been accumulated within the ER lumen and is considered
to be an important molecule in the protein quality control, preventing unfolded
proteins from being transported to the Golgi apparatus and further downstream
(Kohno et al. 1993).

The binding to misfolded/unfolded proteins to GRP78 results in its
detachment from the three main components of the UPR: inositol requiring
element-1 (IRE-1), protein kinase RNA-like ER kinase (PERK) and activating
transcription factor 6 (ATF6) (Naidoo 2009) (resumed in Fig. 1.3). This event
allows phosphorylation and dimerization of IRE-1 and PERK, and also the
translocation of ATF6 to the Golgi, leading to the activation of these
transducers located across the ER membrane.

After dimerization, and due to a selective mRNA splicing mechanism, IRE-
la stimulates the production of X-box binding protein-1 (XBP-1), that induces
the expression of chaperones and other proteins involved in protein folding
and/or degradation (Yoshida 2007). Upon GRP78 relief, PERK homodimerizes
and auto-phosphorylates. Activated PERK phosphorylates the eukaryotic
initiation factor elF2a, which results in the attenuation of protein translation.
Additionally, an anti-oxidant response is up-regulated through activation of the

nuclear factor erythroid-2 (NRF-2) (Harding ef al. 2000). ATF6, the third ER
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stress sensor, is cleaved in the Golgi after the detachment from BiP and
becomes activated. Cleaved ATF6 fragment migrates to the nucleus inducing
the expression of genes that encode molecular chaperones such as GRP78,
protein disulfide isomerase (PDI) or GRP94, thus increasing the cellular
folding capacity (Zhang & Kaufman 2006). Nonetheless, ATF6 is also
responsible for XBP-1 regulation (Schroder 2006).
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Figure 1.3 The three main components of the unfolded protein response.

Upon GRP78/BiP detachment from the 3 transducers of ER stress, induced by the
accumulation of misfolded or unfolded proteins in ER lumen, PERK, IRE-1 and ATF6
become activated. Then, PERK phosphorylates elF2a to attenuate protein translation and
phosphorylates NRF-2 to up-regulate an anti-oxidant response. Cleaved ATF6 translocates
to the nucleus and leads to induction of molecular chaperones such as GRP78/BiP or
GRP94 to increase ER folding capacity. IRE-1 activation leads to XBP-1 splicing,
transcriptional activation of chaperones and stimulation of protein degradation. Adapted
from Naidoo 2009.
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1.2.2. Endoplasmic reticulum stress-mediated apoptotic pathway.

Through the mechanisms described in the previous section (1.2.1.), cells are
usually able to manage ER stress and recover normal functioning. However,
prolonged or extensive ER stress results in the failure of these adaptive
signaling pathways. Under these conditions, ER stress-mediated apoptotic cell
death is activated (resumed in Fig. 1.4) (Imaizumi et al. 2001; Kim et al.
2008a). Cell death signalling is regulated by the same ER stress sensors
involved in UPR. Active IRE-1 is responsible for the activation of c-Jun NH;
terminal kinase (JNK) and caspases pathway (Merksamer & Papa 2010). On
the other hand, ATF®6 is able to regulate pro-apoptotic transcription factors like
the (C/EBP) homologous protein (CHOP), also known as growth arrest and
DNA damage 153 gene (GADDI153) (Schapansky et al. 2007; Pino et al.
2009). The transcription of this factor is also dependent on ATF4 (Naidoo
2009) which 1is up-regulated downstream of PERK activation. One
consequence of CHOP activation is the inhibition of anti-apoptotic proteins,
such as Bcl-2, leading to ER Ca”" release and subsequent activation of Ca*'-
dependent pathological mechanisms (Oyadomari & Mori 2004; Schroder &
Kaufman 2005). The mitochondrial involvement during ER stress-mediated
apoptotic cell death is now well accepted (discussed in section 1.6.). Indeed,
CHOP and JNK promote the translocation of Bax to the mitochondria where it
facilitates the release of pro-apoptotic factors required for caspase cascade
activation (Naidoo 2009).

Caspase-12, and its homologous caspase-4 in humans (Hitomi et al. 2004),
has been considered as one of the central mechanisms leading to apoptosis in

cells experiencing ER stress (Niederer et al. 2005; Cheung et al. 2006; Kim et
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al. 2009). The activation of this caspase results from the conversion of the ER
membrane-localized pro-caspase-12 into its cytosolic active form (Morishima
et al. 2002). Recently, it was shown to be modulated via the
ubiquitin/proteasome system (UPS) (Song et al. 2008) and it has been
implicated in ER stress-specific apoptosis contributing to amyloid-beta (AP)
neurotoxicity in Alzheimer’s disease (AD) (Cheung et al. 2006). It has been
reported that caspase-4 is activated under ER stress conditions increasing
caspase-3 activity (Kim ef al. 2009). However, other groups reported that ER
stress only activates caspase-9 leading also to apoptotic cell death, by a
mechanism that does not require caspase-4 or -12 (Obeng & Boise 2005).
Another mechanism that could be activated in parallel with UPR, to avoid
accumulation of misfolded proteins, involves targeting of ER parts to
lysosomes through macroautophagy as a last effort to relief cellular stress and
to prevent the occurance of apoptotic mechanisms (Kincaid & Cooper 2007,

Heath-Engel ef al. 2008).
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Figure 1.4 Sustained ER stress leads to pro-apoptotic signaling.

Prolonged UPR activation leads to ER Ca”" release and to cell death signaling. Activated
IRE-1 acting on downstream factors activates JNK and caspases. ATF4-dependent
transcription, induced by activated PERK, leads to augmentation of the pro-apoptotic
transcription factor CHOP. CHOP inhibits Bcl-2 leading to Ca®' release; higher Ca*" levels
sensitize mitochondria to other insults inducing cell death. Bcl-2 exerts an anti-apoptotic
function in the ER. CHOP and JNK also promote the translocation of Bax to the
mitochondria where it facilitates the release of cytochrome c required for caspase
activation. ER specific caspases, such as the caspase-12, are thought to directly induce cell

death through activation of caspases 9 and 3. Adapted from Naidoo 2009.

In conclusion, upon activation of processes such as UPR (Imaizumi et al.

2001; Yoshida 2009), EOR (Pahl & Baeuerle 1997), ERAD (Travers et al.

2000) or even macro-autophagy (Hoyer-Hansen & Jaattela 2007; Heath-Engel

et al. 2008), ER is able to manage with different kinds of stress and to restore

cellular homeostasis, preserving cell survival (Yoshida 2009). However, under

conditions of severe or prolonged ER stress, these adaptive signalling pathways

22



fail and apoptotic cell death is activated contributing to the pathology of
several important human diseases, including diabetes, cancer and

neurodegenerative disorders, such as AD (Kim et al. 2008a).

1.2.3. Deregulation of endoplasmic reticulum Ca®" homeostasis.

Ca’" ion impact nearly every aspect of cellular life (Clapham 2007). It plays
an important role in signal transduction pathways, where it acts as a crucial
second messenger, in neurotransmitters release from neurons, contraction of all
muscle cell types or even in fertilization. ER is one of the most important Ca*"
stores and it is estimated that 1-3 mM of this ion is kept in ER lumen, mostly
associated to Ca2+—binding proteins (Koch 1990; Meldolesi & Pozzan 1998;
Michalak er al. 2002). Therefore, loss of Ca®" balance leads to cellular
malfunction. In fact, disturbance of ER Ca’" homeostasis is commonly
associated with ER stress (Szegezdi ef al. 2009) and subsequent activation of
the mitochondrial-mediated apoptotic cell death pathway (Chami et al. 2008;
Costa et al. 2010; Gonzalez et al. 2010). Ca®" released from ER under ER
stress conditions is taken up by mitochondria and is required to induce the
release of pro-apoptotic factors, such as cytochrome ¢ (Niederer et al. 2005;
Pizzo & Pozzan 2007; Deniaud et al. 2008).

ER Ca®" deregulation has been described to be involved in several
neurodegenerative diseases, namely in AD. Toxic AP fibrils and oligomers,
both implicated in AD ethiopathogenesis (Sakono & Zako 2010; Tomiyama
2010), have been described to be able to deplete ER Ca®" content in neurons,
increasing cytosolic Ca’" levels (Bhatia et al. 2000; Ferreiro et al. 2004). ER

Ca’" release culminates in apoptotic cell death, due to the close communication
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between ER and mitochondria (Scorziello et al. 1996; Huang et al. 2000;
Niederer et al. 2005; Ferreiro et al. 2008b; Resende et al. 2008b).

ER Ca*" homeostasis is regulated through a subset of channels, namely
inositol-1,4,5-triphosphate (IP3R) and ryanodine receptor (RyR) families
(Berridge 1995; Lanner ef al. 2010) which could be activated both by electrical
or chemical stimulation (Verkhratsky 2002). However, Ca’-induced Ca®’
release (CICR), first described by (Endo 1977), corresponds to a mechanism
through which cytosolic Ca®" is able to sensitize the ER Ca”' release channels
IP3R or RyR (Berridge et al. 2000). CICR occurring through RyR can also be
triggered and amplified by Ca”" released through IP3R (Finch et al. 1991; Friel
& Tsien 1992; Yao & Parker 1992). Non-least important, ER possesses
mechanisms to facilitate Ca>" entrance to this compartment even against the
concentration gradient. This is accomplished through Ca’" pumps dependent on
energy, such as the sarco/endoplasmic reticulum Ca’"-ATPase (SERCA Ca*'-
ATPase). It promotes the transference of Ca’" from the cell cytosol to the
lumen of the sarcoplasmic reticulum through ATP hydrolysis (Satoh et al.
2011).

24



1.3. Pathological role of endoplasmic reticulum stress in several
human diseases.

In the past few years, ER stress has been largely implicated in several
human diseases (reviewed in Zhao & Ackerman 2006; Lin et al. 2008), in part
due to its role in the accumulation of misfolded/unfolded proteins and in the
activation of cell death pathways (Zhao & Ackerman 2006). ER stress has been
demonstrated to be involved in several pathological conditions, such as heart
(Minamino & Kitakaze 2010), kidney (Inagi 2010) and liver diseases (Tilg &
Moschen 2010). Furthermore, atherosclerosis (Bai et al. 2010), inflammatory
diseases (Hotamisligil 2010; McGuckin et al. 2010) and the widely spread
diabetes/obesity (Hummasti & Hotamisligil 2010) have also been reported to
involve ER stress. Moreover, brain associated diseases such as ischemia (Tajiri
et al. 2006; Oida et al. 2008) and several neurodegenerative disorders have
been correlated with ER dysfunction (Lindholm et al. 2006). Among them,
several authors consider that the origin of neuronal death occurring in diseases
such as Parkinson’s disease (Imai et al. 2000; Imai et al. 2001), Huntington's
disease (Reijonen et al. 2008), amyotrophic lateral sclerosis (Wootz et al.
2004; Nishitoh et al. 2008), prion-related disorders (Hetz & Soto 2006;
Ferreiro et al. 2007) and finally with AD (Sato et al. 2001; LaFerla 2002;

Katayama et al. 2004) are also related with induction of ER stress.
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1.4. Brief overview of Alzheimer’s disease: the role of amyloid 3
peptide.

In 1907 Alois Alzheimer, a German psychiatrist and neuropathologist,
described for the first time a pathology considered nowadays as the most
common age-related neurodegenerative disease and cause of dementia in the
elderly. Affecting presently almost 35 million people worldwide
(http://www.alz.org), the prevalence of AD tends to further increase in the next
decades due to increased life expectancy in developed countries and it is
estimated to reach over 100 million people in 2050 (Brookmeyer et al. 1998).
In Portugal, more than 70,000 individuals suffer from AD
(http://www.Alzheimerportugal.org).

This chronic neurodegenerative disorder that affects the central nervous
system (CNS) is characterized by progressive memory loss and deterioration of
cognitive functions due to synaptic and neuronal loss in the hippocampus and
cerebral cortex. Typical hallmarks of AD also include intracellular
neurofibrillary tangles consisting of abnormally hyperphosphorylated tau
protein and extracellular senile plaques, mainly composed of fibrillar AP and
usually surrounded by reactive astrocytes, activated microglia and dystrophic
neuritis (Selkoe 2001; Golde 2003) (Fig. 1.5).

Sporadic AD (SAD) represents the majority of AD cases. The main risk
factor for this late-onset (after 65 years of age) form of AD is aging but some
genetic and environmental factors are associated with increased susceptibility
to develop SAD, such as the presence of the €4 allele of apolipoprotein E
(ApoE), low educational level, or cardiovascular disease (Pereira et al. 2005;

Blennow et al. 2006).
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Tangles

Figure 1.5 Presence of amyloid senile plaques and neurofibrillary tangles in the cerebral
cortex of an AD patient. From Blennow et al. 2006.

The familiar AD (FAD) form is caused by autosomal dominant mutations
in genes encoding the amyloid precursor protein (APP), presenilin 1 or
presenilin 2 that were shown to increase the production of an AP isoform with
42 amino acids (ABi.42). Although the molecular mechanisms underlying SAD
are unknown, it is likely to also involve AP;4> accumulation. In fact, SAD
post-mortem brains present elevated protein levels and activity of the B-
secretase enzyme (Yang et al. 2003), which belong to a group of enzymes
responsible for AP generation from APP (Nathalie & Jean-Noel 2008) (Fig.
1.6).

AP is generated via an amyloidogenic pathway involving an alternative two-
step proteolytic cleavage of the integral membrane glycoprotein APP (Newman
et al. 2007; Thinakaran & Koo 2008) which encloses an Ap domain (Nathalie
& Jean-Noel 2008). APP processing is accomplished by membrane-associated

metalloproteinases named secretases (Esler & Wolfe 2001).
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Figure 1.6 APP processing mediated by o-, B- and y-secretases.

APP is susceptible to endoproteolytic cleavage through two main pathways involving
different secretases. These sequential cleavages can occur by a-secretase and then by v-
secretase (non-amyloidogenic pathway) or by [-secretase and then by y-secretase
(amyloidogenic pathway), which preclude or cause the formation of the amyloidogenic A
peptide, respectively. FAD-associated mutations in presenilins (PS1/PS2) or in APP
favour this amyloidogenic processing, potentiating Af formation. Polymorphisms in
ApoE, which increase the risk to develop SAD, can promote AP fibrillization and/or
inhibit AP clearance mechanisms leading to AP accumulation. From Sisodia & St George-
Hyslop 2002.

When the first APP cleavage is made by a-secretase the liberation of
amyloidogenic species is precluded. Instead, the result of this fragmentation is
a large soluble extracellular amino-terminal portion of APP (APPsa) and a
carboxy-terminal fragment that consists of 83 residues (C83) which, upon y-
secretase cleavage, originates the non-amyloidogenic P3 peptide (Dulin et al.

2008). In alternative, APP could be processed through an amyloidogenic

pathway that generates AP species. In this case, APP undergoes two sequential
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endoproteolytic steps that are mediated by distinct enzymatic activities known
as - and y-secretases. [(-secretase, also called BACE-1 (beta-site APP-
cleaving enzyme) is the main responsible for AP production and is currently
being targeted in order to stop AD development (Boddapati ez al. 2011). When
APP is cleaved by BACE-1, a short soluble amino-terminus (APPsp) fragment
and a carboxy-terminal fragment (C99) are obtained. The membrane-associated
C99 fragment is then cleaved by y-secretase. The cleavage occurs at the g-site
within the transmembranar domain, liberating the APP intracellular domain
(AICD). This is followed by cleavage of the AB-containing fragment at the y-
secretase site after residue 40 or 42 of AP (LaFerla 2002). The two most
abundant forms are AP;4o and AP.42, with 40 and 42 amino acids, respectively
(Selkoe 1993). Even though, APP amyloidogenic processing was shown to
produce other fragments of different lengths (Czirr et al. 2008). Furthermore,
this AP peptide can assume different assembly states (Selkoe 2001; Parihar &
Hemnani 2004). Soluble AP is thought to undergo a conformational change to
high B-sheet content, rendering it prone to aggregate into soluble oligomers and
larger insoluble fibrils that deposit in plaques. AP can aggregate into smaller
molecular weight forms, described for the first time as small, globular
structures of AP which could be secreted as dimers or trimers, called AB
oligomers (ABO) or ADDLs (amyloid B-derived diffusible ligands) (Lambert et
al. 1998) (Fig. 1.7).

Since it is the main component of senile plaques (Masters et al. 1985), AB
has been largely studied in last years and is now considered by many as the key
molecule in the pathogenesis of AD (Hardy & Selkoe 2002). Based on several
evidences, the “amyloid cascade hypothesis” has been proposed to explain the

neurodegenerative process in AD (Hardy & Selkoe 2002). Support for this

29



hypothesis also includes the finding that the FAD mutations are present in the
genes for both the substrate (APP) and the key enzyme presenilin (PS) for AP
generation. Most APP mutations also cluster around the secretase sites, and
both the APP and PS mutations increase APj4> production. Furthermore,
patients with Down’s syndrome, who possess an extra copy of the APP gene,
develop AP plaques early in life and develop AD later in life, and the recent
finding of a duplication of the APP locus in families with FAD support to the

notion that life-long APP overexpression triggers AP deposition.
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Figure 1.7 Different amyloid species, different forms of toxicity.
Different AP species are associated with neuronal damage and plaque formation in AD.
Recently discovered soluble oligomeric AP species have been pointed out as the most
neurotoxic forms of AP, activating several toxic pathways that contribute to
neurodegeneration. Adapted from http://www .kleinlab.org/our_research.htm.
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According to the “amyloid cascade hypothesis”, the initiating event in AD
is the unbalance between the mechanisms of AP production and AP clearance,
with increased AP production in FAD and decreased AP clearance in SAD,
ultimately leading to neuronal degeneration and dementia. As a result of AP
accumulation, soluble oligomers are formed that have a negative impact in
synaptic function, impairing hippocampal long-term potentiation (LTP) and
synaptic plasticity. Furthermore, AP triggers an inflammatory response upon
microglia and astrocytes activation, oxidative stress and ionic dyshomeostasis,
which result in neuronal dysfunction and neurotransmitters deficit, finally
leading to cognitive alterations and dementia. On the other hand, tau pathology
with neurofibrillary tangle formation is regarded by many as a downstream
event of AP pathology as a result of the unbalance between tau kinases and
phosphatases that contributes to neuronal dysfunction and cognitive symptoms
(Hardy & Selkoe 2002; Citron 2004), as depicted in Fig. 1.8.

However, even though this theory is supported by numerous findings, some
controversy still remains in the recognition of AP peptide as the trigger of this
brain pathology. Instead it is by opposition some times regarded as
consequence of cell death (Recuero et al. 2004).

Only AP deposited in plaques was initially assumed to be neurotoxic
(Nathalie & Jean-Noel 2008) but recent findings suggest that soluble A
oligomers might be the culprits in AD pathology (Sakono and Zako, 2010).
Rather than AP fibrils, ABO are thought to be the main species implicated in
synaptic dysfunction and loss in AD (Golde 2003; Heinitz et al. 2006; Lesne et
al. 2006). In fact, density of fibrillar amyloid plaques does not correlate well
with the severity of dementia (Masliah et al. 1990). On the other hand, ABO

levels and evidences of synaptic targeting by APO in mature hippocampal
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neurons were proved to be strongly correlated with the extent of synaptic
damage, memory loss and cognitive impairment related to AD (Klein et al.
2001; Lacor et al. 2004; Klein 2006; Lacor ef al. 2007). Also, while aggregated
AP is the most frequent form of AP found in AD brains, in peripheral blood
and in cerebral spinal fluid from AD patients only soluble AP can be found
(Cirrito & Holtzman 2003; Gong et al. 2003; Kokubo et al. 2005)
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Figure 1.8 Amyloid cascade hypothesis.

Deregulation in the balance between A clearance and AP production initiates a cascade
of events that culminates in synaptic dysfunction and neuronal death, leading to dementia.
AP overproduction is a consequence of pathogenic mutations in early-onset FAD. In late-
onset SAD, the synergistic action between aging and several environmental and/or genetic
risk factors compromises A clearance mechanisms. Increased levels of AP, specially ApB;.
42, promotes the formation of soluble oligomers and aggregates which impair synaptic and
neuronal function resulting in neurotransmitter deficits and cognitive symptoms. AP also
triggers tau pathology with tangle formation that could contribute to neuronal dysfunction
and cognitive symptoms. Adapted from Blennow et al. 2006.
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1.4.1. Endoplasmic reticulum stress in Alzheimer’s disease.

The role of the ER stress response in AD is presently being investigated.
Based on both in vitro and in vivo studies, several authors argue that it is one of
the main players in synaptic dysfunction and neuronal death occurring in this
neurodegenerative disorder (Mattson et al. 2001; Nishitsuji et al. 2009). It has
been reported that the levels of ER stress markers are increased in AD post-
mortem brain tissues suggesting that the prolonged activation of the ER stress
response is involved in neurodegeneration (Hoozemans et al. 2005; 2009).

In transgenic mice modeling AD, the ER-resident caspase-12 is strongly up-
regulated (Song et al. 2008), as well as BiP/Grp78 and CHOP/GADDI153
(Ling et al. 2009). Additionally, a global molecular profile of hippocampal and
cortical gene expression revealed that ER stress-related genes are differentially
regulated during the initial and intermediate stages of AP deposition (Selwood
et al. 2009). Several evidences obtained in cultured cells suggest that A is
implicated in ER stress occurring in AD (Chafekar et al. 2008; Nishitsuji et al.
2009; Takahashi et al. 2009). In primary cultured neurons, GRP78 has been
shown to be up-regulated upon treatment with both fibrillar or oligomeric AP
(Ferreiro et al. 2006; Resende et al. 2008b) and AP was shown to activate the
ER stress-mediated apoptotic cell death pathway (Ferreiro et al. 2006; Ferreiro
et al. 2008b; Resende et al. 2008b).

Perturbation of ER Ca®" homeostasis, a trigger for the accumulation of
unfolded or misfolded proteins and activation of the ER stress response, is also
an important step in the beginning or progress of neuronal dysfunction in AD.

A markedly decrease of calreticulin immunoreactivity (ER Ca®’ binding
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protein) was described in AD postmortem brain (Lai et al. 2009). Recent
studies in AD transgenic mice have shown that enhanced Ca*" response is
associated with increased levels of RyR and alters synaptic transmission and
plasticity mechanisms before the onset of histopathology and cognitive deficits
(Smith et al. 2005; Stutzmann et al. 2006; Chakroborty et al. 2009). Moreover,
mutant PS interacts with the IP3R-Ca’" release channel, resulting in Ca®"
signaling abnormalities (Stutzmann et al. 2003; 2004) that have been suggested
to be an early pathogenic event in AD involved in presynaptic dysfunction
(Zhang et al. 2009). Several findings implicate Ap as a trigger of ER Ca*"
dyshomeostasis. Overexpression of APP was shown to potently enhance
cytosolic Ca”" levels and cell death after ER Ca®" store depletion and under
these conditions GADD153/CHOP is significantly upregulated (Copanaki et al.
2007). In cultured cortical neurons, it was previously demonstrated that AP
depletes ER Ca”" stores, promoting Ca®" release through IP3R and RyR, thus
increasing intracellular Ca®* levels and compromising cell survival (Ferreiro et
al. 2004; Resende et al. 2008b). Additionally, AP was described to mediate
changes in intracellular Ca*" homeostasis in neurons through a direct increase

of the RyR3 isoform expression and function (Supnet et al. 2006).

1.4.2. Amyloid-p peptide: a cause or consequence of mitochondrial
dysfunction?

Mitochondria are the main organelles responsible for the supply of energy
to cells. Mitochondria are almost independent organelles that contain their own
DNA, essential for both respiration and ATP synthesis. Despite human
mitochondrial DNA (mtDNA) encodes several subunits of the five complexes

of the electron transport chain (ETC) (Fig. 1.9) required for ATP production,
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nuclear DNA also encodes subunits of the ETC complexes and enzymes
responsible for replication, repair, transcription and translation (Anderson et al.
1981; Wallace 1994) which enter the mitochondria through the transporter
inner membrane (TIM) and transporter outer membrane (TOM) machinery

(Hansson Petersen et al. 2008).
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Figure 1.9 Mitochondrial electron transport chain.

Mitochondrial energy production is accomplished by the electron transport chain located at
the mitochondrial inner membrane (MIM). It is composed of five multimeric complexes.
Electron transport between complexes I to IV is coupled to proton extrusion into the
intermembrane space, creating an electrochemical gradient (AY), also called mitochondrial
membrane potential (A¥m), across the MIM. Energy created by protons flow through
complex V (ATP synthase), is utilized to synthesize ATP from ADP. Mitochondrial
respiratory chain can be chemically inhibited, as shown. C, cytochrome c; Q, ubiquinone.
From Bayir & Kagan 2008.
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Imaging studies by positron emission tomography (PET) revealed that
glucose utilization is lower in AD brains than in age-matched controls.
Furthermore, reduced brain glucose metabolism was observed in subjects with
mild cognitive impairment (MCI), suggesting that insufficient energy
production may be a crucial factor in preclinical AD (Mosconi 2005) (Fig.
1.10). Hypometabolism in AD is believed to result from decreases in the
activity of mitochondrial cytochrome ¢ oxidase (COX), pyruvate
dehydrogenase and alpha-ketoglutarate dehydrogenase complexes (Blass
2001). Furthermore, evidences for mitochondrial abnormalities such as
mitochondria fragmentation, morphological changes and density reduction
were found in the brain of AD patients (Small e al. 1995; Ferrer 2009; Ferreira
et al. 2010).

Normal 1989 MCl 1995 AD 1998

Figure 1.10 Mitochondrial Longitudinal metabolic reductions in Mild Cognitive Impairment
(MCI) and AD.
FDG-PET scans in a 71-year-old cognitively normal woman at baseline (1989) and over 9
years. During this observation period the patient declined to MCI and later was diagnosed
with AD, which was confirmed at autopsy. For each observation a coronal PET scan is
depicted at the level of the entorhinal cortex and anterior hippocampus. Arrows point to
the inferior surface of the entorhinal cortex with progressively darker colours on the PET
scans, which indicates progressive reductions in glucose metabolism. From Blennow ef al.
2006.
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Variations in human mtDNA may contribute to individual differences in
mitochondrial function and also to the increased susceptibility to various
diseases, such as AD (Shoffner et al. 1993; Hutchin & Cortopassi 1995; van
der Walt et al. 2004). In fact, AD brains exhibit an increase in mtDNA control
region mutations that can account for the sporadic appearance of mitochondrial
defects seen in late-onset AD (Coskun et al. 2003). The accumulation of
mtDNA mutations could be at the origin of the ETC malfunction observed in
AD brains (Lin ef al. 2002; Coskun et al. 2003; Lin & Beal 2006; Kruger et al.
2010), in particular in COX activity (Kish et al. 1992; Bosetti et al. 2002;
Cardoso et al. 2004b; Pickrell et al. 2009), leading to ATP depletion,
mitochondria-mediated oxidative stress and apoptotic cell death (Kwong ef al.
2007). In studies conducted in AD cytoplasmic hybrids (cybrids), cell lines
carrying the mitochondrial complex IV (COX) defect from AD patients that
arise from their mtDNA (Ojaimi et al. 1999; Petrozzi et al. 2007), a significant
decrease in mitochondrial membrane potential (A¥m), cytochrome c release
and caspases activation were detected and were shown to increase cellular
susceptibility to AP toxicity (Cardoso et al. 2004b). Moreover, it was
demonstrated that AR can potentiate mitochondrial dysfunction and cell death
in AD cybrids (Khan et al. 2000).

Mitochondria dysfunction is considered by many authors as a pathological
trigger for AD (Ienco et al. 2011). Accordingly to the “mitochondrial cascade
hypothesis”, schematically represented in Fig. 1.11, it is postulated that an
accumulation of mitochondrial damages induced by AP could lead to impaired
energy generation by mitochondria, accumulation of ROS and activation of cell
death pathways (reviewed in Mancuso et al. 2007; Swerdlow & Khan 2009;
Chen & Yan 2010; Swerdlow et al. 2010). This hypothesis is supported by
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studies conducted in mtDNA-depleted RhoO (p0) cells, which proved that Ap
requires functional mitochondria to induce toxicity (Cardoso et al. 2001;

Cardoso et al. 2002).
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Figure 1.11 Mitochondrial cascade hypothesis for AD.

This cascade of events represents a hypothetical explanation for the role of AP in
mitochondrial dysfunction. In this model, increased ROS production, neurofibrillary
tangles (NFTs) formation, synaptic failure and neurodegeneration are the main events.
Several other pathways are involved in this cascade via feedback or forward revealing
several vicious cycles within a larger vicious cycle. All of them, once set in motion,
amplify their own processes, thus accelerating the development of AD. Adapted from
Pagani & Eckert 2011.
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It is presently believed that AP enters the mitochondria, induces ROS
formation, disrupts the ETC and ultimately causes the release of pro-
apoptotic factors. In fact, AR was proved to interact with the AB-binding
alcohol dehydrogenase (ABAD) in brain mitochondria of AD patients and
transgenic mice (Lustbader er al. 2004), promoting leakage of ROS,
inhibition of mitochondrial activity and induction of cell death (Takuma et
al. 2005). Casperson and collegues (Caspersen et al. 2005) also reported
that AP accumulation in the mitochondriais associated with diminished
enzymatic activity of ETC complexes, namely with COX, and with a
reduction in the rate of oxygen consumption. More recent evidences
demonstrated the ability of AP to enter mitochondria causing mitochondrial
dysfunction (Manczak et al. 2006; Reddy 2006) and the TOM machinery
was shown to be a via of AP transport into the mitochondria (Hansson
Petersen et al. 2008). Furthermore, RAGE-mediated signaling was shown
to contribute to intraneuronal AP accumulationand promotion of neuronal
degeneration through perturbation of mitochondrial function (Takuma ef al.
2009). AP was also demonstrated to interact with Cyclophilin D (Cyp D),
an integral part of the mitochondrial permeability transition pore (PTP)
whose opening leads to cell death (Du et al. 2009), corroborating the
hypothesis of the direct effect of AB on mitochondria. In an AD mouse
model, Cyp D deficiency was shown to attenuate mitochondrial
dysfunction induced by AP, to improve synaptic function and alleviate AB-
mediated reduction of LTP, finally recovering learning and memory
deficits (Du et al. 2009). Recently, mitochondrial associated secretases
were demonstrated to be involved in APP processing showing that AP can

be produced locally in mitochondria contributing to mitochondrial



dysfunction in AD (Pavlov et al. 2010). These findings corroborate the
previously reported accumulation of full-length APP in the mitochondria
(Anandatheerthavarada et al. 2003) that correlates with mitochondrial
dysfunction and impairment of energy metabolism. By last, in AD
transgenic mice, mitochondrial AP levels have been associated with the
extent of mitochondrial dysfunction in different brain regions and also with
the degree of cognitive impairment (Dragicevic et al. 2010).

Collectivelly, the above studies demonstrate that mitochondrial
dysfunction is one of the mechanisms underlying Ap-induced
neurodegeneration (reviewed in Moreira ef al. 2006; Chen & Yan 2010;

Ferreira et al. 2010).
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1.5. Cross-talk between endoplasmic reticulum and mitochondria.

The ER is a site for the synthesis of proteins and lipids that will be
subsequently secreted or used in several other organelles. In addition to the
luminal connection of ER with the nuclear envelope, it also establishes close
contacts with many intracellular organelles such as mitochondria, Golgi
apparatus, secretory granules, lysosymes and endosomes, as represented in Fig.

1.12 (Park et al. 2008), facilitating the exchange of ER-derived products.

plasma membrane
Nuclear envelope

secretory
granules

lysosomes
endosomes
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Endoplasmic Reticulum Integrator

Figure 1.12 The endoplasmic reticulum (ER) is in close contact with several organelles and
with the plasmatic cell membrane. Adapted from Park et al. 2008.

Several groups point to the interaction between ER and mitochondria as an
important process in normal cellular functioning, as well as during
programmed cell death triggered by ER stress (Kim et al. 2006; Zhang &
Armstrong 2007; Lei ef al. 2008; Arduino et al. 2009; Klee ef al. 2009; Sharaf
El Dein et al. 2009; Vitiello et al. 2009).
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Numerous studies indicate that ER stress-induced apoptotic cell death requires
a mitochondrial component, highlighting the close cooperation between these
two organelles (reviewed in Giorgi et al. 2009). ER directly communicates
with mitochondria through close contacts referred as mitochondria-associated
membranes (MAM) that support Ca’" transfer from ER to mitochondria. In
fact, apoptotic stimuli known to act through Ca®" release from the ER induce a
prolonged increase in the mitochondrial Ca’" concentration (Chami et al. 2008;
Deniaud et al. 2008; Arduino et al. 2009). Bcl-2-associated X protein/Bcl-2-
homologous antagonist/killer (Bax/Bak) translocation and oligomerization in
the outer mitochondrial membrane, cytochrome c release, loss of AYm and
caspase-9 activation are common hallmarks of ER stress-induced apoptosis
(Hacki et al. 2000; Zhang & Armstrong 2007). Further, caspase-3 and -9 were
proven to be activated through ER Ca”" release in human cells (Gonzalez et al.
2010). Besides having a role in the mitochondrial-mediated apoptosis, various
proteins of the Bcl-2 family, including the anti-apoptotic protein Bcl-2,
modulate Ca>* content in both mitochondria and ER (Foyouzi-Youssefi et al.
2000). Conversely, overexpression of the pro-apoptotic Bax/Bak proteins
favours the transfer of Ca”” from ER to mitochondria and induces cell death
(Nutt et al. 2002; Scorrano et al. 2003). Transmission of a Ca®" signal from
IP3R to mitochondria was demonstrated to be associated with IP3-induced
opening of the permeability transition pore and, in turn, cytochrome c release
(Szalai et al. 1999). Similarly, phosphorylation of IP3R by Akt reduces cellular
sensitity to apoptotic stimuli through a mechanism that involves diminished
Ca’" flux from the ER to the mitochondria (Szado ef al. 2008). Cytochrome ¢
released from mitochondria can also bind to the ER IP3R and promotes Ca*"

release (Boehning et al. 2003). Released ER Ca”" triggers the extrusion of a
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large amount of cytochrome ¢ from all the mitochondria in the cell, amplifying
the death signal (Boehning et al. 2004). Despite the evidence that demonstrate
the involvement of mitochondrial and ER dysfunction in AD pathogenesis,
information regarding the role of ER-mitochondria cross-talk in this
neurodegenerative disorder is sparse although supporting data is now
beginning to emerge. It was recently shown that PS1 and PS2 are highly
enriched in a subcompartment of the ER that is associated with MAM that
forms a physical bridge between the two organelles (Area-Gomez et al. 2009).
Moreover, the association of hyperphosphorylated tau with ER membranes was
detected in AD brains and also in the brain of asymptomatic mice that
overexpress mutant tau. Interestingly, these mice exhibited more contacts
between ER membranes and mitochondria (Perreault et al. 2009), suggesting
that accumulation of tau at the surface of ER membranes might contribute to
tau-induced neurodegeneration through mitochondria. Previous results
demonstrated that Ca®" released from ER through IP3R and RyR receptors in
cortical neurons treated with AP are responsible for the depolarization of
mitochondrial membrane, release of cytochrome ¢ upon translocation of Bax to
mitochondria and activation of caspase-9 (Ferreiro et al. 2006; 2008b), thus
implicating the ER/mitochondria cross-talk in neurodegeneration occurring
upon AB-induced ER dysfunction.

ROS play an important role in the cooperation between ER and
mitochondria during apoptosis (reviewed in Csordas & Hajnoczky 2009). First,
ROS are able to promote accumulation of misfolded proteins within the ER
lumen (He et al. 2008; Yan et al. 2008) by reducing the activity of chaperones
such as BiP/GRP78 (Nuss et al. 2008). Second, many of the proteins involved

in the regulation of Ca®" in the ER are also susceptible to oxidants (Huang et
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al. 2004) and thus oxidative stress conditions lead to perturbations of the ER
Ca’" homeostasis (Racay et al. 1995). Third, GADD153/CHOP can potentiate
electron transfer to molecular oxygen, forming ROS (Marciniak et al. 2004).
Fourth, Ca" that results from the depletion of ER Ca®" stores can be taken up
by juxtaposed mitochondria as described before, inducing ROS formation
(Tardif et al. 2005). Recently, it was demonstrated that the release of Ca>" from
ER in cortical neurons treated with AP is responsible for the depletion of the
antioxidant glutathione (GSH) and accumulation of ROS that are involved in
loss of AWm (Ferreiro et al. 2008b), thus highlighting ROS as potential

mediators of ER-mitochondria cross-talk in AD.
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1.6. Glutamatergic N-methyl-D-aspartate receptors: sites of action
for amyloid-p oligomers?

Glutamate is the major excitatory neurotransmitter in the CNS and a well-
known agonist of several receptors, including the ionotropic N-methyl-D-
aspartate receptors (NMDARs). These glutamate receptors are the predominant
molecular device for controlling synaptic plasticity and memory function (Li &
Tsien 2009). However, overstimulation of NMDARs and excessive Ca’* entry
can initiate several downstream events leading to neuronal cell death, a process
known as excitotoxicity (Lipton 2006).

NMDARSs are multimeric ionotropic receptors composed of four subunits,
being NR1 subunit essential for the function of the channel. The other subunits
could be NR2A-NR2D with long extensions of their C-terminals into the
cytoplasm, or NR3A-B that assemble together generating several receptors with
different pharmacological and physiological properties (Salter & Kalia 2004).
The correct functioning of this receptor requires the presence of glutamate and
glicine and also that their allosteric/modulatory sites are not occupied. A feature
of NMDARs is their voltage—dependent activation. Under physiological
conditions, Mg2+ blocks the channeland the receptor is inactive. However, upon
membrane depolarization, Mg”" blockage is removed, the channel opens and the
receptor becomes activated. Therefore, when all these requisites are fulfilled,
NMDARS become permeable to Ca®*, Na"and K, as show in Fig. 1.13.

Since NMDARs could be formed by different combinations of different NR1,
NR2 and/or NR3 subunits, it is probable that its function and modulation may be
distinct depending on the arrangement of their subunits. For instance, the C-
terminal extensions of NR2 subunits serve as domains for interaction with

kinases, supporting signal transduction pathways in the neurons. In the case of
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NR2A, these subunits interact with the Ser/Thr cyclin-dependent kinase-5
(Cdk-5) (Li et al. 2001), and both NR2A and NR2B subunits are
phosphorylated by the Tyr kinases, Fyn and Src, previously described to
potentiate the activity of the NMDARSs (Yu et al. 1997).

Kumar and colleagues (Kumar ef al. 2002) described that the expression of
NMDAR subunits is tightly regulated during development. It was demonstrated
that the NR2A/NR2B ratio increases during development, being NR2A and
NR2B subunits highly expressed in the cortex and hippocampus of adult
mammalian brain (Kumar et al. 2002). However, NR2B and also NR2D
mRNAs were reported to be detected during the prenatal period, having higher
expression at embryonic stages and then decreasing after birth, whereas NR2A

and NR2C mRNAs were only detected near birth (Monyer et al. 1994).
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Figure 1.13 NMDA receptors for glutamate.
This ionotropic receptor, composed by 4 subunits, allows Ca’", Na" and K" exchange
between cytoplasm and synaptic cleft. NMDARs have several alosterical modulatory sites
and thus their activation is a very well regulated process. From:
http://www.cnsforum.com/imagebank/item/hrl_rcpt_sys NMDA/default.aspx
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NMDARSs have been implicated in the aetiology of several diseases. Since
NMDARSs function is involved in synaptic plasticity, a cellular mechanism for
learning and memory, their role in AD ethiopathogenesis has been extensively
studied (Lipton 2006). Glutamatergic synaptic loss has been correlated with the
onset and severity of memory impairment that precedes late neurodegeneration
(Myhrer 1998; Parameshwaran et al. 2008; Shankar & Walsh 2009). Reduced
synaptic density and selective neuronal dysfunction that occurs in the disease
seems to be partially due to the overactivation of NMDARs and consequent
increase of intracellular Ca>" (Mattson et al. 1992; Harkany et al. 2000; Kelly
& Ferreira 2006; Fan & Raymond 2007). Although it was not possible to prove
the physical interaction between AP and NMDARs, A, including soluble
oligomers, was shown to activate NMDARs (Cowburn et al. 1997; Dinamarca
et al. 2008; Alberdi et al. 2010). Furthermore, A is able to modify the sub-
cellular localization of NMDAR subunits, namely of NR1 (Snyder et al. 2005;
Lacor et al. 2007) in both cortical and hippocampal neurons, changing its cell
surface expression levels (Goto et al. 2006; Johansson et al. 2006). In
hippocampal neuronal cultures, NR1 subunit was detected in the ABO-pulled
protein complex, together with many other proteins, suggesting its interaction
with ABO (De Felice et al. 2007; Lacor et al. 2007) that was proved to be
responsible for synapse damage and consequent neuronal loss (Lacor et al.
2004; reviewed in Klein 2006; Lacor et al. 2007). These damaging effects were
suggested to be, in part, due to NADPH oxidase (NOX)-mediated ROS
overproduction upon ABO-induced NMDARs activation (Shelat et al. 2008).
Recently, it was demonstrated that NOX is the main source of superoxide

radicals generation that occurs upon NMDAR activation (Brennan et al. 2009).
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Despite the evidences suggesting an interaction between APO and NRI1
subunits of NMDARs, so far it has been difficult to determine which synaptic
receptor could serve as a binding site for APO since neither antibody
competition or selective knock-out of receptors (e.g. PrP or metabotropic
glutamate receptor 5 (mGluR5)) have fully eliminated ABO binding (Laurén J.
et al. 2010; Renner et al. 2010). It was recently shown that excitatory synapses
containing the NR2B NMDAR subunit, predominantly expressed at the pre-
synaptic sites (Zhang & Diamond 2006), appear to be the principal sites of
ABO accumulation, being this effect counteracted by NMDAR antagonists
(Deshpande et al. 2009). Similar results were obtained by Hu and colleagues
(Hu et al. 2009) in an in vivo study were AP;4;-mediated inhibition of
hippocampal plasticity was prevented byselective antagonists of NMDARs,
including of the NR2B subunit.

Several pharmacological approaches targeting NMDARSs have been made in
order to develop effective disease-modifying therapies for AD. One of the
current therapeutical approaches to slow disease progression in moderate-
severe AD stages involves the use of memantine, an uncompetitive antagonist
of NMDARs (reviewed in Lipton 2006; Herrmann et al. 2011). Memantine,
which has been shown to improve cognitive function in AD patients (Reisberg
et al. 2003; Rainer et al. 2011), is able to re-establish glutamatergic
homeostasis (reviewed in Parsons et al., 2007; Robinson et al., 2006) and to
prevent NMDAR-mediated Ca®" influx and oxidative stress in ABO-treated
hippocampal neuronal cultures (De Felice et al., 2007), as well as AB-induced
synaptotoxicity (Lacor et al, 2007) and neurodegeneration (Miguel-Hidalgo et
al., 2002). In vivo, memantine was also showed to reduce the

neurodegenerative process in rat hippocampus (Szegedi et al., 2010), revealing
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the therapeutical importance of blocking the NMDAR. Since activation of
these receptors is associated with synaptic dysfunction preceding
neurodegeneration (Kelly and Ferreira, 2006), it can play a major role during

early disease stages, when ABO assumes a great importance.
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AD is a chronic and progressive neurodegenerative disorder that affects
millions of individuals in the world and the number of persons with AD is
expected to triple by mid-century. If steps are not taken to delay the onset or
slow the progression of AD, the economic and personal tolls will be immense.
Considerable progress has been made in recent years towards better
understanding the pathogenesis of AD but this knowledge has not yet been
successfully translated into new and truly effective disease-modifying drugs.
Nevertheless, a wide array of anti-amyloid and neuroprotective therapeutic
approaches are under investigation on the basis of the “amyloid cascade
hypothesis”, the leading mechanistic theory of AD which states that an
imbalance in production or clearance of AP results in protein accumulation and
triggers a cascade of events including oxidation, inflammation and
excitotoxicity, tau hyperphosphorylation and neurofibrillary tangle formation,
leading to neurodegeneration and dementia. Therefore, interventions in these
processes might block the cascade of events comprising AD pathogenesis.

This study was aimed to better understand the molecular mechanisms
underlying the deleterious effects triggered by AP peptide, focusing on its role
in the induction of ER stress. Specifically, it was investigated: 1) the role of the
glutamatergic NMDAR) for glutamate, in particular of its NR2A and NR2B
subunits, as an upstream mechanism leading to AB-induced ER stress and ii)
mitochondrial dysfunctionas an ER stress downstream mechanism involved in
AB-induced cell death. To accomplish these purposes, different models were

used as depicted in Fig. 2.1.
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Figure 2.1 Models used in this study to investigate the molecular mechanisms
implicated in AD pathogenesis.
As in vitro cellular models, AP-treated mtDNA-depleted NT2 pO cells versus
parental NT2 p+ cells, primary cultures of rat brain cortical or hippocampal
neurons and AD versus control cybrids, were used (images were taken under 200x
magnification). Furthermore, studies were conducted in brain extracts obtained
from the cerebral cortex and hippocampus of triple transgenic AD mice (3xTg-
AD) or wild-type littermates as well as in peripheral blood mononuclear cells
(PBMCs) obtained from non-demented controls, subjects with mild cognitive
impairment or mild, moderate/severe AD patients. The human lymphocyte
representation is a scanning electron microscope (SEM) image.

The mtDNA-depleted NT2 cell line (NT2 p0 cells), characterized by the
absence of functional mitochondria, allowed us to discriminate the role of

mitochondria in the ER stress-induced apoptotic cell death pathway triggered
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by AP, as described in Chapter 4. In Chapter 5, we took advantage of a
technique that allowed recreating in a cell line (AD cybrids) the mitochondrial
defect present in platelets from AD patients (inhibition of cytochrome c¢
oxidase, COX) to explore how mitochondrial dysfunction affects the cellular
susceptibility to ER stress induced in response to AP stimulus. The effect of
impaired COX activity on AB-induced ER Ca®" dyshomeostasis was further
investigated in Chapter 6 using primary cultures of rat brain cortical neurons
challenged with AP upon treatment with KCN, a chemical COX inhibitor. In
Chapter 7, using primary cultured rat brain hippocampal neurons, it was
investigated whether oligomeric ABO triggers ER stress by an NMDAR-
dependent mechanism and the contribution of NR2A and NR2B subunits was
analyzed using antagonists of this glutamate receptor. Furthermore, the NOX-
mediated superoxide production downstream of NR2A or NR2B and its role in
ER and cytosolic Ca’" dyshomeostasis was analyzed in APO-treated
hippocampal cultures.

Finally, the Chapter 8 was aimed to evaluate the extension of ER stress in an
in vivo model of AD, the triple transgenic-AD mice (3xTg-AD) mice model,
which develops plaques, tangles and cognitive deficits in an age-dependent
manner and thus mimics AD progression in humans. Also in this chapter, ER
Ca** deregulation and several ER stress markers were accessed in peripheral
blood mononuclear cells (PBMCs) from non-demented controls, individuals
with MCI and probable AD patients (mild and moderate/severe disease stages)
in an attempt to establish a relation between ER dysfunction and the severity of

the disease.
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CHAPTER 3 - Materials and Methods
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3.1. Materials.

Table 3.1.1. Information relative to the companies from which the materials
and equipment, used in this study were purchased.

Antibodies:

Alexa Fluor 488 goat anti-rabbit IgG conjugate
Alexa Fluor 594 goat anti-mouse IgG conjugate
Alexa Fluor 633 goat anti-rabbit IgG conjugate

Goat alkaline phosphatase-linked anti-mouse
secundary antibody

Goat alkaline phosphatase-linked anti-rabbit
secundary antibody

Mouse monoclonal anti-f-actin

Mouse monoclonal anti-GADD153/CHOP
Mouse monoclonal anti-GAPDH

Mouse monoclonal anti-GRP78

Mouse monoclonal anti-NR2B subunit

Mouse monoclonal anti-PARP

NU-1 (Northwestern University-1) (anti-ABO)
Rabbit polyclonal anti-NR1 subunit (anti-ct-
terminal)

Rabbit polyclonal anti-NR1 subunit (NMDAC(]1)

Rabbit polyclonal anti-NR2A subunit (anti-ct-
terminal)

Rabbit polyclonal anti-NR2A subunit (NMDAg1)
Rabbit polyclonal anti-NR2B subunit

Rabbit polyclonal anti-NR2B subunit (anti-ct-
terminal)

Rabbit polyclonal anti-pro-caspase 12
Rabbit polyclonal anti-XBP-1

AP peptides:
ABi4o
ABia
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Molecular Probes (Leiden, Netherlands)
Molecular Probes (Leiden, Netherlands)
Molecular Probes (Leiden, Netherlands)

Amersham Pharmacia Biotech (Buckinghamshire,
UK)

Amersham Pharmacia Biotech (Buckinghamshire,
UK)
Biovision inc. (mountain view, CA, USA)

Santa Cruz biotechnology (Santa Cruz, CA, USA)
Santa Cruz biotechnology (Santa Cruz, CA, USA)
BD Biosciences (San Diego, CA, USA)

BD Biosciences (San Diego, CA, USA)

Cell Signaling (Denvers, MA, USA)

Produced in W.L Klein’s Lab (Chicago, Illinois,
USA)

Chemicon International, Inc. (Temecula, CA,
USA)

Santa Cruz biotechnology (Santa Cruz, CA, USA)

Chemicon International, Inc. (Temecula, CA,
USA)

Santa Cruz biotechnology (Santa Cruz, CA, USA)
Santa Cruz biotechnology (Santa Cruz, CA, USA)

Chemicon International, Inc. (Temecula, CA,
USA)

BD Biosciences (San Diego, CA, USA)
Abcam (Cambridge, UK)

Bachem (Bubendorf, Switzerland)

Bachem (Bubendorf, Switzerland)
American peptide (Sunnyvale, CA,USA)



Cellular lines:
Human teratocarcinoma NT2 cell line (NT2 p+)

mtDNA-depleted NT2 cell line (NT2 p0)

Cell culture reagents:

B27 supplement

Fatty acid-free BSA

Bovine serum albumin (BSA)
Neurobasal medium
Optimem Medium

Penicillin

Streptomycin

Enzymes:
Deoxiribonuclease I (DNase I)

Trypsin

Enzyme inhibitors:
Phenylmethylsulfonyl (PMSF)

Protease inhibitor cocktail (leupeptin, pepstatin A,
chymostatin and antipain)

Trypsin inhibitor type type-1I-soybean

Enzyme substrates:

ac-DEVD-pNA (Caspase-3)
ac-LEVD-pNA (Caspase-4)
ac-LEDH-pNA (Caspase-9)

Fluorescent dyes:

2’,7’-Dichlorodihydrofluorescein diacetate
(DCFH,-DA)

Dihydroethidium (DHE)
Fura-2-acetoxymethyl Ester (Fura-2/AM)
Hoechst 33342

in situ Cell Death Detection Kit, Fluorescein

Statagene (La Jolla, CA, USA)

A generous gift from Professor R. Swerdlow
(University of Kansas, KS, USA)

GIBCO BRL, Life Technologies (Paisley, UK)
Sigma Chemical Co. (St. Louis, MO, USA)

Sigma Chemical Co. (St. Louis, MO, USA)

GIBCO BRL, Life Technologies (Paisley, UK)
GIBCO BRL, Life Technologies (Paisley, UK)
GIBCO BRL, Life Technologies (Paisley, UK)
GIBCO BRL, Life Technologies (Paisley, UK)

Sigma Chemical Co. (St. Louis, MO, USA)
Sigma Chemical Co. (St. Louis, MO, USA)

Sigma Chemical Co. (St. Louis, MO, USA)
Sigma Chemical Co. (St. Louis, MO, USA)

Sigma Chemical Co. (St. Louis, MO, USA)

Calbiochem (Damastadt, Germany)
MBL International CO. (Wobum, MA, USA)

Biosource international (Nivelles, Belgium)

Molecular Probes (Leiden, Netherlands)

Molecular Probes (Leiden, Netherlands)
Molecular Probes (Leiden, Netherlands)
Molecular Probes (Leiden, Netherlands)
Roche Applied Sciences (Manhein, Germany)
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Indo-1-acetoxymethyl ester (Indo-1/AM)

9,9'-Bis (N-methylacridinium nitrate), Lucigenin

Laboratory equipments:

Axiovert 200 fluorescence inverted microscope
Axiovert 200M fluorescence microscope

Coll SNAP digital camera

Lambda DG4 apparatus

Leica TCS SP2 Laser confocal

Lmax II 384 microplate reader
SpectraMax Gemini microplate reader

Spectra Max Plus 384 microplate reader

Other chemicals:

3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT)

B-nicotinamide adenine dinucluotide phosphate
reduced form (3-NADPH)

BCA Protein Assay Reagent

Brefeldin A

Cycloheximide

DakoCytomation fluorescent solution
Dantrolene

Ficoll-Plaque Plus separating solution
Ifenprodil

NVP-(R)-[(S)-1-(4 Bromophenyl)-ethylamino]-(2,3
dioxo-1,2,3,4-tetrahydroquinoxalin-5-yl)-methyl]-
phosphonic Acid

Phenol red-free Ham’s F-12 medium

Pluronic acid F-127

Prolong mounting medium

Thapsigargin
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Molecular Probes (Leiden, Netherlands)
Sigma Chemical Co. (St. Louis, MO, USA)

Zeiss (Jena, Germany)

Zeiss (Thornwood, NY, USA)

Roper Scientific (Trenton, NJ, USA)

Sutter Instruments company (Nocato, CA, USA

Leica Microsystems Inc. (Buffalo Grove, Illinois,
USA)
Molecular Devices Inc. (Sunnyvale, CA, USA)

Molecular Devices Inc. (Sunnyvale, CA, USA)
Molecular Devices Inc. (Sunnyvale, CA, USA)

Sigma Chemical Co. (St. Louis, MO, USA)

Sigma Chemical Co. (St. Louis, MO, USA)

Thermo Scientific, Pierce protein research
products (Rockford, IL, USA)
Sigma Chemical Co. (St. Louis, MO, USA)

Sigma Chemical Co. (St. Louis, MO, USA)
DakoCytomation (Carpinteria, CA, USA)

Sigma Chemical Co. (St. Louis, MO, USA)

GE healthcare bio-Sciences (Pittsburgh, PA, USA)
Sigma Chemical Co. (St. Louis, MO, USA)

A generous gift from Y.P. Auberson (Novartis
Pharma AG, Basel, Switzerland)

Cambrex Bio Science (Walkersville, Maryland,
USA)
Molecular Probes (Leinden, Netherlands)

Molecular Probes (Leinden, Netherlands)
Sigma Chemical Co. (St. Louis, MO, USA)



Software used
GraphPad Prism
ImageJ

MetaFluor
Metamorph

Western blot reagents:

Enhanced chemiluminescence (ECF) reagent

Low-Range Rainbow prestained protein standard
Other reagents and apparatus

Polyvinylidene difluride (PVDF) membrane

GraphPad Software, Inc. (La Jolla, CA, USA)

National Intitutes of Health (Bethesda, Maryland,
USA)
Molecular Devices Inc. (Sunnyvale, CA, USA)

Universal Imaging Corporation
(Buckinghamshire, UK)

Amersham Pharmacia Biotech (Buckinghamshire,
UK)
Amersham biosciences (Piscataway, NJ, USA

Bio-rad (Hercules, CA, USA)
Amersham Pharmacia Biotech (Buckinghamshire,

UK)
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Table 3.1.2. Information regarding the provinience, host species, molecular

weight and dilutions of the primary antibodies used in this study.

o Catalog
Antibodies
number
Anti-ABO (NU-1, Northwestern
University-1) -
Anti-GADD153/CHOP SC-7351
Anti- GAPDH SC-137179
Anti-GRP78 BD610979
Milipore
Anti-NR1 subunit (anti-ct-terminal)
05432
Anti-NR1 subunit (NMDA(1) SC- 101757
Anti-NR2A subunit (anti-ct- Milipore
terminal) AB10531
Anti-NR2A subunit (NMDAgl) SC 31539
Anti-NR2B subunit SC 9057
Anti-NR2B subunit (anti-ct- Milipore
terminal) 06-600
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Host
specie
Mouse

monoclonal

Mouse

monoclonal

Mouse

monoclonal

Mouse

monoclonal

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit
polyclonal

Molecular
weight (kDa)
AP oligomers

(different sizes)

30 kDa

37 kDa

78 kDa

130 kDa

115 kDa

177 kDa

177 kDa

180 kDa

166 kDa

Dilution*

1:1000 (ICC)

1:500 (WB) or 1:200
(ICC)

1:2500 (WB)

1:250 (WB)

5 pg/mL (ICC)

5 pg/mL (ICC)

5 pg/mL (ICC)

5 pg/mL (ICC)

5 pg/mL (ICC)

5 pg/mL (ICC)



Cell

Anti-PARP signalling
9546
Anti-pro-caspase 12 BD551430
Abcam
Anti-XBP-1
37151

* WB, western blot; ICC, immunocytochemistry

Mouse
89 kDa
monoclonal
Rabbit
55 kDa
polyclonal
Rabbit
54 kDa
polyclonal

1:1000 (WB)

1:1000 (WB)

1:1000 (WB)
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3.2. Experimental models and treatments.

3.2.1. Human teratocarcinoma NT2 cell lines (p+ and p0).

Human teratocarcinoma NT2 cell line were grown in 75 cm’ tissue flasks in
modified Eagles Minimum Essential Medium (OptiMEM) containing 10%
(v/v) heat inactivated fetal calf serum (FCS), penicillin (100 U/mL) and
streptomycin (100 pg/mL). The mtDNA-depleted NT2 cell line (designed p0),
obtained after treatment of parental cells (designed p+) with low
concentrations of ethidium bromide (Swerdlow et al. 1997), was grown in
OptiMEM containing 10% (v/v) heat inactivated FCS, penicillin (50 U/mL)
and streptomycin (50 pg/mL) and further supplemented with uridine (150
pg/mL) and pyruvate (200 pg/mL). Both cell lines (NT2 p+ and p0 cells) were
maintained at 37 °C in a humidified incubator under an atmosphere of 95% air
and 5% CO,. Regular control measurements of mitochondrial cytochrome c
oxidase (complex IV (COX)) activity were performed to guarantee the
inhibition of ETC in mtDNA-depleted NT2 p0 cells.

Cells were plated at a density of 0.067 x 10° cells/cm® for WB and
measurement of caspase-3, caspase-4, and caspase-9-like activities, or at a
density of 0.12 x 10%cm? on glass coverslips, for single-cell Ca®" imaging or
TUNEL assay, and were maintained at 37 °C in a humidified atmosphere of
95% air and 5% COx. 24 hours after plating, cells were treated with brefeldin A
(2 uM), thapsigargin (2 uM) or fibrillar AB;40 (1 M) for 3, 6 or 24 hours at 37
°C. When used, dantrolene (10 uM) was added 1 hour before AB;.4o treatment.

Untreated cells were used as control.
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3.2.2. Control and Alzheimer’s cybrid cell lines.

3.2.2.1. Subjects.

Study sample included 3 patients (mean age was 65.7 = 8.3), with probable
AD, evaluated at the Memory Clinic of the University Hospital of Coimbra. The
diagnosis of dementia was based on the guidelines of the Diagnostic and
Statistical Manual of Mental Disorders-DSM-IV (American Psychiatric
Association, 1994) and the diagnosis of probable AD was established according
to the criteria of the National Institute of Neurological and Communicative
Disorders and Stroke-Alzheimer’s Disease and Related Disorders Association
(NINCDS-ADRDA) (McKhann et al. 1984). In order to implement these
standard criteria, all patients underwent extensive clinical evaluations including
neurological, psychiatric and neuropsychological testing, routine laboratory tests
to exclude other causes of dementia, as well as EEG, brain imaging,
cerebrospinal fluid (CSF) analysis and ApoE genotyping. This evaluation
confirmed the probable diagnosis of AD and allowed further genetic
classification. One patient was homozygotic for the ApoE &4 allele and another
one for the ApoE €3 allele. The third patient was heterozygotic with a &4/3
genotype.

Patients were followed during several years with periodic clinical evaluations
including specific staging scales, which provide objective information about the
evolution of the disease and the severity of dementia in various domains. When
the study was performed, one patient had a severe dementia and two subjects
were staged as moderate dementia at a global level, in accordance with the
Clinical Dementia Rating (CDR) (Berg 1988). Cognitive impairment was also
quantified using the Minimental-State Evaluation (MMSE) (Folstein ef al. 1975)
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and the mean score of the patient group was 7.7 + 5.4 (range 2-12). Healthy
controls (mean age was 64.3 + 8.4) had no subjective or objective evidence of
cognitive impairment. This study was approved by the Ethics Commitee of the
“Hospitais da Universidade de Coimbra” and subject’s participation was

considered after informed consent.

3.2.2.2. Preparation of cybrid cells.

AD and control cytoplasmic hybrids, or cybrids, result from the fusion of
mtDNA-depleted NT2 pO cells with platelets isolated from peripheral blood
samples obtained from AD patients or aged-matched control subjects, as
previously described (Swerdlow et al. 1997; Cardoso et al. 2004b). Each
sample of blood led to the creation of one cell line of a total of 6 cell lines.

Since NT2 p0 cells have no detectable complex I or COX activity they are
autotrophic for pyruvate and therefore need to be grown in culture medium
supplemented with uridine and pyruvate (Miller et al. 1996; Swerdlow et al.
1997). After fusion with platelets, the resultant cybrid cells regain
mitochondrial activity associated to the mitochondria present in AD or control
platelets. This feature allowed the selection of untransformed cells through the
withdrawal of uridine and pyruvate supplements from the culture medium.
Therefore, cells were grown in OptiMEM containing 10% (v/v) heat
inactivated FBS, penicillin (100 U/mL) and streptomycin (100 pg/mL). Both
AD and control cybrids were maintained at 37 °C in a humidified incubator
under an atmosphere of 95% air and 5% CO,. Regular control measurements of

mitochondrial COX activity were performed to confirm the maintenance of the
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ETC defect in AD cybrids according to the method of Warton and Tzagoloff
(Warton & Tzagoloff 1967).

Cells were plated on dishes and on glass coverslips that have no cell
adhesion material at a density of 0.067 x 10° cells/cm’ for WB and
measurement of caspase-like activity or at 0.017 x 10° cells/cm” for the MTT
and TUNEL assays. Tweenty-four hours after plating, cells were treated with
brefeldin A (2 uM), thapsigargin (2 M) or fibrillar AB; 4 (1 pM) for 3, 6 or
24 hours. When used, dantrolene (10 uM) was added 1 hour before Ao

treatment. Untreated cells were used as control.

3.2.3. Primary cultures of rat brain neurons.

3.2.3.1. Primary cultured cortical neurons.

Cortical neuronal cultures we prepared from E15-E16 Wistar rat embryos
according to the method described by Hertz and collaborators (Hertz et al.
1989) slightly modified (Agostinho & Oliveira 2003). Briefly, removed
cortices were aseptically dissected and washed in Ca®'- and Mg%—free Krebs
(in mM): 120 NaCl, 4.8 KCl, 1.2 KH,PO4, 13 glucose, 10 HEPES (pH 7.4),
and supplemented with 0.001% (v/v) phenol red. Cortices were then incubated
in Krebs solution supplemented with BSA (0.3 g/L), containing trypsin (0.5
g/L) and DNAse I (0.04 g/L), for 7 min at 37 °C. Tissue digestion was stopped
by addition of trypsin inhibitor (type II-S) (0.75 g/L) in Krebs buffer
containing DNAse I (0.04 g/L), followed by a centrigugation at 140 x g for 5
min. After washing the pellet once with Krebs buffer, cells were dissociated

mechanically and ressuspended in fresh Neurobasal Medium with 2 mM L-
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glutamine, 2% (v/v) B27 supplement, 100 U/mL penicillin and 100 U/mL
streptomycin.

Neurons were plated on poly-L-lysine (0.1 g/L)-coated multiwells or glass
coverslips at the following density: 0.125 x 10° cells/cm® for the MTT assay
and measurement of cytosolic calcium levels; 0.1 x 10° cells/cm® for single-cell
Ca®" imaging; 0.25 x 10° cells/cm” for determination of caspase-like activity.
The cultures were maintained in a serum-free Neurobasal Medium
supplemented with B27, at 37 °C in a humidified atmosphere containing 95%
air and 5% CO;,. Under these conditions, glial growth is less than 10%
(Ferreiro et al., 2006). Cortical neurons differentiated for 5-7 days were treated
at 37 °C with fibrillar ABj40 (1 uM), prepared as described bellow from
synthetic ABj40, in the absence or presence of KCN (1 mM) a complex IV
inhibitor of the ETC, during 3, 6 or 24 hours. When used, KCN was added 1
hour before AP0 treatment. As a positive control for ER stress, neurons were
also treated with the SERCA-ATPase inhibitor thapsigargin (2 uM) for 3, 6 or

24 hours. Untreated cells were used as control.

3.2.3.2. Primary cultured hippocampal neurons.

Hippocampal cultures were prepared from hippocampi of E18-E19 Wistar
rat embryos (Ambrosio et al. 2000). Briefly, the hippocampi were dissected
under magnifying glass observation and collected in Ca*"- and Mg* -free
Hank’s balanced salt solution (HBSS, in mM): 137 NaCl, 5.36 KCl, 0.44
KH,PO4, 0.34 Na,HPO42H,0, 4.16 NaHCOs3, 5 glucose, 1 sodium piruvate,
10 HEPES (pH 7.4), supplemented with 0.001% (v/v) phenol red. Tissues were
then treated with 0.035% trypsin (0.4 mg/mL) for 5 min at 37 °C, and further
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washed with type II-S trypsin inhibitor (1.5 mg/mL in HBSS). Hippocampi
were rapidly rinsed with HBSS and then mechanically dissociated in
Neurobasal Medium supplemented with B27, 25 uM glutamate, 0.5 mM L-
glutamine, 100 U/mL penicillin and 100 U/mL streptomycin.

Neurons were plated on poly-L-lysine (0.1 g/L)-coated multiwells or glass
coverslips at a density of 0.045 x 10° cells/cm® for WB, 0.075 x 10° cells/cm?
for the MTT assay or at a density of 0.025 x 10° cells/cm’ for single-cell Ca**
imaging or immunocytochemistry. The cultures were maintained in a serum-
free Neurobasal Medium supplemented with B27, at 37 °C in a humidified
atmosphere containing 95% air and 5% CO2. Once a week, half medium was
changed with fresh medium without added glutamate. Hippocampal cells
differentiated for 17-21 days were treated with ABO (0.5 uM, prepared as
described bellow from AP;42) in the absence or in the presence of the
antagonists of NR2A or NR2B subunits of NMDAR NVP-[(R)-[(S)-1-(4-
bromophenyl)-ethylamino]-(2,3-dioxo-1,2,3,4 tetrahydroquinoxalin-5-yl)-
methyl]-phosphonic acid (NVP-AAMO077) (Auberson et al. 2002) or ifenprodil
at 37 °C during 3, 6 or 24 hours. When used, NVP-AAMO077 (50 nM), and
ifenprodil (10 uM) were added 15 min before ABO treatment. As a positive
control for ER stress, neurons were also treated with thapsigargin (2 pM) for 3,

6 or 24 hours. Untreated cells were used as control.

Pregnant female Wistar rats used to prepare primary cultures of cortical or
hippocampal neurons were obtained from our local colony (Faculty of
Medicine, Univ. Coimbra). Animals were kept under controlled light and
humidity conditions, being anesthesized under halothane atmosphere before

sacrifice by cervical displacement and decapitation (FELASA guidelines).
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3.2.4. Human peripheral blood mononuclear cells.

Peripheral blood mononuclear cells (PBMCs) were obtained from 66 to 90
years-old patients diagnosed with Mild Cognitive Impairment (MCI) (n=16) or
probable AD in different stages: mild AD (n=15) or moderate-severe AD
(n=13). Age-matched control subjects were neurologically healthy and the
mean age was 78 = 9 (n=9). All individuals were evaluated at the Memory
Clinic of the “Hospitais da Universidade de Coimbra”, as described above in
section 3.2.2.1.

Briefly, peripheral blood (20 mL) was withdrawn from the antecubital vein
using heparin as anticoagulant. Collected blood was carefully loaded on 6 mL
Ficoll-Plaque Plus separating solution, avoid mixing of blood and separation
fluid, and centrifuged for 20 min at 1260 x g at 18 °C in a swing-out rotor,
without brake. After centrifugation, PBMCs form a distinct band at the
sample/medium interface, which was collected without removing the upper
layer (serum). Cells were then washed with PBS, ressuspended in Krebs
medium (with Ca’" and Mg2+) and counted using a hemocytometer. Free-
floating PBMCs were seeded on dishes that have no cell adhesion material at a
density of 1x10° cells/mL and were then processed to measure cytosolic versus
ER Ca’" levels. The remaining cells were lysed in RIPA buffer containing 150
mM NaCl, 50 mM Tris, 5 mM EGTA, 1% (v/v) Triton X-100, 0.5% (w/v)
deoxycholic acid (DOC) and 0.1% (w/v) SDS, supplemented with 1 mM DTT,
1 mM PMSF, 1:1000 protease inhibitor cocktail (1 pg/mL leupeptin, pepstatin
A, chymostatin and antipain), 2 mM sodium orthovanadate, 50 mM sodium
fluoride, and stored at -80 °C to posterior WB analysis.
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3.2.5. Triple transgenic mice model (3xTg-AD).

The triple transgenic mice (3xTg-AD) were obtained through the micro-
injection of human APP c¢DNA harboring the swedish mutation
(KM670/671NL) and human four-repeat tau harboring the P301L mutation into
single cell embryos of homozygous PSIml46v knock-in mice (Oddo et al.
2003a; Oddo et al. 2003b), originally generated as a hybrid 129/C57BL6
background (Guo et al. 1997). 3xTg-AD and non-transgenic (non-Tg) mice
were obtained from Prof. LaFerla (Univ. California, Irvine, USA) and were
breeded and maintained in our local colony. Animals were housed under a
constant temperature, humidity and a 12 h light/dark cycle in a pathogen-free
environment and all studies were performed according to the principles and
procedures outlined in the EU guidelines (86/609/EEC). Brain cortices and
hippocampi isolated from male and female 3-, 6- and 12-month-old 3xTg-AD
mice (and age- and gender-matched non-Tg mice) were frozen and stored at -
80°C before being homogenized in RIPA buffer supplemented with 100 pM
PMSF, 2 mM DTT, 2 mM sodium orthovanadate, 50 mM sodium fluoride and
1:1000 protease inhibitor cocktail (1 pg/mL leupeptin, pepstatin A,
chymostatin and antipain) and processed for WB analysis. Protein content of

brain homogenates was determined using the BCA Protein Assay Reagent.

69



Table 3.4. Summary of cell treatments performed in the different experimental

protocols.

Treatments

Amyloid-beta 1-42 oligomers

Amyloid-beta 1-40 fibrils

NVP-(R)-/(S)-1-(4
Bromophenyl)-ethylamino]-(2,3
dioxo-1,2,3,4-
tetrahydroquinoxalin-5-yl)-
methyl]-phosphonic acid

Apocynin

Brefeldin A

Dantrolene

Ifenprodil

KCN

Thapsigargin

70

Function

Central nervous system
neurotoxins involved in
AD.

Main component of
neuritic plaques observed
in AD patient brains.

Antagonist of NMDA-
NR2A subunit.

Inhibitor of NADPH
oxidase.

ER stress inducer
(blocker of retrograde
Golgi-derived vesicles
inducing protein
accumulation in ER
lumen). Positive control
for ER stress.

Inhibitor of Ca**
channels coupled to the
ER ryanodine receptor

Antagonist of NMDA-
NR2B subunit.

Inhbitor of mitochondrial
ETC (acts at complex
V)

ER stress inducer,
(SERCA Ca*" ATPase
inhibitor). Positive
control for ER stress.

Abrev./Conc.

ABO (0.5 uM)

ABi40 (1 uM)

NVP (50 nM)

Apoc. (1 mM)

Bref. A (2 uM)

Dant. (10 uM)

Ifen. (10 uM)

KCN (1 mM)

Thap. (2 pM)

2.5 uM were used
in SCCI
experiments to
deplete ER Ca”")

Incubation period

30 min,
2,3 or 6 hours.

3, 6 or 24 hours.

15 min previous to ABO
treatment, and then
maintained for 3 or 6 hours.

15 min previous to ABO
treatment, and then
maintained for 3 or 6 hours.

3, 6 or 24 hours.

1 hour previous to ABi.40
treatment, and then
maintained for 24 hours.

15 min previous to ABO
treatment, and then
maintained for 3 or 6 hours.

1 hour previous to ABi.40
treatment, and then
maintained for 3, 6 or 24
hours.

3, 6 or 24hours.



3.3. Methods.
3.3.1. Preparation of A4 fibrils and AB;_4, oligomers.

Synthetic AB;4o peptide was reconstituted according to the manufacturer’s
instructions. AB;4o was dissolved in sterile distilled water at a concentration of
6 mg/mL, diluted to 1 mg/mL (231.5 uM) with phosphate saline buffer (PBS)
and was then “aged” for 7 days at 37 °C. Under these conditions, AP fibrils
are the main A species formed (O'Nuallain et al. 2005).

ABO were prepared from AP;4> according to the procedure first described
by Lambert and colleagues (Lambert et al. 1998), with some modifications
(Resende et al. 2008b). Synthetic AP;4> was dissolved in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) to 1 mM. HFIP was then removed in a Speed
Vac and the dried HFIP film was stored at -20 °C. The peptide film was then
ressuspended to obtain a 5 mM solution in anhydrous dimethyl sulfoxide
(DMSO) (Dahlgren et al. 2002). ABO were prepared by diluting the solution in
phenol red-free Ham’s F-12 medium without glutamine to a 100 pM final
concentration and incubated overnight at 4 °C (Lambert et al. 1998). The
preparation was centrifuged at 15000 x g for 10 min at 4 °C to remove
insoluble aggregates, and the supernatant containing soluble oligomers was
transferred to clean tubes and stored at 4 °C. Concentration of oligomers was
determined using the Bio-Rad protein assay reagent. As a protein quality
control procedure to ensure the presence of soluble oligomers rather than
fibrils, APO preparations containing 10 pg of protein were diluted (1:1) with
sample buffer: 40% (v/v) glycerol, 2% (w/v) SDS, 0.2 M Tris-HC], pH 6.8 and
Comassie G-250, and then separated by electrophoresis on a 4-16% Tris-
Tricine SDS gel (Klafki ef al. 1996), stained with Comassie Brilliant Blue and
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identified accordingly to their molecular weight. Samples were not boiled to

minimize disaggregation prior to electrophoresis (Fig. 3.1).

75 kDa
50 kDa

25 kDa
20 kDa

15 kDa

{precigion plus, T
Rainbow molecular weight standarts

Figure 3.1 Characterization of APO preparations by SDS-page.
Data analysis was performed based on the molecular weight using two protein standards
(pre-stained Low-Range Rainbow and precision plus protein standard). Results show the
enrichment of the ABO preparation in soluble oligomers and the absence of fibrils.
Experiment was performed in duplicate (lane 1 and 2).

3.3.2. Analysis of endoplasmic reticulum stress markers by western
blotting.

Total cell extracts were prepared from treated or untreated cells that were
lysed in a buffer containing (in mM): 25 HEPES-Na, 2 MgClL, 1 EDTA, 1
EGTA, supplemented with 100 uM PMSF, 2 mM DTT and a protease inhibitor
cocktail (1 pg/mL leupeptin, pepstatin A, chymostatin and antipain). The
cellular suspension was rapidly frozen/defrosted three times in liquid N, and
centrifuged at 14,000 x g, during 5 min. Protein concentration in the
supernatant was measured using the Bio-Rad protein assay reagent. Samples

were denaturated at 95 °C for 5 min in a 6 times concentrated sample buffer:

72



500 mM Tris, 600 mM DTT, 10% (w/v) SDS, 30% (v/v) glycerol and 0.012%
(w/v) bromophenol blue. Samples were then processed for WB analysis.

Equal amounts of each protein sample prepared as described above were
separated by electrophoresis on a 10% SDS-polyacrylamide gels (SDS-PAGE)
or 7% SDS-PAGE gel and electroblotted onto PVDF membranes. The
identification of proteins of interest was facilitated by the usage of a prestained
precision protein standard, which was run simultaneously. After the proteins
were electrophoretically transferred, the membranes were blocked for 1 hour at
room temperature (RT) in Tris-buffer composed of 150 mM NaCl, 25 mM
Tris-HC1 (pH 7.6) and 0.1% (v/v) Tween 20 (TBS-T) containing 5% (w/v)
non-fat dry milk to eliminate nonspecific binding. Membranes were next
incubated overnight at 4 °C in TBS-T containing 5% (w/v) non-fat dry milk
with one of the following antibodies: mouse monoclonal primary antibody anti-
GRP78, mouse monoclonal anti-GADD153/CHOP, mouse monoclonal anti-
PARP, rabbit polyclonal primary antibody anti-XBP-1, rabbit polyclonal
primary antibody anti-pro-caspase-12 (1:1000). Mouse monoclonal primary
antibody anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:2500)
or rabbit polyclonal anti-a-tubulin antibody (1:20000) were used as protein
loading control.

Membranes were washed several times and then incubated in TBS-T with
1% (w/v) non-fat dry milk for 2 hours at RT with alkaline phosphatase-
conjugated anti-mouse or anti-rabbit secondary antibody. Immunoreactive
bands were detected on a Bio-Rad Versa Doc 3000 Imaging System after
incubation of membranes with ECF reagent for 5-10 min. Antibody dilutions

are presented in the Table 3.1.2.
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3.3.3. Binding of A oligomers and antibody competition assay.

Hippocampal cells were incubated for 15 min with either 0.5 uM ABO,
prepared according to (Lambert et al. 1998; Lacor et al. 2004), or the same
amount of vehicle solution added directly into the culture medium. Cells were
rinsed twice with Neurobasal Medium supplemented with B27 and fixed for
immunocytochemistry experiments with 3.7% (w/v) formaldehyde in
Neurobasal Medium (1:1 volume) for 10 min followed by an additional 10 min
incubation with undiluted fixative, as described previously (Lacor et al. 2004;
Lacor et al. 2007). Fixed cells were blocked with 10% (v/v) normal goat serum
in PBS for 45 min followed by incubation during 4 hours with NU-1 antibody
to identify bound ABO (Lambert et al. 2007). Detection was obtained using an
Alexa-488 conjugated anti-mouse secondary antibody for 1 hour. Preparations
were mounted with Prolong mounting medium and imaged using a Leica TCS
SP2 Laser confocal microscope. Blocking of ABO hot-spot binding was
performed by incubating neurons for 15 min with 5 pg/mL antibodies directed
to extracellular epitopes (nt) of NR1 (NMDAC(1), NR2A (NMDAel) or NR2B
subunits of NMDAR prior to ABO treatment for further 15 min. Controls
included antibodies directed against the intracellular epitopes (ct) of these
receptor subunits or antibodies pre-adsorbed with the control peptide antigen.
Analysis and quantification of APO hot-spots was made using metamorph

software.
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3.3.4. Measurement of Ca2* levels.

3.3.4.1. Cytosolic Ca*" levels.

The concentration of free cytosolic Ca>* ([Ca®'];) was measured using the
acetoxymethyl ester of Indo-1 (Indo-1/AM), an intracellular Ca>" indicator that
is ratiometric and UV light excitable. The presence of an acetoxymethyl ester
group (AM) confers membrane permeability to Indo-1. Once in the cytosol,
this group is cleaved by non-specific esterases trapping the probe inside the
cell. The emission of Indo-1 shifts from 475 nm without Ca*" to 400 nm with
Ca’" when excitation is performed at 350 nm.

Treated or untreated cells were rinsed once with PBS (at 37 °C to avoid
thermic shock) and incubated with Indo-1/AM (3 uM) for 45 min at 37 °C, in
the dark, in Krebs medium (in mM): 132 NaCl, 4 KCI, 1.4 MgCl,, 6 Glucose,
10 HEPES-Na and 1 CaCl,, pH 7.4). Cells were further incubated in Indo-
1/AM-free Krebs medium for 15 min to ensure the complete hydrolysis of the
dye. The Indo-1 fluorescence was measured fluorimetrically using a
SpectraMax Gemini EM microplate reader at 350 nm excitation and 410 nm
emission. Calibration of cytosolic Ca®" levels was performed using the Ca**
ionophore ionomycin (3 uM) and MnCl, (3 mM) that were added at the end of
each measurement. The free [Ca®’]; was calculated as previously described by

Bandeira-Duarte and colleagues (Bandeira-Duarte et al. 1990).
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3.3.4.2. Endoplasmic reticulum Ca®" content.

Ca’" release from the ER was evaluated by single cell Ca®" imaging using
the acetoxymethyl ester of the fluorescent probe Fura-2/AM, as previously
described (Ferreiro et al. 2008b) with some minor modifications. Fura-2/AM is
a high affinity Ca*" indicator that is ratiometric and UV light excitable. Due to
the presence of the acetoxymethyl ester group (AM), Indo-1 crosses the plasma
membrane. This group is cleaved within the cytosol by non-specific esterases
trapping the probe inside the cell. Upon calcium binding, the fluorescent
excitation maximum of the indicator undergoes a blue shift from 380 nm (Ca®*-
free) to 340 nm (Ca*'-saturated), while the fluorescence emission maximum is
relatively unchanged at ~510 nm. At low concentrations, the alternate
excitation at 340 and 380 nm allows precise measurements of the intracellular
Ca’" levels, represented as F340/F380 ratio.

Treated and untreated cells, plated in glass coverslips, were washed 2 times
in Krebs medium suplemented with 10 mM NaHCOs, 0.05 mM EGTA and
0.1% (w/v) fatty acid-free BSA, pH 7.4. Then, cells were loaded with Fura-
2/AM (5 pM) in Krebs medium supplemented with 0.2% (w/v) pluronic acid
for 40 min, at 37 °C in the dark. Afterwards, cells were washed 3 times in Ca**-
free Krebs medium and the coverslip was assembled to perfusion chamber, in
the same Ca’’-free medium, in an inverted fluorescence microscope Axiovert
200. Cells were alternately excited at 340 and 380 nm using a Lambda DG4
apparatus, and emitted fluorescence at 510 was collected with a 40x objective
and was driven to a coll SNAP digital camera. Acquired values were processed
using the MetaFluor software. Experiments were run for 8§ or 12 min, and

complete ER Ca’" depletion was accomplished by the addition of thapsigargin
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(2.5 uM) after a baseline was established (which was used to determine
cytosolic Ca®" levels). The peak amplitude of Fura-2 fluorescence (ratio at
340/380 nm) was used to evaluate ER Ca’" content. The fluorescence increase
is proportional to ER Ca®" content and the absence of external Ca®" guarantees
that the increase in the Fura-2 fluorescence ratio is due solely to the release of
Ca®" from the ER.

Alternatively, neurons plated in multiwells were washed 2 times in Krebs
buffer and then loaded with Fura-2/AM (5 uM) in the same buffer
supplemented with 0.2% (w/v) pluronic acid for 40 min, at 37 °C in the dark.
Afterwards, cells were gently washed 3 times in Ca®’-free Krebs medium and
then alternately excited at 340 and 380 nm and Fura-2 fluorescence was
measured at 510 nm using a SpectraMax Gemini EM microplater reader. ER
Ca’" content was analyzed as described for single cell experiments upon
addition of thapsigargin (2.5 uM). For PBMCs, the procedure was similar, but
the protocol was adapted since these cells were in suspension. In this case, all
the washes were done through centrifugation (1000 x g for 2 min at RT) and
incubation with the probe was performed within an eppendorf. In order to
record Fura-2 fluorescence, cells were washed and plated in multiwells in Ca*'-

free Krebs medium.

3.3.5. Measurement of NADPH oxidase activity.

NOX activity was evaluated using the chemiluminescent probe lucigenin,
accordingly to the method described by Li and colleagues (Li et al. 1998), with
some minor modifications. Lucigenin is reduced by the superoxide anion

radical (Oy") produced through NOX activity, originating a lucigenin cation
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radical. In the presence of NOX-derived O, the lucigenin cation radical yields
an unstable dioxetane intermediate, which decomposes to produce two
molecules of N-methylacridone. One of these molecules is in an electronically
excited state and upon relaxation to the ground state emits a photon that can be
detected, being its presence correlated with O, levels and consequently with
NOX activity.

Untreated or treated cells were washed 2 times with PBS and lysed with 25
mM Tris-HCI (pH 7.4). Then, 30 pg of protein were added to a 96-well plate
containing 100 uM NADPH and 5 pM lucigenin in a final volume of 200 pL
(adjusted with 25 mM Tris-HCIl). Luminescence readings were performed
during 15 min using an Lmax II 384 microplater reader and results were
calculated as relative luminescence units (RLU) per min per mg protein and

were normalized to control values.

3.3.6. Measurement of superoxide anion (O,") levels.

The levels of ROS, in particular the superoxide anion O~ produced in large
quantities by NOX, were assessed using the fluorescent DHE dye. DHE is the
reduced form of the commonly used DNA intercalating dye ethidium bromide
and is able to penetrate the cell membrane of live cells, staining their cytoplasm
blue as well as the chromatin/nucleus red. O, radicals oxidize DHE to
ethidium increasing red fluorescence upon DNA intercalation.

Treated or untreated cells were rinsed once with PBS at 37 °C and incubated
with DHE (10 uM) in Krebs medium for 1 hour at 37 °C in the dark. Then, the
fluorescence of DHE was measured for 1 hour at 518 nm excitation and 605

nm emission using a SpectraMax Gemini EM microplater reader. The levels of
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0O, were determinated calculating the difference between final and basal

fluorescence values and were normalized to those determined in controls.

3.3.7. Determination of caspase-like activities.

Caspases activity was measured as described previously (Ferreiro et al.
2004). It was achieved through a colorimetric assay based on the cleavage of p-
nitroaniline (pNA) from the terminus of specific peptide substracts for each
caspase. Cleaved pNA increases its absorption at 405 nm. The free pNA can be
quantified through the linear correlation between the absorption and the
amount of the dye released.

Untreated or treated cells were lysed in a buffer containing (in mM): 25
HEPES-Na, 2 MgClL, 1 EDTA, 1 EGTA, supplemented with 100 uyM PMSF, 2
mM DTT and a protease inhibitor cocktail (1 pg/mL leupeptin, pepstatin A,
chymostatin and antipain). The cellular suspension was rapidly
frozen/defrosted three times in liquid N», and then centrifuged for 10 min at
20,200 x g. The supernatant was collected and analyzed for protein content
using the Bio-Rad protein dye assay reagent. Aliquots of cell extracts
containing 25 or 40 pg of protein were incubated for 2 hours at 37 °C, in a
reaction buffer containing 25 mM HEPES-Na, 10 mM DTT, 10% (w/v)
sucrose and 0.1% (w/v) CHAPS (pH 7.4) with 100 uM Ac-DEVD-pNA, ac-
LEVD-pNA or ac-LEDH-pNA, chromogenic substrates for caspase-3, -4, and -
9, respectively (Cregan et al. 1999). Caspase-like activity was determined by
measuring substrate cleavage at 405 nm using a Spectra max plus 384
microplater reader. Results were expressed as arbitrary units of absorbance,

and normalized to control values.
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3.3.8. Immunocytochemical detection of an endoplasmic reticulum-
associated pro-apoptotic factor.

Treated or untreated cells were rinsed 3 times with PBS and then fixed with
3.7% (w/v) formaldehyde in Neurobasal Medium (1:1 volume) for 10 min
followed by an additional 10 min with undiluted fixative. Cells were then
rinsed extensively in PBS. Coverslip-plated hippocampal cells were incubated
in blocking solution containing 3% (w/v) BSA in PBS with 0.1% (v/v) Triton
X-100 for 45 min at RT to prevent non-specific binding. Subsequently, neurons
were incubated overnight at 4 °C with a monoclonal mouse anti-
GADD153/CHOP antibody (1:200), diluted in blocking solution. Thereafter,
coverslips were rinsed in PBS with 1% (w/v) BSA and incubated with the
appropriated Alexa-conjugated secondary antibody anti-mouse IgG labelled
with Alexa Fluor 488 (1:500) diluted in PBS with 1% (w/v) BSA for 90 min at
RT. Following additional rinses in PBS neurons were stained with Hoechst
33342 (10 pg/mL, in PBS) for 5 min in the dark, at RT. Finally, the
preparations were mounted using DakoCytomation fluorescent mounting
medium. Images were collected using a 40x objective in an Axiovert 200M

fluorescence microscope.

3.3.9. MTT reduction assay to evaluate cell viability.

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) is
reduced to formazan by metabolic active cells (Mosmann 1983). Briefly,
untreated or treated cells were incubated with 0.5 mg/mL MTT prepared in
Krebs medium for 2 hours at 37°C. Then the medium was removed and the

formed blue formazan crystals were dissolved with 0.04 M HCI in isopropanol
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and quantified by measuring the absorbance at 570 nm in a Spectra max plus
384 microplate reader. Results were obtained comparing the average
absorbance of treated cells with that measured in untreated control cells, and

expressed as the percentage (%) of controls.

3.3.10. Analysis of apoptotic cell death by the TUNEL assay.

TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labelling)
staining was performed using an in Situ Cell Death Detection Kit, Fluorescein,
according to the manufacter’s directions. This method is based on the detection
of single- and double- stranded DNA breaks that occur at the early stages of
apoptosis. DNA cleavage may yield single-stranded and double-stranded DNA
breaks that can be detected by labelling of the free 3’-OH termini with
modified nucleotides, like fluorescein-dUTP in an enzymatic reaction.

Cells were washed two times in PBS (pH 7.4) and were fixed with 4% (w/v)
paraformadehyde for 30 min at RT. Then, slides were rinsed twice in PBS
buffer and immersed in 0.1% (v/v) Triton X-100 supplemented with 0.1%
(w/v) sodium citrate in iced PBS, for 2 min, to permeabilize the cells.
Coverslips were rinsed again 3 times with PBS and incubated with TUNEL
mixture for 1 hour at 37 °C, in the dark. Finally, coverslips were rinsed 3 times
with PBS and mounted with Dakocytomation Fluorescent solution onto a
microscope slide for visualization in an Axiovert Microscope 200 using the

40x objective. DNAse-treated cells were used as a positive control.
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3.3.11. Statistical analysis.

Results are expressed as means = the standart error of the mean (SEM) of
the number of experiments indicated in the figure captions. Statistical
significance was obtained using an analysis of variance (ANOVA), followed
by Dunnett’s post-hoc tests for multiple comparisons or by the unpaired two-

tailed Student’s t-test. A p < 0.05 value was considered statistically significant.
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CHAPTER 4

Endoplasmic reticulum stress-mediated apoptotic
pathway induced by A peptide requires the presence

of functional mitochondria

NT2 p+ versus NT2 p0

Based on: Rui O. Costa, Elisabete Ferreiro, Sandra M. Cardoso, Catarina R. Oliveira and
Claudia M.F. Pereira. (2010) ER stress-mediated apoptotic pathway induced by AB;.4 peptide
requires the presence of functional mitochondria.

Published in Journal of Alzheimer’s Disease. J Alzheimers Dis. 2010;20(2):625-36.

(PMID: 20182029)
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4.1. Summary.

AP peptide plays a significant role in the pathogenesis of AD. Previously we
found that AP induces both mitochondrial and ER dysfunction leading to
apoptosis, and now we address the relevance of ER-mitochondria cross-talk in
apoptotic cell death triggered by AP peptide. Using mitochondrial DNA-
depleted pO cells derived from the human NT2-teratocarcinoma cell line,
characterized by the absence of functional mitochondria, and the parental p+
cells, we report here that treatment with the synthetic AB;-49 peptide, or the
classical ER stressors thapsigargin or brefeldin A, increases GRP78 expression
levels and caspase activity, two ER stress markers, and also depletes ER
calcium stores. Significantly, we show that the presence of functional
mitochondria is required for ER stress-mediated apoptotic cell death triggered
by toxic insults such as AB. We found that the increase in the levels of the pro-
apoptotic transcription factor GADD153/CHOP, which mediates ER stress-
induced cell death, as well as caspase-9 and -3 activation and increased number
of TUNEL-positive cells, occurs in treated parental p+ cells but is abolished in
p0 cells. Our results strongly support the close communication between ER and
mitochondria during apoptotic cell death induced by the AP peptide and

provide insights into the molecular cascade of cell death in AD.
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4.2. Introduction.

The ER is an essential intracellular organelle that ensures the correct
folding/assembly, glycosylation and sorting of proteins in the secretory system
(Aridor & Balch 1999) and is involved in intracellular Ca®" homeostasis
(Paschen 2001). When these processes are perturbed, two signaling pathways
can be activated as a self-protective mechanism: the UPR, leading to the
induction of ER chaperones (Wang ef al. 1996; Chapman ef al. 1998) and the
EOR, leading to the production of cytokines (Pahl & Baeuerle 1997). Both
processes facilitate the protein folding process in the ER and reduce overall
translation (Harding et al. 1999; Kaufman 2002; Forman et al. 2003), or
enhance proteosomal degradation of misfolded ER proteins in the cytosol by a
process named ERAD (Bonifacino & Weissman 1998; Travers et al. 2000).
Another mechanism that avoids accumulation of misfolded proteins involves
targeting of parts of ER to lysosomes through autophagy (Kincaid & Cooper
2007; Heath-Engel et al. 2008). As a consequence, the accumulation and
aggregation of misfolded proteins that would otherwise be toxic is reduced and
cellular stress is relieved (Kozutsumi et al. 1988; Cudna & Dickson 2003).
Once an imbalance between the load of proteins on the ER and its ability to
process the load arises, ER stress occurs (Yoshida 2009). When ER stress is
too extensive or long-termed, it results in apoptotic cell death, involving
nuclear fragmentation, condensation of chromatin, and shrinkage of the cell
body (Imaizumi et al. 2001). Switch from survival to cell death under ER stress
conditions can also involve activation of autophagy that occurs in the absence
of chromatin condensation (Hoyer-Hansen & Jaattela 2007). Important
mediators of ER stress-associated death include the activation of the ER

associated procaspase-12 (in mouse) or procaspase-4 (in human) and increased
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expression of the proapoptotic transcription factor GADD153/CHOP (Cheung
et al. 2006; Pino et al. 2009). Numerous studies indicate that mitochondria, as
an organelle that establishes physical interactions with ER (Giorgi ef al. 2009)
and sequesters Ca”" released from the ER, is a mandatory component in the
induction of apoptosis by ER stress (Pizzo & Pozzan 2007). Under ER stress
conditions, mitochondrial Ca”*" overload has been shown to be involved in
mitochondrial apoptosis (Deniaud et al. 2008; Ferreiro et al. 2008a; Ferreiro et
al. 2008b). Moreover, Bax/Bak translocation and oligomerization in the outer
mitochondrial membrane, cytochrome c release, loss of A¥Ym and caspase-9
activation are common hallmarks of ER stress-induced apoptosis (Hacki et al.
2000; Zhang & Armstrong 2007). Since it is considered a cause of
pathologically relevant apoptosis, ER stress has received growing attention in
the last years and has been shown to be involved in acute damaging conditions
such as ischemia (Tajiri et al. 2006; Oida et al. 2008) as well as in several
chronic neurodegenerative disorders. Several authors consider that the origin of
neuronal death occurring in diseases such as Parkinson’s disease (Imai et al.
2000; Imai et al. 2001), Huntington’s disease (Reijonen et al. 2008),
amyotrophic lateral sclerosis (Nishitoh et al. 2008), prion-related disorders
(Hetz & Soto 2006; Ferreiro et al. 2007), and Alzheimer’s disease (Sato et al.
2001; LaFerla 2002; Katayama et al. 2004) is related with ER dysfunction.
Protein levels of the ER stress marker BiP/GRP78 are increased in the brain of
AD patients (Hoozemans et al. 2005). Moreover, fibrillar AP, and especially
soluble oligomeric AP, that play an essential role in AD pathogenesis (Lambert
et al. 1998; Heinitz et al. 2006), trigger neuronal ER stress and ER Ca”" store
depletion (Ferreiro et al. 2006; Resende et al. 2008a; Resende et al. 2008b;

Nishitsuji ef al. 2009). We have previously shown that, in primary cultures of
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cortical neurons, AP leads to ER stress and ER Ca”" release and activates an
ERmediated apoptotic pathway that involves the translocation of Bax to
mitochondria, loss of AWm, cytochrome c release and activation of caspases-9
and -3, finally leading to apoptotic cell death (Ferreiro et al. 2004; Ferreiro et
al. 2006). In our laboratory, Cardoso and colleagues (Cardoso et al. 2001;
Cardoso et al. 2002) demonstrated that AP toxicity is abolished in mtDNA
depleted cells, suggesting an important role of mitochondria in AB- induced
cell death. After several experiments relied on the measurement of known ER
stress and apoptotic markers in mtDNA-depleted cells, we report here that the
presence of a functional mitochondria is required for ER stress-mediated
apoptosis triggered by several stimuli, namely by A peptide. These findings
contribute to further elucidate the molecular mechanisms underlying Ap-
induced cell death and may uncover novel therapeutic strategies to prevent or

ameliorate AD progression.
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4.3. Results.

4.3.1. AB-40 peptide induces endoplasmic reticulum stress in both NT2
p+ and pO cells.

Our previous results established that AP peptide induces neuronal ER stress
leading to the activation of the mitochondrial apoptotic pathway (Ferreiro et al.
2008a). In primary cultures of cortical neurons, we observed that AP increases
ER stress markers and ER Ca”" release leading to the translocation of Bax to
mitochondria, loss of A¥Ym, cytochrome c release and activation of caspase-9
and -3 (Ferreiro et al. 2004). We have also shown that AP toxicity is abolished
in mtDNA-depleted NT2 p0 cells (Cardoso et al. 2001; Cardoso et al. 2002),
suggesting an important role of mitochondria in AB-induced cell death. In order
to further investigate ER/mitochondria cross-talk in cell death triggered by A,
we took advantage of NT2 cells depleted of mtDNA (pO cells), characterized
by the absence of functional mitochondria (Swerdlow et al. 1997). The
differential effect of AP in p0 cells and in parental p+ cells was compared with
that of brefeldin A and thapsigargin, classical ER stressors (Klausner et al.
1992; Rogers et al. 1995). First, ER stress was evaluated in NT2 p+ and p0
cells after incubation with AP;-49, brefeldin A or thapsigargin. In both cell
lines, it was observed a significant increment in the levels of the ER chaperone

GRP78 after 6 hours treatment (Fig. 4.1).
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Figure 4.1 Af, 4 peptide, brefeldin A and thapsigargin increase the levels of the ER chaperone
GRP78 in NT2 p+ and p0 cells.
NT2 cells were mantained for 6 hours at 37 °C in the presence of A4 (1 uM), brefeldin
A (2 uM) or thapsigargin (2 pM). Total protein lysates were prepared and analysed by
immunoblotting using an anti-GRP78 antibody. Values are the means + SEM of at least 3
independent experiments. *p<0.05; **p <0.01; ***p <0.001 (ANOVA with Dunnett post-
hoc tests) compared with vehicle-treated cells.

Increased GRP78 expression occurred in Aj-40-, brefeldin A-, or
thapsigargin-treated p+ and p0 cells concomitantly with caspase-4 activation
(Fig. 4.2). Human caspase-4 is a member of caspase-1 superfamily that
includes caspase-12, which has been implicated in ER stressinduced apoptosis
in rodents (Hitomi ez al. 2004). This ER-resident caspase is cleaved during ER
stress conditions (Nakagawa ef al. 2000; Rao et al. 2001) and also upon AP
administration (Hitomi et al. 2004), suggesting that caspase-4 activation plays
a key role in ER stress induced by AP (Katayama et al. 2004). Several lines of
evidence demonstrate that AB-induced apoptosis is due, at least in part, to the
perturbation of intracellular Ca>" homeostasis (Scorziello ez al. 1996; Huang et
al. 2000; Ferreiro et al. 2008b; Resende et al. 2008b). We have further
demonstrated that the release of Ca®" through channels associated with ER

receptors (IP3R and RyR) contribute to the rise of cytosolic Ca®* levels in

89



neurons exposed to the AP peptide (Ferreiro et al. 2004; 2006). Having this in
consideration, the other aspect that we monitored was the disturbance of ER
Ca* homeostasis, one of the mechanisms associated to ER stress conditions
(Xu et al. 2005). Using single cell Ca’* imaging, we were able to assess
changes in ER Ca’" content in p+ and p0 cells upon treatment with AB; 40,
brefeldin A or thapsigargin. A significant depletion of Ca’" in ER stores was
detected when p+ and p0O cells were treated for 3 hours with AP or ER stress
inducers (Figures 4.3 A—C), an effect that persisted after 24 hours incubation
(Figures 4.3 D-F). As shown in Fig. 4.3 C, the ER Ca’" content is lower in p0
cells than in parental p+ cells in the absence of AP, brefeldin A, or thapsigargin
treatment suggesting that mitochondrial impairment affects ER Ca®’

homeostasis.
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Figure 4.2. The ER-resident caspase-4 is activated in NT2 p+ and p0 cells in response to Af;.
40, brefeldin A or thapsigargin treatment.
NT2 cells were incubated for 6 hours at 37 °C with A4 (1 uM), brefeldin A (2 uM) or
thapsigargin (2 uM). Caspase-4-like activity was determined in cell lysates by measuring
the cleavage of the chromogenic substrate Ac-LEVD-pNA at 405 nm. Results are the
means + SEM of values corresponding at least to 3 independent experiments, performed in
duplicate. *p<0.05; ***p <0.001, significantly different compared with respect to control
values.
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Figure 4.3 ER Cd’" content is depleted in NT2 p+ and p0 cells after Af,.qo brefeldin A or
thapsigargin exposure.
NT2 cells were maintained for 3 hours (A, B, C) or 24 hours (D, E, F) at 37 °C in the
presence of AP (1 uM), brefeldin A (2 pM) or thapsigargin (2 pM). Then, levels of Ca*"
in ER stores were evaluated by monitorizing the fluorescence of Fura-2 in the absence of
external Ca®". The difference between Fura-2 fluorescence ratio 340/380 nm before and
after the addition (at t=2 min) of thapsigargin (2.5 uM), that irreversibly inhibits the ER
Ca®"-ATPase, was used to evaluate ER Ca”" content. At least three different experiments
were used to determine the average ER Ca®' content for each condition. Data was

expressed as the mean + SEM. *** p <0.001, significantly different compared with respect
to control values.
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4.3.2. AB-40 induces apoptotic cell death due to endoplasmic reticulum
stress in NT2 p+ but not in p0 cells.

So far, we were able to show that ER stress occurs in the presence of AB in
NT2 parental cells as well as in mtDNA-depleted NT2 p0 cells without
functional mitochondria. To clarify the role of mitochondria in ER stress-
mediated cell death, we measured several apoptotic features in both p+ and p0
cell lines after exposure to AB;—40 and also to the classical ER stress inducers
brefeldin A and thapsigargin. A significant increase in the levels of the pro-
apoptotic transcription factor GADD153/CHOP was observed after 6 hours in
treated p cells. However, despite the increase in ER stress markers triggered by
AP, brefeldin A, or thapsigargin in p0 cells (Figures 4.1-4.3), the levels of
GADD153/CHOP, an important mediator of ER stress-induced cell death
(Cheung et al. 2006), were not significantly changed in these cells lacking
functional mitochondria (Fig. 4.4).

In parental p+ cells incubated with AB;-40, the increase in GADD153/CHOP
levels was followed by the activation of caspase-9 (Fig. 4.5 A) and caspase-3
(Fig. 4.6 B), finally leading to apoptosis that was assessed by a fluorescent
TUNEL assay (Fig. 4.7). In contrast, when AP was added to mtDNA-depleted
p0 cells, it was not able to activate caspases-9 and -3 (Figs 4.5 A and 4.5 B) or
to increase the number of TUNEL-positive apoptotic cells (Fig. 4.7). The
increase in caspase-9-like activity and caspase-3-like activity observed in p+
cellsincubated with AB;—49 during 24 hours, was preventedin the presence of
dantrolene, an ER Ca’'channelblocker (Figures 4.5 B and 4.6 B),
demonstrating that the releaseof Ca*from ER is involved in the activation
ofthe mitochondria-mediated apoptotic pathway in AB-treated cells. Activation

of the effector caspase-3 that underlies neuronal death in AD (Li et al. 1997)
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and morphological features of apoptotic cell death were also evaluated in both
p+ and p0 cells 24 hours after incubation with brefeldin A or thapsigargin.
Results were similar to that obtained in AB;-4o-treated cells (Figures 4.5-4.7).
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Figured.4 Af; 4 peptide, brefeldin A and thapsigargin increase the levels of the pro-apoptotic
transcription factor GADD153/CHOP in NT2 p+ and p0 cells.
NT2 cells were mantained for 6 hours at 37 °C in the presence of A4 (1 uM), brefeldin
A (2 uM) or thapsigargin (2 uM). Total cell lysates were prepared and analysed by
immunoblotting using an anti-GADD153/CHOP antibody. Values are the means + SEM of
at least 3 independent experiments. *p<0.05; **p <0.01, significantly different compared
with vehicle-treated cells
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Figure 4.5 Af,_4 activate caspase-9 in NT2 p+ cells, due to ER Ca’" release, but not in p0
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cells.

NT2 cells were maintained 24 hours at 37 °C in the presence of AP;4 (1 uM) (A)
Dantrolene (10 uM) was added to p+ cells 1 hour before A4 treatment (B). The results,
determined by measuring the cleavage of the chromogenic substrate Ac-LEDH-pNA at
405 nm, are the means = SEM of values corresponding at least 3 experiments, each value
being the mean of duplicate assays. *p<0.05; **p <0.01; ***p <0.001, significantly
different with respect to control values. “p<0.001, significantly different when compared
to APj_4-treated NT2 p+ cells.
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Figure 4.6 Caspase-3 is activated by Af ;.4 brefeldin A and thapsigargin in NT2 p+ cells due
to ER Ca’* release, but not in p0 cells.
NT2 cells were incubated during 24 hours in the presence of AB;.40 (1 uM), brefeldin A (2
uM) or thapsigargin (2 uM) (A). When tested, dantrolene (10 uM) was added 1 hour
before AP incubation (A). Caspase-3-like activity was determined by measuring the
cleavage of the chromogenic substrate Ac-DEVD-pNA at 405 nm. Results are the means +
SEM of values corresponding at least 3 experiments, each value being the mean of
duplicate assays. **p<0.01; ***p <0.001, significantly different with respect to control
values.
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Figure 4.7 The number of TUNEL-positive apoptotic cells is increased in the NT2 p+ cell line
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upon treatment with Af; 4, brefeldin A or thapsigargin but not in p0 cells.

TUNEL assay was performed, as described in material and methods section, in NT2 p+
and pO cells incubated during 24 hours in the absence or in the presence of AP0 (1 uM),
brefeldin A (2 uM) or thapsigargin (2 uM). Total number of TUNEL-positive cells in both
cell lines was quantified and is represented in graph. The results are the means + SEM of
values corresponding at least 3 experiments, each value being the mean of duplicate
assays. *p<0.05; **p <0.01; ***p <0.001, significantly different with respect to control
values.



4.4. Discussion

The results here presented highlight the importance of mitochondria during
ER stress-mediated apoptotic cell death induced by the AP peptide (APi-40
isoform) and support the ER/mitochondria cross-talk upon exposure to this
AD-associated peptide. Our previous studies have shown that AP peptide
induces ER stress in primary cultures of cortical neurons (Ferreiro et al. 2004;
Ferreiro et al. 2006) and activates an ER stress-mediated apoptotic pathway
that involves the translocation of Bax to mitochondria, release of cytochrome c,
and subsequent activation of caspase-9 (Ferreiro et al. 2008b). Mitochondrial-
related apoptotic features were demonstrated to occur upon AB-induced ER
Ca’" release (Hoozemans ef al. 2005). These results were in line with studies
reporting the role of impaired Ca”" homeostasis and mitochondrial dysfunction
in AB-induced cell death (Huang et al. 2000).

To further confirm the mitochondrial involvement inER stress-mediated
apoptotic pathway triggered by the AP peptide, we used mtDNA-depleted NT2
human teratocarcinoma p0 cells which were reportedto be an excellent model
to study the role of mitochondriain aging and age-related neurodegenerative
diseasessuch as AD (Hu et al. 2000). This cell line is characterized by loss of
mitochondrial function since 13 protein subunits of mitochondrial respiratory
chain are encoded by mtDNA (Wallace 1994; DiMauro 2006). In parallel, we
used the parental NT2 p+ cell line with normal mitochondria. In NT2 p0 cells,
mitochondrial membrane potential remainsintact, probably due to the transport
of protons out of the mitochondrial matrix, caused by the reversal of ATP
synthase activity (Nijtmans et al. 1995), as observed in other pO cell types
(Buchet & Godinot 1998; Appleby et al. 1999). Despite the absence of

functional electron transport chain, NT2 pO cells can still undergo into
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apoptosis after exposure to staurosporine, an activator of the mitochondrial
apoptotic pathway (Jiang et al. 1999). However, we have previously shown
that the decrease incell survival triggered by AP is significantly lower in
mtDNA-depleted pO cells than in the parental cell line, providing evidence for
the relevance of mitochondria in AB-induced toxicity (Cardoso et al. 2001;
Cardoso et al. 2002). Here, we extended these studies to investigate the
involvement of mitochondria in ER stress-mediated apoptosis induced by the
AP peptide.

First, we evaluated the potential stressful effect of AB;—40 peptide on ER. As
positive controls for ER stress in our study, we used two known ER stress
inducers: thapsigargin, an inhibitor of SERCA/Ca*"-ATPase, which disrupts
ER Ca®" homeostasis (Kuo ez al. 1998), and brefeldin A, which leads to the
accumulation of proteins in the ER lumen due to the blockage of retrograde
Golgi-derived vesicles (Chardin & McCormick 1999). In NT2 p+ and p0 cells,
an increment in GRP78 expression levels was observed upon treatment with
ABi-40 peptide (1 uM), brefeldinA (2 uM), or thapsigargin (2 uM),
independently of the presence or absence of functional mitochondria (Fig. 4.1).
Under ER stress conditions, cells tend to increase the transcription of genes
encoding ER-resident chaperones such as GRP78 as part of a defense
mechanism termed unfolded protein response (Imaizumi et al. 2001). GRP78
promotes the correct folding of proteins that have been accumulated within the
ER lumen and is considered to be an important molecule in the quality control
of proteins, preventing unfolded proteins from being transported to the Golgi
apparatus and further downstream (Kohno et al. 1993) and is thus considered a
good marker for ER stress. The disturbance of ER Ca*" homeostasis is also

considered an evidence of ER stress (Baumgartner et al. 2009). Previous
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reports demonstrated that A peptide depletes ER neuronal Ca*" content,
increasing cytosolic Ca’" levels (Bhatia et al. 2000; Ferreiro et al. 2004).

Here, we describe the early disturbance of ER Ca®" homeostasis in NT2 p+
and pO cells after treatment with AP, thapsigargin, or brefeldin A (Fig. 4.3).
Although the absence of functional mitochondria did not affect the depletion of
Ca’" stores induced by AP or the ER stressors, it was possible to notice that
basal levels of cytosolic Ca>" were shown to be higher in p0 cells than in p+
cells (Figures 4.3-4.3 D). Nakagawa and colleagues (Nakagawa et al. 2000)
reported that caspase-12 knock-out mice not only showresistance to ER stress
but also to death caused by AP, demonstrating that caspase-12 mediates an ER
stress-specific apoptosis pathway and contributes to AP neurotoxicity, recently
shown to be modulated via the ubiquitine/proteosome system (Song ef al.
2008). Despite this caspase is not present in humans, several studies suggested
that caspase-4 is an ER stress response caspase in humans (Hitomi et al. 2004).
Under ER stress conditions, caspase-4 is activated and can be associated with
the activation of caspase-3 (Kim et al. 2008b). However, other groups reported
that ER stress only activates caspase-9 leading to apoptotic cell death by a
mechanism that does not require caspase-4 (Obeng & Boise 2005). In our
study, we measured caspase-4-like activity in p+ and pO cells treated with the
ER stress inducers thapsigargin and brefeldin A, as well as with the AB;-40
peptide, and we observed significant activation of this ER-resident caspase in
both cell lines, comparatively to control conditions (Fig. 4.2) that was
correlated with increased GRP78 levels (Fig. 4.1) and depletion of ER Ca®*
content (Fig. 4.3). We were able to prove the induction of ER stress by the

APBi-40 peptide in parental cells, and also in cells lacking functional
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mitochondria, and next we examined whether it could lead to apoptotic cell
death.

To better understand the role played by mitochondria in ER stress-mediated
apoptotic pathway, we took advantage of our chosen model, the mtDNA-
depleted pO cells. According to the literature, several groups point to the
interaction between ER and mitochondria as an important process in normal
cellular functioning, as well as during programmed cell death triggered by ER
stress (Kim et al. 2006; Lei ef al. 2008; Zhang et al. 2008; Arduino et al. 2009;
Klee et al. 2009; Sharaf El Dein et al. 2009; Vitiello et al. 2009). Our previous
work supported the involvement of ER/mitochondria in the AB-induced
neuronal death (Ferreiro et al. 2006; Ferreiro et al. 2008b). We now
demonstrate that the expression levels of GADDI153/CHOP, a transcription
factor involved in the apoptotic pathway mediated by ER stress (Oyadomari &
Mori 2004; Schapansky et al. 2007), are increased in p+ cells but not in
mtDNA-depleted p0O cells after addition of AP, thapsigargin, or brefeldin A
(Fig. 4.4), suggesting that ER stress occurs in the absence of functional
mitochondria but the ER stress-mediated apoptotic pathway is not able to
proceed. As previously described, activation of caspases, a family of cysteine
proteases that cleave substrates at specific aspartate residues, is a central
mechanism in the apoptotic cell death process (Thornberry & Lazebnik 1998).
Caspase-9 activation is a mitochondria-mediated cell death marker. Upon
cytochrome c release from mitochondria, apoptosome is formed, and caspase-9
is activated initiating the caspase cascade leading to caspase-3 activation and
consequent cell death (Li ef al. 1997). In the present study, we demonstrated
the activation of caspase-9 and caspase-3 (Figures 4.5-4.6) and a significantly

increase in TUNEL-positive apoptotic cells (Fig. 4.7) on NT2 p+ treated cells,
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supporting the involvement of mitochondria in apoptosis triggered upon ER
stress. However, the increase in these mitochondrial-related events was not
detected in p0 cells lacking functional mitochondria.

Because caspase-4 was similarly activated in both lines, we could not
implicate this ER-resident caspase in apoptotic cell death upon ER stress since
it was not possible to observe caspase-9 or caspase-activation in p0 cells
lacking functional mitochondria (Fig. 4.6). Our results are in agreement with
those that reported a decreased susceptibility of mtDNA-depleted cells to
apoptosis (Dey & Moraes 2000; Ferraresi et al. 2008). The absence of cell
death by apoptosis in AB-, thapsigargin-, or brefeldin A treated p0 cells can be
explained by the sequestration of pro-apoptotic proteins Bax, Bid, and BAD in
the mitochondrial inner membrane (Biswas et al. 2005) and/or by the
increment of the anti-apoptotic protein Bcl-2, a mitochondrial membrane
protein that was shown to block apoptosis (Jacobson ef al. 1993; Heath-Engel
et al. 2008). Indeed, we have shown that resistance of mtDNA-depleted NT2
p0 cells against prion peptide-induced toxicity is associated with increased
levels of Bcl-2 (Ferreiro et al. 2008b). Furthermore, it was observed an
increment in MnSOD expression in p0 cells derived from SK-Hepl hepatoma
cell line (Park et al. 2004). In addition, the pro-apoptotic death associated
protein-3 (DAP3), was found to be absent in pO cells of different origin
(osteosarcoma 143B, hepatocarcinoma HepG2, uterine carcinoma HeLaS3)
when cells were treated with apoptotic inducers (Jacques et al. 2006). Our
results further demonstrated that ER stress-mediated apoptosis was due to ER
Ca’" release induced by A since dantrolene, an ER Ca®" channel blocker, was
able to prevent caspase-9 and caspase-3 activation in NT2 p+ with functional

mitochondria (Figures 4.5-4.6), giving the idea that Ca®" has a major role in the
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communication between these two organelles. Our results are in accordance
with Chami and colleagues (Chami et al. 2008) study, in which they show the
importance of the SERCA- Ca?" ATPase in the proapoptotic Ca®" transfer from
ER to mitochondria during ER stress. Further, in human myeloid cells caspase-
3 and -9 were proven to be activated through ER Ca’" release (Gonzalez et al.
2010). In conclusion, our study provided a newinsight about the interaction
between ER and the mitochondria during apoptotic cell death. In particular, it
was shown that the AD-associated AP peptide leads to ER stress and activates
an ER stress-mediated apoptotic pathway by a mechanism that requires the
presence of functional mitochondria. During AB-induced apoptotic cell death,
ER stress, and ER Ca’" release are upstream events that occurs before
activation of the mitochondrial-mediated cell death pathway and could thus be

potential targets for therapeutic intervention in AD.
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CHAPTER S

Amyloid B-induced endoplasmic reticulum stress is

enhanced under mitochondrial dysfunction conditions

Control versus AD cybrids

Based on: Rui O. Costa, Elisabete Ferreiro, Isaura Martins, Isabel Santana, Sandra M.
Cardoso, Catarina R. Oliveira and Claudia M.F. Pereira. (2011) Amyloid pB-induced ER stress
is enhanced under mitochondrial dysfunction conditions.

Published in Neurobiology of Aging (in press).
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5.1. Summary.

Previously we reported that ER-mitochondria cross-talk is involved in Ap-
induced apoptosis. Now we show that mitochondrial dysfunction affects the
ER stress response triggered by AP using cybrids that recreate the defect in
mitochondrial COX activity detected in platelets from AD patients. AD and
control cybrids were treated with AP or classical ER stressors and the ER
stress-mediated apoptotic cell death pathway was accessed. Upon treatment,
we found increased GRP78 levels and caspase-4 activation (ER stress
markers), which were more pronounced in AD cybrids. Treated AD cybrids
also exhibited decreased cell survival as well as increased caspase-3-like
activity, PARP levels and TUNEL-positive apoptotic cells. Finally, we showed
that AB-induced caspase-3 activation in both cybrid cell lines was prevented by
dantrolene, thus implicating ER Ca®" release in ER stress-mediated apoptosis.

Our results demonstrate that mitochondrial dysfunction occurring in AD
patients due to COX inhibition potentiates cell susceptibility to AB-induced ER
stress. This study further supports the close communication between ER and

mitochondria during apoptosis in AD.
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5.2. Introduction.

AP is the main component of extracellular senile plaques, one of the AD
neuropathologic hallmarks (Selkoe 2001). Mitochondrial dysfunction has been
demonstrated to be one of the mechanisms underlying Ap-induced
neurodegeneration (Moreira et al. 2006; Chen & Yan 2010; Ferreira et al.
2010). The presence of AP was confirmed in mitochondria from brains of
transgenic mice with targeted neuronal overexpression of mutant human APP
and AD patients and is associated with diminished enzymatic activity of
respiratory chain complexes and a reduction in the rate of oxygen consumption
(Caspersen et al. 2005). Recently, it was shown that RAGE-mediated signaling
contributes to intraneuronal transport of AP and promotes neuronal
degeneration through perturbation of mitochondrial function (Takuma et al.
2009). Other data also demonstrated that AP is transported into mitochondria
via the TOM machinery (Hansson Petersen et al. 2008). In mitochondria
isolated from brains of AD patients or transgenic mice, AP interacts with the
ABAD (Lustbader et al. 2004), and this interaction promotes leakage of ROS,
inhibits mitochondria activity and induces cell death (Takuma et al. 2005). Du
and colleagues (Du et al. 2009) demonstrated that mitochondrial AP also
interacts with CypD, an integral part of the mitochondrial PTP whose opening
leads to cell death. In the same study, the authors have shown that CypD
deficiency attenuates mitochondrial dysfunction induced by AP, improves
learning and memory and synaptic function in an AD mouse model and
alleviates AB-mediated reduction of LTP. Mitochondrial AP levels have been
associated with the extent of mitochondrial dysfunction in different brain
regions and the degree of cognitive impairment in AD transgenic mice

(Dragicevic et al. 2010). Concomitantly, several in vitro evidences implicate
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ER stress as an important cellular response triggered by AP, leading to
neuronal cell death (Ferreiro et al. 2004; Ferreiro et al. 2006; Resende et al.
2008a; Resende et al. 2008b; Nishitsuji et al. 2009). Moreover, in transgenic
mice modeling AD, ER stress-related genes were shown to be differentially
regulated during the initial and intermediate stages of AP deposition (Selwood
et al. 2009). Upon activation of processes such as the UPR (Imaizumi et al.
2001; Yoshida 2009), ER overload response (Pahl & Baeuerle 1997), ER-
associated degradation (Travers et al. 2000) or even authophagy (Hoyer-
Hansen & Jaattela 2007; Heath-Engel er al. 2008), ER is able to manage with
different kinds of stress deciding cell fate (Yoshida 2009). Under conditions of
severe or prolonged ER stress, these adaptive signalling pathways fail and
apoptotic cell death is activated (reviewed in Kim et al. 2008a).

Through last years, several studies have pointed to an interaction between
ER and mitochondria during cell death. It has been shown that physical
interactions are established between these two organelles (Giorgi et al. 2009)
and that Ca’" released from ER and taken up by mitochondria is required to
induce the mitochondrial apoptotic pathway under ER stress conditions (Pizzo
& Pozzan 2007; Deniaud et al. 2008; Ferreiro et al. 2008a; Ferreiro et al.
2008b). Moreover, Bax/Bak translocation and oligomerization in the outer
mitochondrial membrane, cytochrome c release, loss of mitochondrial
membrane potential (AYm) and caspase-9 activation are common hallmarks of
ER stress-induced apoptosis (Hacki et al. 2000; Zhang & Armstrong 2007).
We have demonstrated that AB-induced ER stress activates an apoptotic
pathway involving the translocation of Bax to mitochondria, loss of A¥m,
cytochrome c release and activation of caspases -9 and -3 (Ferreiro et al.

2008a; Ferreiro et al. 2008b). More recently, we provided evidence that the ER
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stress-mediated apoptotic pathway induced by AP requires the presence of
functional mitochondria (Costa et al. 2010), which is in accordance with data
previously published by Cardoso and colleagues (Cardoso ef al. 2001; Cardoso
et al. 2002). These studiesdemonstrated that AP toxicity is abolished in
mtDNA depleted pO cells, supporting that mitochondrial dysfunction is a
prominent feature of Ap-induced cell death during the progression of AD.

Recent studies postulate that impaired energy metabolism and mitochondrial
respiration abnormalities are early events in AD pathology (Small ez al. 1995;
Ferrer 2009). Defects in mitochondrial electron transport chain, namely in
COX activity, have been reported to occur in this neurodegenerative disease
(Kish et al. 1992; Bosetti et al. 2002; Cardoso et al. 2004a; Pickrell et al. 2009)
and the accumulation of mtDNA mutations could be at the origin of this ETC
malfunction (Lin et al. 2002; Coskun et al. 2003; Lin & Beal 2006; Kruger et
al. 2010).

Since they were first introduced by Swerdlow and collegues (Swerdlow et
al. 1997), AD cybrids have been used as a cellular model in order to better
understand the importance of mitochondrial impairment in AD. This can be
achieved given that these cytoplasmic hybrid cells replicate pathological
characteristics occurring in AD patients, such as reduced COX activity, ATP
depletion and increased oxidative stress (Ojaimi et al. 1999; Cardoso et al.
2004a; Cardoso et al. 2004b; Petrozzi et al. 2007). AD and control cybrids are
obtained by the fusion of platelets from AD patients or age-matched control
subjects with mtDNA-depleted pO cells. The resultant cell line holds
mitochondria, and consequently mtDNA, from AD or control donors.
Therefore, the mitochondrial abnormalities observed in platelets obtained from

AD patients are also present in AD cybrids.

107



This cell model was used in the present study to further investigate the
relevance of AD-associated mitochondrial dysfunction to AB-induced ER stress
and subsequent activation of apoptotic cell death. As positive control for ER
stress, a parallel study was conducted in control and AD cybrids using
brefeldin A and thapsigargin, two classical ER stressors. We provide evidence
that mitochondrial dysfunction, arising from defects in mtDNA, increases the
susceptibility of cells to ER stress-mediated apoptosis induced by AP,
confirming the interaction between ER and mitochondria during the

progression of AD.
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5.3. Results.

Previous studies from our group established that AP peptide induces ER
stress in primary cultured neurons, increasing the levels of ER stress markers
and promoting ER Ca’" release (Ferreiro et al. 2006; Resende e al. 2008a;
Resende et al. 2008b). Concomitantly, AP activates a mitochondrial apoptotic
pathway which involves the translocation of Bax to mitochondria, loss of
A¥m, cytochrome c release and activation of caspase-9 and -3 (Ferreiro et al.
2008b). Moreover, we showed that both AB-induced toxicity and activation of
the ER stress-mediated apoptotic pathway require the presence of functional
mitochondria since they are abolished in mtDNA-depleted p0 cells (Cardoso et
al. 2001; Cardoso et al. 2002; Costa et al. 2010). Taken together, these studies
highlight the important role of mitochondria in AB-induced cell death upon ER
stress.

Here, to further characterize ER/mitochondria cross-talk in cell death
triggered by AP, we analyzed the ER stress-mediated apoptotic cell death
induced by this AD-associated peptide in AD cybrids containing mitochondria
and mtDNA from AD patients, and thus the mitochondrial defect (COX
inhibition) associated to the disease. The differential effect of Ap in AD and
control cybrids (the later with mtDNA from age-matched subjects) was
compared with that of brefeldin A and thapsigargin, two classical ER stressors

(Klausner et al. 1992; Rogers et al. 1995).
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5.3.1. Mitochondrial dysfunction potentiates A;_4-induced endoplasmic
reticulum stress.

ER stress was evaluated in AD and control cybrids treated with AP0 (1
uM), brefeldin A (2 uM) or thapsigargin (2 uM) during 6 hours. The levels of
the ER chaperone GRP78 were analysed by WB and caspase-4 activation was
evaluated using the colorimetric substrate ac-LEVD-pNA, as described in
Methods section. In control cybrids, A4, brefeldin A and thapsigargin
slightly increased GRP78 levels after 6 hours incubation and this effect was
significantly enhanced in AD cybrids (Fig. 5.1 A). The increase in GRP78
levels upon exposure of control cybrids to APj;49 became statistically
significant after 24 hours and it was also shown to be potentiated in AD cybrids
(Fig. 5.1 B). Caspase-4, a member of caspase-1 superfamily and human
homolog of caspase-12 in rodent, has been implicated in ER stress-induced
apoptosis (Hitomi et al. 2004). A raise in caspase-4-like activity occurred in
both cell lines, treated as above, although this increment was much more
pronounced in AD than in control cybrids (Fig. 5.2). These results indicate that
the presence of a mitochondrial defect renders cells more susceptible to APB;.4o-

induced ER stress.
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Figure 5.1 The increase in the levels of the ER chaperone GRP78 upon AB.4, brefeldin A or
thapsigargin exposure is more pronounced in AD cybrids than in control cybrids.
Cybrids were mantained for 6 hours (A) at 37 °C in the presence of APj4 (1 uM),
brefeldin A (2 uM) or thapsigargin (2 pM) or 24 hours (B) in the presence of AP (1
uM). Total protein lysates were prepared and analysed by immunoblotting using an anti-
GRP78 antibody; an antibody specific for GAPDH was used as a protein loading control.
Results are the means + SEM of at least 3 independent experiments and are normalized to
control values. *p<0.05; ***p <0.001 compared with vehicle-treated cells. “p<0.05; “p
<0.01; **p <0.001, significantly different when compared to the same conditions in control
cybrids.
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Figure 5.2 The activation of the ER resident caspase-4 in response to A4 brefeldin A or
thapsigargin is enhanced in AD cybrids relatively to control cybrids.
Cybrid cells were incubated for 6 hours at 37 °C with A4 (1 uM), brefeldin A (2 uM) or
thapsigargin (2 uM). Caspase-4-like activity was determined in cell lysates by measuring
the cleavage of the chromogenic substrate Ac-LEVD-pNA at 405 nm. Results are the
means + SEM of values corresponding at least to 3 independent experiments, performed in
duplicate, and are normalized to controls. *p<0.05; **p <0.01; ***p <0.001, significantly
different compared with respect to control values.”p<0.01, "p <0.001, significantly
different when compared to similar conditions in control cybrids.

5.3.2. APj-4-induced apoptotic cell death due to endoplasmatic
reticulum stress is potentiated by impaired mitochondria.

To better elucidate the role of defective mitochondria in ER stress-mediated
cell death induced by AP, cellular viability and apoptotic features were
evaluated in control and AD cybrids. Once again, results were compared with
those obtained in cells treated with thapsigargin or brefeldin A, two classical
ER stressors. We first evaluated the metabolic capacity of cybrid cell lines by
the MTT colorimetric assay, which can be correlated with cell survival. Upon
APi140, brefeldin A or thapsigargin treatment for 24 hours, a significant
decrease in cell survival was determined (Fig. 5.3). It was also observed that

decreased cell survival in treated AD cybrids is slightly potentiated in control
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cybrids. Statistical comparisons between control and AD cybrids were not

possible since the proliferative capacity of both cell lines is different.
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Figure 5.3 Compromised cell survival upon AP, 4, brefeldin A or thapsigargin treatment is
more pronounced in AD cybrids than in control cybrids.
Cybrid cells were incubated for 24 hours at 37 °C with AB;4o (1 uM), brefeldin A (2 uM)
or thapsigargin (2 uM). Cell viability was evaluated by the reduction of the tetrazolium
salt MTT, as described in methods section. Results are the means =+ SEM of values
corresponding at least to 3 independent experiments, performed in duplicate, and are
represented as the percentage (%) of absorbance measured in controls. ***p <0.001;
significantly different when compared with respect to control values.

In both AD and control cybrids, AB;40 and ER stressors activated the
apoptosis effector caspase-3 after 24 hours of treatment (Fig. 5.4 A). Moreover,
caspase-3 activation was more pronounced in treated AD cybrids than in
control cybrids. To confirm that ER stress is involved in AB-induced cell death,
dantrolene, a blocker of ER Ca”" channel associated with the RyR, was added
before APj4o treatment. Under these conditions, a significant decrease in
caspase-3-like activity was observed in cybrid cell lines (Fig. 5.4 B),
demonstrating that the release of Ca’” from ER is involved in caspase-3

activation triggered by Ap.
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Figure 5.4 Caspase-3-like activity upon AP;.4, brefeldin A or thapsigargin treatment is

increased in AD cybrids relatively to treated control cybrids. Inhibition of ER Ca’* release
prevents caspase-3 activation in both cybrid cell lines.
Cybrid cells were incubated during 24 hours at 37 °C in the presence of AB;4 (1 uM),
brefeldin A (2 uM) or thapsigargin (2 pM) (A). When tested (B), dantrolene (10 uM) was
added 1 hour before AP;4o incubation. Caspase-3-like activity was determined by
measuring the cleavage of the chromogenic substrate Ac-DEVD-pNA at 405 nm. Results
are the means + SEM of values corresponding at least 3 experiments, each value being the
mean of duplicate assays, and are normalized to control. **p<0.01; ***p <0.001,
significantly different with respect to control values.
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In the apoptotic cascade, caspase-3 cleaves PARP leading to the increase of
an 89 kDa fragments (Nicholson et al. 1995). After 24 hours treatment, AP .o,
thapsigargin and brefeldin A increased caspase-3-mediated PARP cleavage
analyzed by WB, which was enhanced in AD-treated cybrids when compared
to control cybrids (Fig. 5.5). Finally, apoptosis was assessed by a fluorescent
TUNEL assay (Fig. 5.6). Upon treatment with AP or ER stressors, it was
observed a significant increase in the number of apoptotic cells in both control
and AD cybrids (Fig. 5.6 A). Under these conditions, the total number of cells
was not affected in control cybrids but, in contrast, a significant reduction in
the total number of cells was measured in AD cybrids (Fig. 5.6 B). This fact is
probably due to cell death and subsequent detachment from the coverslips
revealing an enhanced susceptibility of AD cybrid cells to toxic insults.

Overall, the results described above demonstrate that mitochondrial
dysfunction occurring in AD cybrids as a result of COX inhibition potentiates

apoptosis induced under ER stress conditions.
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Figure 5.5 PARP cleavage is enhanced in Af;.4-, brefeldin A- or thapsigargin-treated AD
cybrids in comparison with treated control cybrids.
Cybrids were mantained for 24 hours at 37 °C in the presence of AB;.4 (1 pM), brefeldin
A (2 uM) or thapsigargin (2 pM). Total protein lysates were prepared and analysed by
immunoblotting using an anti-PARP antibody; as a protein loading control, an anti-
GAPDH antibody was used. Values are the means + SEM of at least 3 independent
experiments and are normalized to control levels. **p<0.05; ***p <0.001, significantly
different compared with respect to control values.”p<0.05; *p <0.01, significantly different
when compared to the same conditions in control cybrids.
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Figure 5.6 Af; -, brefeldin A- and thapsigargin-induced apoptosis is enhanced in AD cybrids

relatively to treated control cybrids.

TUNEL assay was performed, as described in methods section, in cybrid cells incubated
during 24 hours at 37 °C in the presence or in the absence of AB;.4 (1 M), brefeldin A (2
uM) or thapsigargin (2 uM). Total number of TUNEL-positive cells in both cell lines was
quantified and is represented in graph A and B. The results are the means + SEM of values
corresponding at least 3 experiments, each value being the mean of duplicate assays.
*p<0.05; **p <0.01; ***p <0.001, significantly different with respect to control values.
*p<0.05; "p <0.01;"p <0.001, significantly different when compared to the same

conditions in control cybrids.
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5.4. Discussion.

The results here presented using AD cybrids, a cell line possessing the
mitochondrial complex IV defect from AD patients (Ojaimi et al. 1999;
Petrozzi et al. 2007), highlight the effect of mitochondrial dysfunction during
ER stress-mediated apoptotic cell death induced by the AP peptide (APi_4o
isoform) and emphasize the hypothesis of ER/mitochondria communication
during AB-induced apoptosis.

Since it was first describe by King and Attardi (King & Attardi 1989),
cybrid technique has been used as an in vitro model to study mitochondrial
dysfunction in several neurodegenerative disorders, including AD (Swerdlow
et al. 1997). It consists in the inclusion of mitochondria (and mtDNA) into host
cells that have been depleted of their own mtDNA. Therefore, the differences
between the cybrids lines (control and AD cybrids) are due to differences that
have origin at mtDNA. Through last decade, several studies showed the
capacity of AD cybrids to recreate many pathological features of AD. Among
them, Sheehan and collegues (Sheehan et al. 1997) demonstrated decreased
COX activity, increased basal cytosolic Ca’" concentration and enhanced
sensivity to IP3-mediated release of Ca”* from ER. It was also reported reduced
A¥m, depletion of ATP levels, increased release of cytochrome ¢ (Cassarino et
al. 1998; Khan et al. 2000) as well as ROS production, lipid and protein
oxidation, features that make these cells more susceptible to apoptosis
(Cardoso et al. 2004a). Although impaired mitochondria are already present in
these cells (Sheehan et al. 1997; Cassarino et al. 1998; Khan et al. 2000),
deposition of APBj40142 in AD cybrids can further potentiate mitochondrial
dysfunction and cell death (Khan et al. 2000). In fact, AD cybrids are more

vulnerable to AP toxicity, which induces a significant decrease in A¥Ym,
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mitochondrial release of cytochrome ¢ and caspases activation (Cardoso et al.
2004a).

Using this AD cellular model, and also control cybrids obtained from
platelets of age-matched control subjects, we evaluated the potential stressful
effect of APi4o peptide on ER and tested how mitochondrial dysfunction
arising from COX inhibition affects AP;4o-induced ER stress. As positive
controls for ER stress, we used in our study two known ER stress inducers:
thapsigargin, which disrupts ER Ca’" homeostasis (Kuo et al. 1998), and
brefeldin A, which blocks retrograde Golgi-derived vesicles leading to the
accumulation of proteins in the ER lumen (Chardin & McCormick 1999).

In AD cybrids, characterized by the presence of a mitochondrial defect on
the ETC COX, it was observed a significant increment in GRP78 expression
levels upon treatment with AB;.40 (1 M), brefeldin A (2 uM) or thapsigargin
(2 uM), in comparison with results obtained in treated control cybrids (Fig. 5.1
A-B). Under ER stress conditions, cells tend to increase the transcription of
genes encoding ER-resident chaperones such as GRP78 as part of a defense
mechanism termed unfolded protein response (Imaizumi et al. 2001). GRP78
promotes the correct folding of proteins that have been accumulated within the
ER lumen and is considered to be an important molecule in the quality control
of proteins, preventing unfolded proteins from being transported to the Golgi
apparatus and further downstream (Kohno et al. 1993) and is thus considered a
good marker for ER stress. Moreover, it has been shown to be increased in AD
brains (Hoozemans et al. 2005) and to be up-regulated in cultured neurons
upon AP treatment (Ferreiro et al. 2006).

Nakagawa and colleagues (Nakagawa ef al. 2000) reported that caspase-12

knockout mice not only show resistance to ER stress but also to cell death
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caused by AP. This study demonstrated that caspase-12 mediates an ER stress-
specific apoptosis pathway (Cheung et al. 2006) and contributes to A
neurotoxicity, which was recently shown to be modulated via the UPS (Song et
al. 2008). Despite this caspase is not present in humans, several studies
suggested that caspase-4 is an ER stress responsive caspase in humans (Hitomi
et al. 2004). Under ER stress conditions, caspase-4 is activated and can
promote activation of caspase-3 (Kim et al. 2008a). However, other groups
reported that ER stress only activates caspase-9 leading to apoptotic cell death
by a mechanism that does not require caspase-4 (Obeng & Boise 2005). In the
present study we measured caspase-4-like activity in both control and AD
cybrid cells upon treatment with the ER stress inducers thapsigargin and
brefeldin A, or AR 4o peptide. Under these conditions, we showed that this ER-
resident caspase is activated in both cell lines (Fig. 5.2), but this increase is
enhanced in AD cybrids, as observed for GRP78 levels (Fig. 5.1 A-B).
According to the literature, several groups point to the interaction between
ER and mitochondria as an important process in normal cellular functioning, as
well as during programmed cell death triggered by ER stress (Kim et al. 2006;
Zhang & Armstrong 2007; Lei et al. 2008; Arduino et al. 2009; Klee et al.
2009; Sharaf El Dein et al. 2009; Vitiello et al. 2009). Our previous work
supported the involvement of ER/mitochondria cross-talk during AB-induced
neuronal death. We confirmed the induction of ER stress in cortical neurons by
AP and the activation of an ER stress-mediated apoptotic pathway with
mitochondrial involvement (Ferreiro et al. 2004; 2006; 2008b). Using NT2
cells treated with brefeldin A or tunicamycin (another ER stressor), we also
observed that ER stress induces changes in the mitochondrial function,

impairing mitochondrial membrane potential and activating caspase-9.
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Moreover, stress stimuli at ER level evoked Ca®" fluxes between ER and
mitochondria (Arduino et al. 2009). Further, the relevance of functional
mitochondria to cellular death mediated by ER stress upon AP treatment was
demonstrated in p cells, depleted of their mtDNA (Costa et al. 2010). Herein,
we established that in both cybrid cell lines, APj40, brefeldin A and
thapsigargin induce apoptosis, since we observed caspase-3 activation (Fig. 5.4
A), PARP cleavage (Fig. 5.5) and a significant increase in TUNEL-positive
apoptotic cells (Fig. 5.6). In AD cybrids, apoptosis triggered by AP, and by two
ER stress inducers, was enhanced in comparison with control cybrids,
indicating that compromised COX activity increases the susceptibility of these
cells to ER stress-mediated cell death.

As previously described, activation of caspases, a family of cysteine
proteases that cleave substrates at specific aspartate residues, is a central
mechanism in the apoptotic cell death process (Thornberry & Lazebnik 1998).
Upon cytochrome c¢ release from mitochondria, apoptosome is formed and
caspase-9 is activated initiating the caspase cascade leading to caspase-3
activation and consequent cell death (Li et al. 1997). Enhanced caspase-3
activation on treated cells supports the involvement of mitochondria in
apoptosis triggered upon ER stress (Fig. 5.4 A). Our results further
demonstrated that ER stress-mediated apoptosis was due to ER Ca®" release
induced by AP since dantrolene, an ER Ca®" channel blocker, was able to
prevent caspase-3 activation in both AD and control cybrids (Fig. 5.4 B). These
results implicate Ca®” in the communication between ER and mitochondria and
are in accordance with our previous data (Costa ef al. 2010) showing that in
mtDNA-depleted p0 cells ER Ca’" release and apoptotic cell death upon ER

stress is abolished. Our results also agree with several reports that point ER
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Ca’" release and transfer to mitochondria, during ER stress, as pro-apoptotic
(Chami et al. 2008) and responsible for the activation of caspase-3 (Gonzalez
et al. 2010). Furthermore, AB-induced apoptosis is due, at least in part, to the
perturbation of intracellular Ca>* homeostasis (Scorziello ez al. 1996; Huang et
al. 2000; Ferreiro et al. 2008b; Resende et al. 2008b). We have previously
demonstrated that in control cybrids AP induces a significant decrease in A¥Ym,
mitochondrial release of cytochrome ¢ and caspases activation that occur to a
greater extent in AD cybrids (Cardoso ef al. 2004a; 2004b). Therefore, it
cannot be excluded the possibility that in addition to their effects on ER, A
(and classical ER stressors) can also directly act on mitochondria, either in
control and AD cybrids. However, in the present study, AB-induced caspase-3
activation occurring in both cybrids cell lines is prevented by dantrolene,
demonstrating that AP effects on ER occur upstream of mitochondria, leading
to cell death.

Taken together, the present study confirmed the interaction between ER and
the mitochondria during apoptotic cell death that occurs in AD. Particularly, it
was shown that the presence of a mitochondrial defect in complex IV of the
ETC enhances cell death due to ER stress induced by the AD-associated A
peptide. These observations are in accordance with previous studies reporting
that AD brains exhibit an increase in mtDNA control region mutations that can
account for the sporadic appearance and mitochondrial defects seen in late-
onset AD (Coskun et al. 2003). Further, variations in human mtDNA may
contribute to individual differences in function and also to the increased
susceptibility to various diseases such as AD (Shoftner et al. 1993; Hutchin &
Cortopassi 1995; van der Walt et al. 2004). A reasonable explanation for this

come from our group by Cardoso and colleagues (Cardoso ef al. 2004a) who
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demonstrated that complex IV inhibition in AD cybrids leads to increased ROS
production. This could represent a potential mechanism underlying the
increased cellular susceptibility to toxic insults, like ER stress, and might
account for the neurodegenerative process that occurs in sporadic AD. By last,
our results further suggest that the ER stress-mediated cell death pathway
triggered by AP implicated in the activation of could be a potential target for

therapeutic intervention in AD.
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CHAPTER 6

Inhibition of mitochondrial cytochrome ¢ oxidase
potentiates endoplasmic reticulum Ca* deregulation

and cell death induced by amyloid pB-peptide.

Primary cultures of rat cortical neurons

Based on: Rui O. Costa, Catarina R. Oliveira and Cldudia M.F. Pereira. Inhibition of
mitochondrial cytochrome ¢ oxidase potentiates endoplasmic reticulum Ca®" deregulation and
cell death induced by amyloid B-peptide.

(Submitted for publication.)
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6.1. Summary.

Previously we reported that AP leads to ER stress in cultured cortical
neurons and that ER-mitochondria cross-talk is involved in AP-induced
apoptotic neuronal cell death. Furthermore, we have shown that mitochondrial
dysfunction affects the ER stress response triggered by AP using cybrid cells,
which recreate the defect in COX activity present in platelets obtained from
AD patients.

In order to further investigate the impact of COX inhibition on AB-induced
ER dysfunction, a neuronal model was used. Primary cultures of rat brain
cortical neurons were challenged with toxic concentrations of AP upon
chemical inhibition of COX with KCN. In parallel, cultured cortical neurons
were treated with the widely used ER stressor thapsigargin, which perturbs ER
Ca’" homeostasis. In Ap-treated cortical neurons, a significant depletion of ER
Ca’" content was found and it was shown to be potentiated upon KCN-induced
COX inhibition. KCN pre-incubation also enhanced the rise in cytosolic Ca**
levels induced by AP or thapsigargin that was reverted in the presence of
dantrolene, an inhibitor of ER Ca’’-release through ryanodine receptors.
Moreover, a significant decrease in cell survival and activation of apoptosis-
related caspase-9 and -3 was observed in AB-or thapsigargin-treated neurons
that were more pronounced after COX inhibition by KCN. These results
demonstrate that the impairment of COX activity potentiates the AB-induced
ER and cytosolic Ca*" dyshomeostasis and activation of the mitochondria-
mediated apoptotic cell death pathway.

Our data supports that mitochondria dysfunction arising from the disruption
of COX activity in AD enhances the cellular susceptibility to toxic insults,

namely to AP-induced ER stress. Therefore, this study strongly suggests that
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the close communication between ER and mitochondria can be a valuable

therapeutic target in AD.

6.2. Introduction.

AD is the most widespread form of dementia in the elderly that is due to
synaptic and neuronal loss in the hippocampus and cerebral cortex. AD patients
present extracellular senile plaques in susceptible brain regions, mainly
composed of fibrillar AP that constitute one of the neuropathological hallmarks
of this neurodegenerative disorder (Selkoe 2001).

Mitochondria plays a crucial role in providing energy to cells through ATP
synthesis but also in activation of cell death pathways. Mitochondrial
dysfunction has been implicated in several neurodegenerative diseases,
including AD where it was described as a trigger for the early pathological
events (Ienco ef al. 2011). In fact, multiple defects in energy metabolism are
associated with AD neuropathology and cognitive deficits (reviewed in
Ferreira et al. 2010). In addition, alterations in the activity of several
mitochondrial metabolic enzymes were reported in individuals with MCI
(Valla et al. 2006). During this pre-clinical stage of the disease, synaptic
alterations (Scheff et al. 2007) and brain glucose hypometabolism have been
described (Mosconi et al. 2008). These metabolic alterations seem to involve
the impairment of the ETC activity, in particular of COX (Small et al. 1995;
Mosconi 2005; Ferrer 2009). Compromised energy metabolism increases the
production of the AD-associated AP peptide (Velliquette et al. 2005). Along
with these evidences, mitochondrial associated secretases were recently proved

to be involved in APP processing and AP generation, showing that this peptide
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can be produced locally in the mitochondria (Pavlov et al. 2010). The presence
of AP in mitochondria has been demonstrated (Caspersen et al. 2005; Hansson
Petersen et al. 2008) and it correlates with the extent of mitochondrial
dysfunction due to inhibition of ETC complexes and the degree of cognitive
impairment in AD transgenic mice (reviewed in Chen & Yan 2010; Dragicevic
et al. 2010).

In addition to mitochondria, dysfunction of other cellular organelles such as
the ER has been implicated in AD pathogenesis (Hoozemans et al. 2005).
Previously, we provided evidences that AP can be a trigger for ER stress and
demonstrated that ER/mitochondria cross-talk plays an essential role during
AB-induced neuronal apoptosis (Ferreiro et al. 2006; Costa et al. 2010; 2011).

Using primary cultured rat brain cortical neurons as a neuronal model, here
we investigated the role of the AD-associated mitochondrial impairment, in
particular the inhibition of COX activity, in Ap-induced ER Ca*
dyshomeostasis and subsequent activation of apoptotic cell death. For this
purpose, COX inhibition was induced by KCN treatment previously to
neuronal exposure to toxic AP concentrations. Then, ER and cytosolic Ca*"
levels were monitored. Furthermore, cell viability was evaluated and activation
of the apoptotic cell death was followed through the analysis of caspase-9- and
caspase-3-like activities. As a positive control for ER Ca*" dysregulation, a
parallel study was conducted using thapsigargin, a classical disruptor of ER
Ca’" homeostasis (Rogers et al. 1995).

Overall, we demonstrated that mitochondrial impairment due to COX
inhibition increases the cellular susceptibility to AB-induced apoptosis
mediated by impaired ER Ca”" homeostasis, supporting that ER/mitochondria
cross-talk plays a crucial role during AB-induced cell death in AD.
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6.3. Results.

In the present study, we used primary cortical neuronal cultures treated
with the AB;.40 upon mitochondrial COX inhibition to further disclose the role
of ER/mitochondria cross-talk in cell death triggered by AB. In order to mimic
the mitochondrial defect (COX inhibition) associated to AD, we used the
chemical COX inhibitor KCN. The effect of AP in neuronal cells was
compared with that of thapsigargin, a widely used ER stressor that disrupts ER
Ca’" homeostasis (Rogers et al. 1995; Kuo ef al. 1998).

6.3.1. Mitochondrial COX inhibition enhances A 4-induced ER Ca*"
dyshomeostasis

ER stress is associated with the disruption of ER Ca®" homeostasis (Xu et
al. 2005). Therefore, we monitored the levels of ER Ca®" in cortical neurons
treated with ABj40 (1 uM) during 3 hours, in the absence or in the presence of
the COX inhibitor KCN (1 mM). We found that ER Ca’" levels decrease by
about 50% in AP;4o-treated neurons in comparison with controls and this effect
was enhanced in cells pre-incubated with KCN (Fig. 6.1 A-B). ER Ca®*
depletion was demonstrated to be followed by an increase in cytosolic Ca**
concentration measured with the fluorescent probe Indo-1/AM after 6 hours
incubation with ABj49. Similar results were obtained in neurons treated with
thapsigargin (2 uM) for 6 hours (Fig. 6.2). Pre-incubation with KCN before
APi14o or thapsigargin treatment potentiated the increase in cytosolic Ca**
levels that results from ER Ca®" release since dantrolene (10 pM), an inhibitor

of Ca®" channels coupled to the ER RyR, significantly prevented the effect of
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KCN (Fig. 6.2). These results indicate that a mitochondrial defect, in particular
the inhibition of COX activity sensitizes cells to ER Ca’*" dyshomeostasis

induced by neurotoxic concentrations of AB;_4o.
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Figure 6.1 COX inhibition upon KCN treatment potentiates the depletion of ER Ca’* content
induced by AB; 4 in cortical neurons.
Primary cultures of rat brain cortical neurons were incubated for 3 hours with AB;.4 (1
uM), in the absence or in the presence of KCN (1mM) which was added 1 hour before
APBj.40- Then, levels of Ca’" in ER stores were evaluated by monitoring the fluorescence of
Fura-2 in the absence of external Ca’". The difference between Fura-2 fluorescence ratio
340/380 nm before and after the full depletion of ER Ca®" was used to evaluate ER Ca®"
content. Results are the means + SEM of values corresponding at least 3 experiments, each
value being the mean of duplicate assays. *p<0.05; **p <0.01; significantly different when

compared to control values. “p<0.05; significantly different when compared to Ap;.4-
treated cells.
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Figure 6.2 COX inhibition by KCN potentiates the increase in basal cytosolic Ca’" levels
induced by AB_4 or thapsigargin.
Primary cultures of rat brain cortical neurons were incubated for 6 hours with AB;_4
or thapsigargin (2 uM), in the absence or in the presence of KCN (1 mM), which was
added 1 hour before AP;4 and thapsigargin. When used, dantrolene (10 pM) was
added 1 hour before AP or thapsigargin incubation. Then, cytosolic free Ca®"
concentration [Ca*']; was determined using the fluorescent Ca*" indicator Indo-1/AM.
Indo-1 fluorescence was measured fluorimetrically, at 350 nm excitation and 410 nm
emission, and [Ca*']; i was calculated. Results are the means + SEM of values
corresponding at least 3 experiments, each value being the mean of duplicate assays.
*p<0.05; **p <0.01; significantly different when compared to controls. “p<0.05;
significantly different when compared to AB;_4- or thapsigargin-treated cells. $p<().05;
significantly different when compared to KCN pre-treated cells.
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6.3.2. AB;40- and thapsigargin-induced apoptotic cell death is enhanced
by COX inhibition

In order to better understand the role of mitochondrial COX inhibition in
cell death induced by AP, we evaluated cellular viability and activation of
apoptosis-associated caspases, namely caspase-9 and caspase-3, in primary
cultured cortical neurons treated with AB;40. To implicate the impairment of
ER Ca’" homeostasis in Ap-induced neuronal death under mitochondrial
dysfunction conditions, a parallel study was performed with thapsigargin,
which depletes ER Ca”" stores.

First, we analyzed the metabolic ability of cortical neuronal cultures by the
MTT colorimetric assay, which gives information about cell survival. Upon 24
hours of incubation with AP;49 or thapsigargin, a significant decrease in
neuronal cell survival was observed, which was potentiated by KCN pre-
treatment (Fig. 6.3).

Then, we explored the involvement of the pro-apoptotic caspase-9 and
caspase-3 in APj4o- or thapsigargin-induced neurotoxicity. After 24 hours,
both A4 and thapsigargin increased caspase-9-like (Fig. 6.4 A) and caspase-
3-like (Fig. 6.4 B) activities, which were more pronounced in KCN pre-treated
neurons (Fig. 6.4 A-B).
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Figure 6.3 Compromised cell survival upon AB; 4 or thapsigargin treatment is enhanced
by COX inhibition.
Primary cultures of rat brain cortical neurons were incubated for 24 hours with A4
(1 uM) or thapsigargin (2 uM), in the absence or in the presence of KCN (1 mM)
which was added 1 hour before the toxic insults. Cell viability was evaluated by
measuring the reduction of the tetrazolium salt MTT. Results are the means £ SEM of
values corresponding at least to 3 independent experiments, performed in duplicate,
and are represented as the percentage (%) of absorbance measured in controls. *p
<0.05; **p <0.01; significantly different when compared to control values. “p <0.05;
significantly different when compared to the same condition in the absence of KCN
pre-treatment.
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Figure 6.4 Caspase-9 and caspase-3 activation upon Af;4 or thapsigargin
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treatment is potentiated under COX inhibition conditions.

Primary cultures of rat brain cortical neurons were incubated for 24 hours with
ABi40 (1 pM) or thapsigargin (2 pM), in the absence or in the presence of
KCN (I mM). When used, KCN was added 1 hour before A4 or
thapsigargin. Caspase-9-like (A) and caspase-3-like (B) activities were
determined by measuring at 405 nm the cleavage of the chromogenic
substrates Ac-LEDH-pNA or Ac-DEVD-pNA, respectively. Results are the
means = SEM of values corresponding at least 3 experiments, each value
being the mean of duplicate assays. *p<0.05; **p <0.01; significantly
different when compared with respect to control values. “p<0.03; significantly
different when compared to A;.4—or thapsigargin-treated cells.



Overall, the results described above demonstrate that mitochondrial
dysfunction occurring through KCN-induced COX inhibition potentiates
apoptosis triggered by ER Ca’" depletion in AB-treated cortical neurons. These

findings are schematically represented in Fig. 6.5.
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Figure 6.5 Summary of the molecular mechanisms leading to enhanced Ap-induced ER Ca®*
deregulation under mitochondrial dysfunction conditions in cortical neurons.
APy perturbs ER Ca*" homeostasis, leading to ER stress, by increasing the release of
Ca®" through the ER RyR-associated Ca®* channels (1). As a consequence, cytosolic Ca®"
levels increase (2). This culminates in decreased cellular survival and activation of a
caspase-mediated apoptotic cell death pathway that involves caspase-9 (3) followed by
caspase-3 (4), finally leading to cell death by apoptosis (5). These damaging effects
triggered by AP;4o are potentiated when COX activity of the mitochondrial ETC is
inhibited by KCN, thus mimicking a mitochondrial defect implicated in AD pathogenesis.
One of the consequences of the communication between mitochondria and ER upon COX
inhibition (6) is the increase in ER Ca®" release through RyR-associated Ca®* channels that
can be antagonized by dantrolene (7).
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6.4. Discussion.

Previously we reported that AP induces ER stress in primary cultured
cortical neurons, promoting ER Ca’" release and increasing the levels of
several ER stress markers (Ferreiro et al. 2006; Resende et al. 2008a; 2008b).
Other studies from our group demonstrated that ER-mitochondria cross-talk is
involved in AP-induced apoptosis. First, we showed that AB-induced ER
stress-mediated apoptotic pathway requires the presence of functional
mitochondria using mtDNA-depleted pO cells (Cardoso et al. 2001; 2002;
2004b; Costa et al. 2010). Second, we demonstrated that the activation of the
mitochondrial apoptotic pathway by AP in cortical neurons triggers the
translocation of Bax to mitochondria and consequent loss of A¥Ym, cytochrome
c release and activation of caspase-9 and -3 (Ferreiro et al. 2008a) and it is
prevented by the ER Ca®" release inhibitors dantrolene and xestospongin C.
Furthermore, we provided evidences that mitochondrial dysfunction affects the
ER stress response triggered by AP using cybrids that recreate the defect in
COX activity present in platelets from AD patients (Costa et al. 2011). Taken
together, these findings demonstrate that mitochondria are intimately involved
in AB-induced cell death occurring through ER Ca®" dyshomeostasis and stress.

This study was aimed to demonstrate that mitochondrial dysfunction arising
from COX inhibition affects the neuronal response to ER Ca*" dyshomeostasis
and to cell death induced by the AD-associated A peptide. In primary cortical
neuronal cultures, we demonstrated that KCN-induced COX inhibition
potentiates ER Ca®" depletion, cytosolic Ca*" rise due to ER Ca’" release,
caspase-9 and caspase-3 activation and compromised cell survival triggered by
APBi_40. Additionally, inhibition of COX activity with KCN enhanced the

increase in Ca’" levels and the activation of apoptotic cell death observed in
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thapsigargin-treated neurons. These findings demonstrate that impaired COX
activity potentiates the toxic effects of AP occurring through the perturbation
of ER Ca*" homeostasis in cortical neurons. Mitochondria, almost independent
organelles containing their own DNA, are the main energy suppliers to
neurons. This is accomplished through the ETC, a pentameric complex
partially coded by mtDNA, which leads to ATP synthesis. Electron transport
between complexes I to IV is coupled to proton extrusion generating a AW¥Wm,
and the energy created by the protons gradient is used by complex V to
synthesize ATP. Mitochondrial diseases are often caused by mutations of the
mtDNA that affect mitochondrial function. Individual differences in human
mtDNA were shown to be associated with increased susceptibility to various
diseases including AD (Shoftner ef al. 1993; Hutchin & Cortopassi 1995; van
der Walt ef al. 2004; Santoro et al. 2010). In this neurodegenerative disorder,
defects in mitochondrial ETC, namely in COX activity, have been reported
(Kish et al. 1992; Bosetti et al. 2002; Petrozzi et al. 2007, Pickrell et al. 2009).
Several evidences obtained during the last decade, including observations in
AD brains, led to the hypothesis that ETC malfunction could be due to the
accumulation of mtDNA mutations (Lin ef al. 2002; Coskun et al. 2003; Lin &
Beal 2006; Kruger et al. 2010). ETC was also demonstrated to be an apoptosis
modulator (Kwong ef al. 2007). In fact, the interaction of toxic insults with
ETC components, instead of energy failure due to ETC disruption, was shown
to be determinant to the cellular vulnerability to apoptosis. In addition, the
partial blockage of the ETC seems to be more deleterious to cell survival than
its complete inhibition (Kwong et al. 2007). The partial ETC inhibition could

contribute to severe ROS (reactive oxygen species) production, which along
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with Ca*" could play an important role in the interaction between ER and
mitochondria during apoptosis (reviewed in Csordas & Hajnoczky 2009).

Using primary cultures of rat brain cortical neurons challenged with toxic
concentrations of AB;.40, we first evaluated the loss of ER Ca*" homeostasis, a
trigger for ER stress that has been implicated in AD pathogenesis (Scheper et
al. 2011). Upon A4 treatment, we obtained evidences of Ca’" release from
ER to the cytosol, since a significant depletion ER Ca”" stores was observed
(Fig. 6.1), that was followed by an increase in cytosolic Ca’" levels (Fig. 6.2).
These results are in accordance with previous studies that demonstrated Ca®"
leakage from ER stores during AB-induced apoptosis (Scorziello et al. 1996;
Huang et al. 2000; Ferreiro et al. 2004; Ferreiro et al. 2008b; Resende et al.
2008b; Costa et al. 2011). Significantly, we showed that the release of Ca®"
from the ER to the cytosol in AP;4o-treated cortical neurons is potentiated in
cells previously incubated with KCN, a COX inhibitor (Figures 6.1-6.2).
Furthermore, dantrolene was able to revert the effect of KCN on cytosolic Ca®*
rise triggered by A4 or thapsigargin, a known ER stress inducer that impairs
ER Ca”" homeostasis (Fig. 6.2), demonstrating that ER Ca’" release through
ER receptor-associated Ca’" channels is enhanced under COX inhibition
conditions.

Our results are in agreement with a study from Sheehan and colleagues
(1997) in which the increased basal cytosolic Ca’" levels and the enhanced
sensitivity to IP3R-mediated ER Ca’" release correlate with decreased COX
activity. We have recently demonstrated that compromised COX activity
increases cellular susceptibility to AP;4o-induced ER stress in AD cybrids
which recreate the mitochondrial defect present in platelets from AD patients

(Costa et al. 2011). In this cybrid model, we have also demonstrated that COX
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inhibition potentiates AP;4o-induced ROS production, decreased AWYm and
cytochrome c¢ release (Cardoso et al. 2004b). In turn, cytochrome ¢ released
from mitochondria, can bind to Ca*" channels associated with ER receptors,
namely with the IP3R, leading to Ca’" release (Boehning et al. 2003; 2004).
Under these conditions, the Ca®" signal is transmitted from IP3R to
mitochondria and promotes the opening of the mitochondrial PTP with
consequent cytochrome c release and amplification of cell death (Boehning et
al. 2005). On the other hand, a possible explanation for our results is that COX
inhibition decrease ATP levels both as a consequence of ETC malfunction and
also due to the production of ROS which can directly impair ATPases
(reviewed in Mattson & Chan 2003). Lower ATP levels will affect ATP
depend-Ca>* pumps responsible for Ca* storage in ER compartment
compromising Ca’" homeostasis and decreasing ER Ca®" content and
subsequently increasing cytosolic Ca>" levels, as we reported here.

Under ER stress conditions, apoptotic cell death pathways can be activated
(Kudo 2011; Tabas & Ron 2011). ER stress-mediated apoptosis can occur
through activation of the ER associated caspase-12/4 and subsequent caspase-3
activation (Kim et al. 2009) upon cytochrome c¢ release from mitochondria,
apoptosome formation and caspase-9 activation. However, some authors
consider that the ER stress-mediated apoptotic cell death pathway is
independent from caspase-12/4 and that Ca’* released from ER can then be
transferred to mitochondria, acting as a pro-apoptotic signal (Chami et al.
2008) responsible for the activation of caspase-3 (Gonzalez et al. 2010).

Here, we showed that caspase-9 and the downstream apoptosis-effector
caspase-3 are activated by toxic APj4o concentrations (Fig. 6.4) that promote

the release of Ca*" from the ER (Figures 6.1-6.2). Caspases activation was
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associated with a decrease in cell survival and both parameters were
potentiated when cortical neurons were treated with AP;40 under COX
inhibition conditions (Figures 6.3-6.4). However, we cannot exclude the
possibility that in addition to the effect of AB;49 on ER Ca*" homeostasis, it
can directly acts on mitochondria leading to the release of pro-apoptotic
factors, as suggest by several authors (Chen & Yan 2010; Pagani & Eckert
2011).

In conclusion, the results here described show that mitochondrial
dysfunction, ocurring through COX inhibition, potentiates apoptotic neuronal
death induced under ER stress conditions triggered by AP and support our
previous evidences of a close communication between ER and mitochondria
during cell death in AD. These findings further support that mitochondrial
dysfunction represents a crucial mechanism underlying the neurodegenerative
process that occurs in sporadic AD by increasing cellular susceptibility to toxic

insults, in particular to ER stress.
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CHAPTER 7

Endoplasmic reticulum stress occurs downstream of
NR2B subunit of N-methyl-D-aspartate receptor in
mature hippocampal cultures treated with amyloid-3

oligomers

Primary cultures of rat hippocampal neurons

Based on: Rui O. Costa, Pascale N. Lacor, Ildete L. Ferreira, Yves P. Auberson, William L.
Klein, Ana C. Rego, Catarina R. Oliveira and Claudia M.F. Pereira. Endoplasmic reticulum
stress occurs downstream of NR2B subunit of N-methyl-D-aspartate receptor in mature
hippocampal cultures treated with amyloid-f oligomers.

(Submited for publication.)
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7.1. Summary.

AD is a progressive neurodegenerative disorder affecting both the
hippocampus and the cerebral cortex. Reduced synaptic density that occurs
early in the disease process seems to be partially due to the overactivation of
NMDARs leading to excitotoxicity. Recently, we demonstrated that ABO, the
species implicated in synaptic loss during the initial disease stages, ER stress in
cultured neurons. Here, we investigated whether ABO trigger ER stress by an
NMDAR-dependent mechanism leading to neuronal dysfunction and analyzed
the contribution of NR2A and NR2B subunits of this glutamate receptor. Our
data revealed that APO induces ER stress in mature hippocampal cultures,
activating ER stress-associated sensors and increasing the levels of the ER
chaperone GRP78. We also showed that APO induces NOX-mediated
superoxide production downstream of NR2B and impairs ER and cytosolic
Ca’" homeostasis. These events precede changes in cell viability and activation
of the ER stress-mediated apoptotic pathway, which was associated with
translocation of the transcription factor GADD153/CHOP to the nucleus and
occurred by a caspase-12-independent mechanism. Significantly, ER stress
took place after ABO interaction with NR2B subunits. In addition, ABO-
induced ER stress and hippocampal dysfunction were prevented by ifenprodil,
an antagonist of NR2B subunits while the NR2A antagonist NVP-AAMO077
only slightly attenuated ABO-induced neurotoxicity. Taken together, our results
highlight the role of NR2B subunit of NMDARs on ER stress-mediated
hippocampal dysfunction caused by APO suggesting that it might be a potential
therapeutic target during the early stages of AD.
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7.2. Introduction.

AD is the most prevalent neurodegenerative disorder that currently affects
almost 35 million people worldwide. It is a chronic and progressive
neurodegenerative illness characterized by memory deficits and cognitive
decline due to synaptic and neuronal loss in the hippocampus and cerebral
cortex. The abnormal deposition of AP in these brain regionshas suggested that
this peptide plays an essential role in AD pathogenesis (Selkoe 2001). Initially,
only AP deposited in extracellular plaques was assumed to be neurotoxic, but
recent findings suggest that soluble ABO might be the culprits in AD pathology
(Sakono & Zako 2010; Tomiyama et al. 2010). Indeed, ABO have been
implicated in the impairment of synaptic plasticity and associated memory
dysfunction during early AD stages and severe neuronal degeneration and
dementia that occur during end disease stages (Lambert et al. 1998; Golde et
al. 2006; Heinitz et al. 2006; Lesne et al. 2006).

In vitro and in vivo studies support that synaptic dysfunction and neuronal
death occurring in AD are related with ER stress (Sato ef al. 2001; LaFerla
2002; Katayama et al. 2004). Besides, reports revealed altered levels of ER
stress markers in the brain of AD patients (Hoozemans et al. 2005).
Concurrently, in a transgenic mice model of AD, ER stress-related genes were
proven to be differentially regulated during the initial and intermediate stages
of AP deposition (Selwood et al. 2009). Furthermore, fibrillar AB was shown to
be involved in neuronal ER stress, triggering depletion of ER Ca’" stores and
activation of an ER-mediated apoptotic cell death pathway (Ferreiro et al.
2006; Costa et al. 2010). Recently, it was also demonstrated that ABO can act
as a trigger for ER stress (Resende ef al. 2008b; Nishitsuji ef al. 2009).
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There is growing consensus that the loss of glutamatergic synapses
correlates with the onset and severity of memory impairment that precedes late
neurodegeneration in AD (Parameshwaran et al. 2008; Shankar & Walsh
2009). Reduced synaptic density and selective neuronal dysfunction that occurs
in the disease seems to be partially due to the overactivation of NMDARSs and
the consequent increase of intracellular Ca** leading to excitotoxicity (Kelly &
Ferreira 2006). AP, including APO, was shown to activate NMDARs
(Dinamarca et al. 2008; Alberdi et al. 2010). However, little is known about
the relative contribution of individual NMDAR subunits, namely NR2A and
NR2B, to APO-induced neuronal dysfunction and apoptotic cell death.
Furthermore, it was suggested that ABO increase NOX-mediated superoxide
production through activation of NMDARs (Shelat et al. 2008) and recent
evidences demonstrate that NOX is the main source of superoxide radicals
generated upon NMDAR activation (Brennan et al. 2009). Indirect interaction
of Ap with NMDARs was also demonstrated, namely with the extracellular
domains of NR1 subunit, since this subunit was found in the APO-pulled
protein complex (De Felice et al. 2007; Lacor et al. 2007). ABO interaction
with NMDARs has been suggested to lead to synapse damage and loss of
hippocampal neurons (Klein 2006; Nathalie Lacor 2007). In both cortical and
hippocampal neuronal cultures, AB was also demonstrated to modify cell
surface expression of the NR1 and NR2B subunits of NMDARSs (Snyder et al.
2005; Johansson et al. 2006; Lacor et al. 2007). Excitatory synapses containing
the NR2B subunit of the NMDAR appear to be principal sites of ABO
accumulation, which can be counteracted by NMDAR antagonists (Deshpande
et al. 2009). Recently, it was also shown that selective antagonists of

NMDARs containing the NR2B subunit prevent AB-mediated inhibition of
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plasticity in the hippocampus in vivo (Hu et al. 2009). Additionally, the
uncompetitive NMDARs antagonist memantine, used to improve cognitive
function in moderate-severe AD patients (Lipton 2006), inhibits excitotoxicity
due to overactivation of NMDARSs (Parsons et al. 2007). Moreover, memantine
prevents APO-induced synapse loss, oxidative stress and Ca’" influx in
hippocampal neuronal cultures (De Felice et al. 2007; Lacor et al. 2007) and
antagonizes the in vivo NMDAR-mediated activity in the hippocampus
(Szegedi et al. 2010). Memantine also reduces neurodegeneration in rat
hippocampus induced by AP (Miguel-Hidalgo et al. 2002), revealing the
therapeutic importance of blocking NMDARs.

Here we investigated whether APO trigger ER stress by a NMDAR-
dependent mechanism in mature hippocampal cultures focusing on the
contribution of NR2A and NR2B receptor subunits. Our results show that
ABO-induced ER stress and hippocampal neuronal dysfunction are prevented
by antagonists of NMDAR subunits, particularly by the NR2B antagonist
ifenprodil. ER stress-mediated hippocampal dysfunction occurred after the
close interaction between ABO and NR2B and subsequent NOX-mediated
superoxide radical production.

The present study uncovers a novel pathway underlying hippocampal cell
death triggered by APO, thus contributing to elucidate the molecular
mechanisms involved in the neurotoxic effect of soluble oligomeric A, one of

the crucial features in AD pathology.
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7.3. Results.

In the present study, we investigated the hypothesis that ABO induce ER
stress in hippocampal cells by a mechanism dependent on the activation of
NMDARs. Furthermore, we discriminated the role of the NMDAR subunits
NR2A and NR2B in this process. As a cellular model, we used primary mature
hippocampal cultures with 17-21 days in vitro expressing both NR2A and
NR2B at high levels (data not shown) as previously described (Luo et al.
2002).

7.3.1. Blockage of extracellular domains of NR2B subunits reduces ABO
binding at synaptic terminals.

In order to analyze whether ABO can interact with NMDAR subunits,
primary hippocampal cultures were treated with ABO together with antibodies
directed against the extracellular termini of NR1, NR2A or NR2B. It was
observed that ABO binding to mature hippocampal cells is prevented when the
extracellular termini of NR1 and NR2B, but not of NR2A, is blocked. Indeed, a
statistically significant reduction of ABO puncta density occurred in cells
treated with ABO in the presence of anti-NR1 or anti-NR2B antibodies whereas
antibodies directed against NR2A were ineffective (Fig. 7.1). ABO binding was
not affected by anti-NR2A or NR2B antibodies previously pre-adsorbed with
their respective control antigen peptide or by an antibody anti-C terminus of

NRI1 (Fig. 7.1).

146



Noantbody = LA NtNR2B

. | NtNR2A+Pept : i Nt NR2B+Pept

=] ABO (0.5 uM) without Ab
= NR1 subunit

= NR2A subunit

I NR2B subunit

0.18+

S 0.164 *

O

£ 0.14+ T 1

2 0.124

£ 0.10- *

%5 0.08+

2 0.064

2 0.04-

[0

Q 0.02-
0.00

*%

anti-N-terminal Ab anti-N-terminal Ab  anti-C-terminal Ab
+ pept.

Figure 7.1 ABO binding at synaptic terminals in mature hippocampal cultures.

Cells were treated for 15 min with 0.5 uM APBO and binding was then evaluated by
confocal microscopy with the NU-1 antibody. Blocking of ABO hot-spot binding was
performed by incubating cells with 5 pg/mL of antibodies directed to the extracellular
epitopes (nt) of NRI, NR2A or NR2B prior to APO treatment. Controls included
antibodies directed against the intracellular epitopes (ct) of these subunits or antibodies
pre-adsorbed with the control peptide antigen. Values are the means = SEM of at least 3
independent experiments. *p<0.05; **p <0.01 compared with ABO-treated cells in the
absence of antibodies against NMDAR subunits.
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7.3.2. AP oligomers-induced endoplasmic reticulum stress in
hippocampal cultures is prevented by an NR2B antagonist.

Previous studies from our laboratory established that AP, including ABO,
induces ER stress in primary cultured cortical neurons (Ferreiro et al. 2006;
Resende et al. 2008a; Resende et al. 2008b). Here, we evaluated the ER stress
response in hippocampal cultures challenged with ABO. After 6 hours
treatment with 0.5 uM APO, a significant increase in the levels of the ER
chaperone GRP78 occurred as revealed by WB analysis (Fig. 7.2 A). Similar
results were obtained for XBP-1 (Fig. 7.2 B), which indirectly evaluates the
activation of IREla, one of the three main ER stress sensors, further providing
evidences for altered ER function in the presence of ABO. Additionally, when
hippocampal cells were incubated for 6 hours with 2 uM thapsigargin, a widely
used ER stress inducer, GRP78 and XBP-1 levels significantly increased (Fig.
7.2 A-B) reaching levels similar to those obtained after ABO stimulation.

To investigate the role of NMDAR subunits in ER stress triggered by ABO
in hippocampal cultures, we used the specific antagonists NVP-AAMO077 and
ifenprodil, which block NR2A and NR2B subunits, respectively (Reynolds &
Miller 1989; Liu et al. 2004). Results demonstrated that ifenprodil, and to a
lesser extent NVP-AAMO77, can prevent ER stress that occurs after exposure
of hippocampal cultures to ABO, restoring the levels of GRP78 (Fig. 7.2 A)
and XBP-1 (Fig. 7.2 B). However, only ifenprodil was able to significantly
protect cells from APO-induced ER stress.

The disturbance of ER Ca’* homeostasis is one of the early events
implicated in the ER stress response (Kim et al. 2008b; Szegezdi ef al. 2009).
Therefore, the ER Ca”" content was measured in hippocampal cells 3 hours

after incubation with ABO (0.5 uM) or thapsigargin (2 uM) through single cell
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Ca** imaging. Results confirmed that ABO impairs both ER and cytosolic Ca**
homeostasis, leading to a significant depletion of ER Ca”" stores (Fig. 7.2 C-
C’) accompanied by an increase in cytosolic Ca*" levels (Fig. 7.2 D-D).
Similar results were obtained in thapsigargin-treated cells. In agreement with
results obtained when ER stress markers were analysed, ifenprodil significantly
inhibited the loss of ER Ca*" content observed upon ABO treatment. Although
NVP-AAMO77 exhibited a tendency to prevent ER Ca”" depletion after ABO
incubation, results were not statistically significant (Fig. 7.2 C-C’). Concerning
cytosolic Ca”" levels, both NVP-AAMO77 and ifenprodil were shown to
protect against the deleterious effects of ABO. However, the most prominent
effect was afforded by ifenprodil, since pre-treated cells with this NR2B
antagonist presented cytosolic Ca’" levels similar to control values (Fig. 7.2 D-

D).

149



2.4 24
= = Control Pt = Control
g 20 A0 (0.5 M) g %o ESSIAPO (0.5 iM)
c [
TE 8 16 I Thapsigargin (20M) £ 8 16 I Thapsigargin (2 M)
Bg %8
©7 1.2 = 2 1.2:
&3 54
Gg o8 RF 08
S 04 S o4
00 0.0
WF(SUHM) Héﬂ (10 phy NVP (50 nM) Hen (10 uM)
GRPTE | e — — o e, 78 kDa xgp.1 T 54KDa
GAPDH [ S— — — —— 37 kDa GAPDH i i ——— 5] (D3
C D
1.79 1.04
_ Control Control
- g :: —— ABO (0.5 pM) TS R ——ABO (0.5 M)
8510 e cotcum dopietr -==NVP (50 1M} + APO (0.5 uM) 8 il T — === NVP (50 nM) + ABO (0.5 uM)
e I e Bl s e e e
§5 4 Jv _____ e METIIIS o ffen, (10 M) + ABO (0.5 uM) § 0.8 Py - = = Ifen. (10 uM) + ABO (0.5 uM)
tg :: L —— Thapsigargin (2 M) £ 7 y —— Thapsigargin (2 M)
8, g L 0
g2 It f
551.1-F‘¢ § )
£ 1.04 :
0 0,
2 4 6 8 10 12 z H H HEE ]
Time (minutes) Time (minutes)
c ]
1.2 1.2
- = Control - e = [ Control
" g 1.0 # ESABO (0.5 M) 28 o whw E1ARO (0.5 uM)
13
é 8 o8 I Thapsigargin (2 M) 3 § 11 ] #4  m—Thapsigargin (2 uM)
B 2 & " ,‘!.ﬂ e L
. o 06 Og
w8 b 28
S5 04 TS5 10
EE $E
£ o2 [
0. 0.
NVP (50 nM) Hen. (10 uM) NVP (50 nM) Fen. (10 uM)

Figure 7.2 Effect of the NR2A and NR2B subunits of the NMDARs on ABO-induced ER stress

and ER versus cytosolic Ca’" levels in hippocampal cells.

Hippocampal cultures were treated during 3 or 6 hours with ABO (0.5 uM) for WB or Ca*"
measurements, respectively, in the absence or in the presence of NVP-AAMO077 (50 nM)
or ifenprodil (10 pM). Similarly, cells were treated with the widely used ER stressor
thapsigargin (2 pM). Total protein lysates were prepared and analysed by immunoblotting
using anti-GRP78 (A) or anti-XBP-1 (B) antibodies. Levels of Ca>" in ER stores (C, C”)
and in the cytosol (D, D”) were evaluated by monitoring the fluorescence of Fura-2. Initial
Fura-2 fluorescence values were used to calculate cytosolic Ca®" levels and the difference
between Fura-2 fluorescence before and after the full depletion of ER Ca®content was
used to evaluate ER Ca’" levels. Values are the means + SEM of at least 3 independent
experiments. GAPDH was used for WB loading control purposes, and results were
normalized to control values. *p<0.05; **p <0.01, ***p <0.001, compared with control
condition. "p<0.05, *p <0.001; significantly different when compared to APO-treated
condition.
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In order to better understand the mechanisms underlying ABO-NMDARSs
interaction and ER stress, we determined the activity of the membrane-bound
enzymatic complex NOX, one of the main sources of superoxide radical
(Bedard & Krause 2007). Our results showed NOX activation in ABO-treated
mature hippocampal cultures that was significantly prevented by apocynin, a
specific inhibitor for this enzyme. Ifenprodil, but not NVP-AAMO077, abolished
NOX activation in ABO-treated hippocampal cultures (Fig. 7.3 A). It was also
observed that the increase in the levels of superoxide induced by ABO was
significantly prevented by ifenprodil and by apocynin (Fig. 7.3 B). On the
other hand, NVP-AAMO077 was not able to inhibit ABO-induced superoxide
production. These results suggest that ABO-induced NOX-mediated superoxide
generation occurs through an NR2B-dependent and NR2A-independent
pathway. Furthermore, it was observed that ER Ca’" depletion is significantly
prevented in the presence of apocynin (Fig. 7.3 C) demonstrating the
involvement of NOX-mediated superoxide production on ER stress caused by

ABO.
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Figure 7.3 Effect of the NR2A and NR2B subunits of NMDARs on ApO-induced NADPH
oxidase activation, superoxide production and ER Ca’* content in hippocampal cells.
Hippocampal cells were incubated for 6 hours with ABO (0.5 uM), in the absence or in the
presence of NVP-AAMO077 (50 nM) or ifenprodil (10 uM). The NOX inhibitor apocynin
(1 mM) was added at the time of NOX activity assay or 15 min prior to the ABO stimulus.
(A) NOX activity was evaluated by monitoring the chemiluminescence of the probe
lucigenin. (B) Superoxide levels were measured using the fluorescent dihydroethidium
(DHE) dye. (C) Levels of Ca®" in ER stores were accessed by monitoring the fluorescence
of Fura-2 in the absence of external Ca®". The difference between Fura-2 fluorescence
ratio 340/380 nm before and after the addition of thapsigargin (2.5 puM) was used to
evaluate ER Ca®' levels. Values are the means + SEM of at least 3 independent
experiments. ** p<0.01; *** p <0.001, significantly different compared to control values.
#p<0.05, "p <0.01, "p <0.001; significantly different when compared to APO-treated
cells.
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7.3.3. An NR2B antagonist suppresses the compromise in cell survival
and activation of the endoplasmic reticulum stress-mediated
apoptotic cell death pathway induced by AP oligomers.

After demonstrating that ER stress was activated in hippocampal cells by
APBO through an NR2B-dependent mechanism, we next evaluated its role in
cell survival, which was analysed by the MTT assay. Upon ABO (0.5 uM) or
thapsigargin (2 uM) treatment for 6 hours, a significant decrease in cell
survival was observed (Fig. 7.4), that was even more evident when ABO
treatment was extended for 24 hours (data not shown). Ifenprodil was
demonstrated to rescue hippocampal cells from the decrease in cell viability

induced by ABO incubation during 6 hours (Fig. 7.4).
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Figure 7.4 Role of NR2A and NR2B subunits of NMDARs on ABO-induced loss of
hippocampal cell survival.
Hippocampal cells were incubated for 6 hours with ABO (0.5 uM), in the absence or in the
presence of NVP-AAMO77 (50 nM) or ifenprodil (10 uM). Thapsigargin (2 uM) treatment
during 6 hours was used as a positive control for ER stress. Cell viability in treated cells
was evaluated by the MTT assay. Results are the means + SEM of values corresponding at
least to 3 independent experiments, performed in duplicate. *p<0.05; **p <0.01; ***p
<0.001; significantly different with respect to control values; “p <0.05, significantly
different when compared to ABO-treated cells.
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Then, we investigated by WB and immunocytochemistry the levels and the
sub-cellular localization of GADDI153/CHOP, a pro-apoptotic transcription
factor that is an important mediator of ER stress-induced cell death (Wang et
al. 1996; Oyadomari & Mori 2004). Indeed, after an incubation period of 6
hours with ABO (0.5 uM), the total levels of GADDI153/CHOP were
significantly increased when compared to control condition but were not
changed in the presence of antagonists of NR2A or NR2B subunits (Fig. 7.5
B). However, in APO-treated hippocampal cells, GADDI153/CHOP
upregulation was associated with enhanced translocation of this transcription
factor to the nucleus (Fig. 7.5 C) that was abolished in ifenprodil pre-treated
cells. Although caspase-12 has been implicated in ABO-induced apoptosis
(Nakagawa et al. 2000), hippocampal cell death triggered by ABO seems to
occur independently of this ER-resident caspase. While thapsigargin (2 pM)
significantly decreased the levels of pro-caspase-12 (Fig. 7.5 A), these levels
were not affected upon treatment with ABO (0.5 uM) for 6 hours. Furthermore,
pro-caspase-12 levels were not different between ABO-treated and untreated
cells, in the absence or in the presence of NMDAR antagonists (Fig. 7.5 A).

Overall, the results described above report the neuroprotective effect
accomplished by the blockage of NMDARSs, in particular of the NR2B subunit,
on ER stress-mediated hippocampal dysfunction caused by ABPO as depict in
fig 7.6.
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Figure 7.5 Role of NR2A and NR2B subunits of NMDARs on ER stress-mediated apoptotic cell
death pathway triggered by ABO in hippocampal cells.
Hippocampal cells were treated for 6 hours with ABO (0.5uM), in the absence or in the
presence of NVP-AAMO77 (50 nM) or ifenprodil (10 uM). In parallel, cells were treated
for 6 hours with the widely used ER stress inducer thapsigargin (2 pM). Levels of pro-
caspase-12 (A) or GADD153/CHOP (B) were analysed by immunoblotting in total protein
lysates. (C) GADDI153/CHOP sub-cellular localization was evaluated by fluorescence
microscopy in cells co-labelled with an anti-GADD153/CHOP antibody (green) and
Hoechst 33342 (blue), using a 400x magnification. Arrows indicate absence of nuclear
localization of GADD153/CHOP. Values are the means + SEM of at least 3 independent
experiments, normalized to control. GAPDH was used as loading control. *p<0.05; ***p
<0.001; significantly different when compared to control conditions.
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Figure 7.6 Summary of the NMDAR-dependent mechanism proposed for ABO-induced ER
stress in mature hippocampal cells.
APO can interact with or close to the NR2B subunit of NMDAR, subsequently leading to
the early rise of cytosolic Ca®" levels. This increment leads to the activation of NOX and
consequent production of superoxide radicals leading to ER Ca®" depletion. Then, cellular
response to ER stress is activated in order to re-establish its normal functioning through
activation of ER stress sensors, including IRE-1a and downstream XBP-and expression of
chaperones, such as GRP78. However, when the ABO toxic insult is prolonged, the ER
stress-mediated apoptotic pathway is induced increasing the levels of the pro-apoptotic
transcription factor GADD153/CHOP that is translocated to the nucleus (N). ABO-induced
ER stress occurs mainly by an NR2B-dependent mechanism since it can be prevented by
ifenprodil, an antagonist of NR2B subunits but not by NVP-AAMO077, an antagonist of
NR2A subunits of NMDARs.
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7.4. Discussion.

Several studies highlight the importance of ER stress during the progression
of amyloid pathology in AD (Katayama et al. 2004; Ferreiro et al. 2007,
Nishitsuji et al. 2009; Selwood et al. 2009). We have previously shown that
fibrillar AP induces ER stress and activates an ER stress-mediated apoptotic
pathway with mitochondrial involvement (Ferreiro et al. 2006; 2008a; Costa et
al. 2010). However, it is now well accepted that other AP species, specifically
APBO, are the main neurotoxic species involved in AD (Klein 2006; Haass &
Selkoe 2007; Sakono & Zako 2010). Taking these evidences into account, we
have recently demonstrated that the ER stress response is also activated by
ABO treatment in primary cultured cortical neurons (Resende et al. 2008a;
2008Db).

A strong correlation between ABO levels and the extent of synaptic damage
and cognitive impairment has been demonstrated in AD (Klein et al. 2001;
Nathalie Lacor 2007). Furthermore, several evidences support that synaptic
targeting by APO and resulting synaptic alterations are involved in memory
loss in early stages of the disease (Lacor et al. 2004; Klein 2006; Lacor ef al.
2007) and correlates with binding and activation of NMDARs in mature
hippocampal neurons (De Felice et al. 2007; Lacor et al. 2007). In this work
we addressed whether ABO can cause ER stress in hippocampal cultures by a
mechanism involving the NMDAR. First, we evaluated the induction of ER
stress in APO-treated primary cultures of hippocampal cells. Then, we
investigated the role of NR2A and NR2B subunits of NMDAR on ABO-
induced ER stress and neurotoxicity using NVP-AAMO077 and ifenprodil to
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antagonize NR2A and NR2B, respectively. As positive control, we used the
known ER stress inducer thapsigargin (Kuo ef al. 1998).

Under ER stress conditions, cells tend to recover by activating the UPR
(Imaizumi et al. 2001; Naidoo 2009; Yoshida 2009). However, under severe or
prolonged ER stress, these adaptive signaling pathways fail leading to
activation of apoptotic cell death (reviewed in Kim et al. 2008a). During UPR,
the expression of ER-resident chaperones is up-regulated and can be used to
monitor ER stress. Among these chaperones, GRP78 is considered a valuable
ER stress marker (Liu et al. 2010). Moreover, GRP78 has been shown to be
increased in AD brains (Hoozemans et al. 2005) and to be up-regulated in
cultured neurons upon fibrillar or oligomeric AP treatment (Ferreiro et al.
2006; Resende et al. 2008a). Under ER stress conditions, the ER stress sensor
IRE-1a is activated increasing the specific splicing of XBP-1 mRNA.
Subsequently, XBP-1 induces the expression of chaperones and other proteins
involved in protein folding and degradation (Zhang & Kaufman 2006; Yoshida
2007; Naidoo 2009). Results presented here show increased levels of GRP78
(Fig. 7.2 A) and XBP-1 (Fig. 7.2 B) in hippocampal cells treated with ABO,
strongly suggesting that ABO induce ER stress in these cells.

Disturbance of ER Ca’" homeostasis is commonly associated with ER stress
(Szegezdi et al. 2009). Previous reports demonstrated that AP, including ABO,
depletes ER Ca”" content in cortical neurons, increasing cytosolic Ca’" levels
and finally leading to apoptosis (Scorziello et al. 1996; Huang et al. 2000;
Ferreiro et al. 2008b; Resende et al. 2008b). Furthermore, ER Ca*
dyshomeostasis is also implicated in the communication between ER and
mitochondria, acting as a pro-apoptotic signal (Chami et al. 2008; Costa et al.

2010; Gonzalez et al. 2010). Here, we depict the early impairment of ER Ca®"
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homeostasis in mature hippocampal cells in the presence of APO,
comparatively to what occurs in thapsigargin-treated cells. In fact, a significant
depletion of ER Ca®" content occurred 3 hours after cell treatment (Fig. 7.2 C-
C”), accompanied by an increase in cytosolic Ca** levels (Fig. 7.2 D-D).

When ER stress is too severe, apoptotic cell death is induced through the
activation of the transcription growth arrest factor and DNA damage gene
GADD153/CHOP (Schapansky et al. 2007; Pino et al. 2009). Our results
confirmed the activation of this pathway by ABO since enhanced protein levels
as well as nuclear localization of this pro-apoptotic transcription factor was
observed upon treatment with ABO during 6 hours, as revealed by WB analysis
and fluorescence microscopy (Fig. 7.5 B-C). The translocation of
GADD153/CHOP to the nucleus was associated with a significant decrease in
cell survival (Fig. 7.4).

Interestingly, despite the ER-resident caspase-12 has been implicated in cell
death upon AP exposure (Nakagawa et al. 2000; Song et al. 2008), we did not
find evidences for the conversion of the ER membrane-localized procaspase-12
into its cytosolic active form in ABO-treated hippocampal cultures (Morishima
et al. 2002) (Fig. 7.5 A). These results suggest that ABO-induced ER stress in
hippocampal cells occurs by a caspase-12-independent process. Accordingly,
Obeng and Boise (Obeng & Boise 2005) reported that ER stress activates
caspase-9 leading to apoptotic cell death by a mechanism that does not require
caspase-12, which is in agreement with the results presented here.

Besides demonstrating that ABO induces ER stress in hippocampal cells, we
also focused on the possible role of NMDARSs. A current therapeutic approach
to slow disease progression in moderate-severe AD patients involves the use of

memantine, an uncompetitive antagonist of NMDARs (Lipton 20006).
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Memantine, which has been shown to improve cognitive function in AD
patients (Reisberg et al. 2003), is able to re-establish the glutamatergic system
homeostasis (Robinson & Keating 2006; Parsons et al. 2007) and to prevent
oxidative stress and Ca’" influx induced by ABO in hippocampal neuronal
cultures (De Felice et al. 2007), as well as AB-induced synaptotoxicity (Lacor
et al. 2007) and neurodegeneration (Miguel-Hidalgo et al. 2002). In vivo,
memantine was also shown to reduce the neurodegenerative process in rat
hippocampus (Szegedi et al. 2010), revealing the therapeutic importance of
blocking this receptor. NMDARSs activation by ABO is associated with synaptic
dysfunction preceding neurodegeneration (Kelly & Ferreira 2006), suggesting
that NMDARSs activation also occurs in early phases of AD, when APBO assume
a great importance. Furthermore, ABO were demonstrated to modify cell
surface expression of NMDARs, in particular of the NR1 and NR2B subunits
(Snyder et al. 2005; Lacor et al. 2007).

Pre-incubation with NR2A and NR2B antagonists previous to the ABO
stimulus, especially with the NR2B antagonist ifenprodil, significantly
prevented ER stress, cytosolic and ER Ca’" dyshomeostasis, superoxide
production as well as cell death. Indeed, in the presence of ifenprodil, GRP78
and XBP-1 (Fig. 7.2 A-B) levels remained similar to controls and were
significantly different from those determined in APO-treated cells. NVP-
AAMO77 also presented a protective effect but it did not reach statistical
significance. When Ca’" homeostasis was evaluated, ifenprodil significantly
prevented the depletion of ER Ca”* content (Fig. 7.2 C-C’) and the increase in
cytosolic Ca®" levels (Fig. 7.2 D-D’) induced by ABO. On the other hand,
NVP-AAMO77 only slightly decreased cytosolic Ca’" rise (Fig. 7.2 D-D’).
These results suggest that both NR2A and NR2B subunits are involved in Ca*"
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entry and subsequent increase in cytosolic levels upon NMDAR activation
triggered by ABO but that only NR2B subunits are implicated in the loss of ER
Ca’" homeostasis. An increase in NOX activity was also observed in ABO-
treated hippocampal cultures, which was prevented by NRB blockage (Fig. 7.3
A). NOX activation was demonstrated to be implicated in APO-induced
superoxide production since it was abolished in the presence of apocynin, a
NOX inhibitor (Fig. 7.3 B). Moreover, ifenprodil significantly prevented
superoxide production in APO-treated hippocampal cultures (Fig. 7.3 B)
demonstrating the involvement of NR2B subunit. These results are in
agreement with previous studies demonstrating NOX as the main source of
superoxide upon NMDARs activation (Brennan et al. 2009) and in cultured
neurons exposed to either oligomeric AR or NMDA (Shelat et al. 2008).
Interestingly, NOX activation was shown to be involved in the depletion of ER
Ca’" stores in mature hippocampal cultures treated with ABO (Fig. 7.3 C).
Nevertheless, the depletion of ER Ca®" stores in ABO-treated hippocampal
cultures can also be explained by the mechanism of Ca**-induced Ca®" release
in which cytosolic Ca®" can sensitize the ER Ca’" release through IP3R or RyR
channels (Berridge et al. 2000). The fact that NVP-AAMO77 prevented the
increase in cytosolic Ca*" levels without significant effects on ER Ca*"
depletion, suggests that the Ca®" threshold level required for CICR activation is
still reached in the presence of NVP-AAMO077, allowing ABO-induced ER
Ca’" release and depletion of its content. This is an early event that could
trigger several mechanisms culminating in acute cell damage. In fact, our
results highlight the loss of cellular viability by ABO that was prevented by the
NR2B subunit antagonist ifenprodil (Fig. 7.4). The protein levels of the pro-
apoptotic transcription factor GADDI153/CHOP increased in hippocampal
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cultures upon APO exposure, but it was not significantly prevented when
NMDARs were blocked with ifenprodil (Fig. 7.5 B). However, the nuclear
translocation of GADD153/CHOP induced by ABO was partially attenuated in
the presence of this NR2B antagonist (Fig. 7.5 C).

Amelioration of APO-induced ER stress by ifenprodil in mature
hippocampal cultures is well correlated with our previous findings showing a
decrease in cell surface levels of NR2B subunit upon ABO treatment, in the
absence of changes in total protein levels, which we believe to be associated
with its activation followed by internalization (Lacor et al. 2007). Accordingly,
other studies demonstrated that APO can alter the sub-cellular localization of
NMDAR subunits, namely of NR1 (Snyder et al. 2005; Lacor et al. 2007).
Furthermore, we observed a selective increase in total NR2A levels, attributed
to de mnovo protein synthesis without changes in its plasma membrane
localization (data not shown) that might explain the fact that NVP-AAMO077
only exerted a slightly protective effect in ABO-treated hippocampal cultures.
The relevance of NR2B subunit for ABO-induced toxicity in hippocampal
cultures was also proved using an antibody competition assay. Pre-incubation
of cells with antibodies against the extracellular epitopes of NR1 and NR2B
subunits decreased APO binding, whereas the NR2A antibody was not
effective (Fig. 7.1). Similar results have been reported for NR1 (De Felice et
al. 2007) as well as for other synaptic receptors, such as mGIluR5 (Renner et al.
2010) and PrP (Laurén ez al. 2009), suggesting that ABO-binding sites are part
of a multi-protein complex (Renner et al. 2010). Further, the localization of the
NRI1/NR2B and NR1/NR2A complexes have been shown to be different, with
predominant localization of NR1/NR2B at perisynaptic sites, outside of the
postsynaptic density (Zhang & Diamond 2006), which may be the ABO-
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binding site. Similar reduction of APO binding is also afforded by blocking
mGIluRS5, another glutamate receptor located on the outside ring of the
postsynaptic density (Lujan ef al. 1997). However, so far it has been difficult to
determine which synaptic receptor could serve as a binding site for ABO as
neither antibody competition or selective receptors knockout (e.g. PrP or
mGluR5) have fully eliminated ABO binding (Laurén et al. 2009; Renner ef al.
2010).

In conclusion, the present study provided a novel perspective about the
interaction and neurotoxicity of ABO on hippocampal cells, as summarized in
Fig. 7.6. First, ABO was demonstrated to trigger ER stress by an NMDAR-
dependent mechanism. Second, it was possible to discriminate the role of the
NR2A and NR2BNMDAR subunits, proving that NR2B has an important role
in APO-induced hippocampal ER stress and neurotoxicity that occurs after
NMDAR/NR2B-ABO interaction. Finally, NOX-mediated superoxide
production downstream of NR2B-ABO interaction was shown to be involved in
the loss of ER Ca”* homeostasis. These results suggest that NR2B subunits can
thus be a potential target for therapeutic intervention in early stages of AD

progression.
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CHAPTER 8

3xTg-AD mice and human lymphocytes: different

strategies for studying Alzheimer’s disease pathogenesis

3xTg-AD mouse model

Human lymphocytes
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8.1. Summary

Previously, we demonstrated that ER is involved in cellular stress induced
by the AD-associated AP peptide. Furthermore, the ER stress response
triggered by AP was shown to activate an apoptotic cell death pathway by a
mechanism involving the cross-talk between ER and mitochondria. These
results were obtained using several in vitro models which were exposed to
toxic concentrations of AP or well-known ER stress inducers, namely primary
cultured rat brain cortical and hippocampal neurons, mtDNA-depleted p0 cells
without functional mitochondria and also cybrid cell lines obtained from
platelets of AD patients and characterized by mitochondrial COX inhibition.

In an attempt to further clarify the role of ER stress in AD pathogenesis, we
recurred to different approaches. First, we studied the age-dependent induction
of ER stress and ER stress-mediated apoptotic cell death pathway in 3xTg-AD
mouse model for AD that closely mimics AD pathology. Second, in
collaboration with the “Hospitais da Universidade de Coimbra” we used human
PBMCs, namely lymphocytes, isolated from mild, moderate and severe AD
patients and individuals with MCI versus non-demented age-matched subjects
in order to study the relationship between the different stages of cognitive
impairment and markers of peripheral cell injury. For this purpose we analyzed
ER Ca”" levels and data were correlated with changes in the expression of the
ER stress markers Grp78 and XBP-1, and also of the apoptosis-related ER
proteins caspase-12 and GADD153/CHOP.

Together, our results obtained in 3xTg-AD mice and PBMCs highlight the
role of ER stress in the early stages of AD pathology, suggesting that it might
be aneffective therapeutic target for AD.
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&.2. Introduction.

AD is the most prevalent neurodegenerative disorder that currently affects
almost 35 million people worldwide. It is a chronic and progressive
neurodegenerative illness characterized by memory deficits and cognitive
decline that arise from synaptic and cholinergic/glutamatergic neuronal loss in
the hippocampus and cerebral cortex (Selkoe 2001; Mattson 2004). As main
neuropathologic hallmarks, AD brains present an abnormal deposition of
extracellular senile plaques, composed essentially by AP peptide, and
intracellular NFTs of hyperphosphorylated tau.

The perturbation of intracellular Ca*" homeostasis has been reported both in
brain and in peripheral cells obtained from AD patients (Mattson 2002). In
part, ER dysfunction could account for cellular Ca*" deregulation leading to
activation of cell death pathways. In fact, several studies established a
correlation between the abnormal ER function and the progression of the
disease (Katayama et al. 2004; Selwood et al. 2009). These alterations seem to
result from AB-induced ER Ca®* deregulation (Ferreiro ef al. 2006; Costa et al.
2010) and activation of ER stress signalling pathways (Naidoo 2009) to re-
establish normal cell functioning (Schroder & Kaufman 2005). However, when
ER stress is too prolonged or severe, the ER stress-mediated apoptotic cell
death pathway is induced (Oyadomari & Mori 2004; Hoozemans et al. 2005;
Scheper et al. 2011).

Since ER stress is assumed to be involved in AD pathogenesis, here we
investigated the induction of the ER stress response and disturbance of ER Ca*"
homeostasis during the progression of the pathology and cognitive alterations.
Extensively validated markers for ER stress, such as GRP78, XBP-1, caspase-
12 and GADD153/CHOP (Yoshida 2007; 2009) and ER Ca*" levels (Ferreiro et

167



al. 2006) were analysed in the 3xTg-AD transgenic mice modelling AD and in
human PBMCs isolated from non-demented or MCI subjects or AD patients.
We provided evidences that ER stress and Ca’'dyshomeostasis is an early
event during AD development and therefore, we believe that ER dysfunction
could assume an important role for future detection and therapeutical

intervention in AD.
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&.3. Results.

In the present study, we evaluated the hypothesis that ER dysfunction can be
correlated with the progression of AD pathology and cognitive impairment. For
this purpose, we used an AD mouse model, 3xTg-AD (Oddo ef al. 2003a;
2003b) versus non-Tg mice and also PBMCs isolated from non-demented
controls, individuals with MCI, which corresponds to a pre-clinical stage of the
disease, and also AD patients presenting different degrees of cognitive

impairment (mild and moderate-severestages).

8.3.1. Studies in male and female 3xTg-AD versus non-Tg micewith 3-,
6- and 12-months of age

ER stress markers (Grp78, XBP-1, pro-caspase-12 and GADD153/CHOP)
were analyzed in brain homogenates prepared from cerebral cortex and
hippocampus of 3-, -6- and 12-month old male and female 3xTg-AD mice and
were compared with that determined in aged-matched male and female non-Tg
mice. In the cerebral cortex, Grp78 and XBP-1 levels only significantly
increased in 12-month old 3xTg-AD males comparatively with non-Tg mice
and pro-caspase-12 and GADD153/CHOP levels remained unchanged in all
ages analyzed (Fig. 8.1).
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Figure 8.1 Levels of ER stress markers in the cerebral cortex of male 3xTg-AD mice.

Brain homogenates were prepared from cerebral cortex of 3xTg-AD and age-matched non-
Tg male mice with 3-, 6- and 12-months of age. Proteins from cell lysates (30ug) were
analysed by immunoblotting with the following antibodies: (A) anti-GRP78, against the
ER chaperone GRP78, (B) anti-XBP-1, against the ER chaperone genes regulator, XBP-1,
(C) anti-GADD153/CHOP against the ER stress-induced pro-apoptotic transcription factor
GADDI153/CHOP, (D) anti-pro-caspase-12, against the precursor of the ER-resident
caspase-12. Values expressed in arbitrary units, are the means + SEM of 2-6 experiments
(1 animal per experiment), normalized to B-actin levels. *p<0.05, **p <0.01, statistically
significant when compared with the correspondent age-matched non-Tg mice; “p <0.05,
#p <0.01, statistically significant when compared with animals of the same genotype but
with different ages.

In 3- and 6-month old female 3xTg-AD mice increased levels of Grp78 and
XBP-1 were detected comparatively with non-Tg mice; however, these levels
were similar at 12-months of age. Pro-caspase-12 levels significantly decreased
in 3-, -6 and 12-month old 3xTg-AD female mice in comparison with non-Tg-

AD mice while GADD153/CHOP levels were not affected (Fig. 8.2).
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Figure 8.2 Levels of ER stress markers in the cerebral cortex of female 3xTg-AD mice.

Brain homogenates were prepared from the cerebral cortex of 3xTg-AD and age-matched
non-Tg female mice with 3-, 6- and 12-months of age. Cell lysates (30 pg of protein) were
prepared and analysed by immunoblotting with the following antibodies: (A) anti-GRP78,
against the ER chaperone GRP78, (B) anti-XBP-1, against the ER chaperone genes
regulator, XBP-1, (C) anti-GADD153/CHOP against the ER stress-induced pro-apoptotic
transcription factor GADDI153/CHOP, (D) anti-pro-caspase-12, against the precursor of
the ER-resident caspase-12. Values expressed in arbitrary units, are the means £ SEM of
2-5 experiments (1 animal per experiment), normalized to B-actin levels. *p<0.05, **p
<0.01, statistically significant when compared with the correspondent age-matched non-Tg
mice; “p <0.05, #p <0.01, statistically significant when compared with animals of the same
genotype but with different ages.

Comparatively with non-Tg mice, changes in ER stress markers were more
pronounced in the hippocampus than in the cerebral cortex, both in female and
male 3xTg-AD mice. In the hippocampus of 3xTg-AD males, an increase in
Grp78, XBP-1 and GADDI153/CHOP levels was observed in 3-month old
animals that were accompanied by a decrease in pro-caspase-12 levels (Fig.

8.3).

171



>

[—Inon-Tg
—non-Tg Il 3xTg-AD

N 3XTg-AD

XBP-1 levels,
normalized to B-actin

GRP78 levels,
normalized to B-actin

3 6 12 Age (months) ’ 3 6 12 Age (months)
GRP78 (78 kDa) S S e e &

| L—
3-actin (42 kDa) EEG_.:G———— XBP-A (54 kDa} _— —— e

R-actin (42 kDa)
D

(2]

[—Inon-Tg
I 3xTg-AD

[—Inon-Tg

i N 3:Tg-AD

n=4

normalized to R-actin

Pro-caspase-12 levels,
normalized to B-actin
N
o
GADD153/CHOP levels,

3 6 12 Age (months) 3 6 12 Age (months)
Pro-caspase-12 (55 kDa) "e—- s ———— GADD153/CHOP (30 kDa) S s S s s s

B-actin (42 KDa) " R-actin (42 kDa) -m

Figure 8.3 Levels of ER stress markers in the hippocampus of 3xTg-AD male mice.

Brain homogenates were prepared from cerebral hippocampi of 3xTg-AD and age-
matched non-Tg male mice with 3-, 6- and 12-months of age. Proteins from cell lysates
(30pg) were analysed by immunoblotting with the following antibodies: (A) anti-GRP78,
against the ER chaperone GRP78, (B) anti-XBP-1, against the ER chaperone genes
regulator, XBP-1, (C) anti-GADD153/CHOP against the ER stress-induced pro-apoptotic
transcription factor GADDI153/CHOP, (D) anti-pro-caspase-12, against the precursor of
the ER-resident caspase-12. Values expressed in arbitrary units, are the means £ SEM of
2-5 experiments (1 animal per experiment), normalized to B-actin levels. **p<0.01,
statistically significant when compared with the correspondent age-matched non-Tg mice;
#p <0.05, statistically significant when compared with animals of the same genotype but
with different ages.

Increased XBP-1 and GADDI53/CHOP levels were detected in the
hippocampus of 3-, 6- and 12-month old 3xTg-AD females comparatively with
non-Tg mice. Pro-caspase-12 levels decreased in 3- and 6-month old 3xTg-AD
females in comparison with non-Tg mice. Surprisingly, Grp78 levels in 3- and
6-month old females remained similar to those determined in age-matched non-
Tg animals and a significant increase was only observed in 12-month old

3xTg-AD mice (Fig. 8.4). All the evidences obtained through WB analysis
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showing different patterns of ER stress relative to age, gender or studied brain
area were summarized in table 8.1, in which a comparison between 3xTg-AD

and non-Tg is made.
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Figure 8.4 Levels of ER stress markers in the hippocampus of 3xTg-AD female mice.

Brain homogenates were prepared from cerebral hippocampi of 3xTg-AD and age-
matched non-Tg female mice with 3-, 6- and 12-months of age. Cell lysates were prepared
and proteins (30pug) were analysed by immunoblotting with the following antibodies: (A)
anti-GRP78, against the ER chaperone GRP78, (B) anti-XBP-1, against the ER chaperone
genes regulator, XBP-1, (C) anti-GADD153/CHOP against the ER stress-induced pro-
apoptotic transcription factor GADD153/CHOP, (D) anti-pro-caspase-12, against the
precursor of the ER-resident caspase-12. Values expressed in arbitrary units, are the means
+ SEM of 2-5 experiments (1 animal per experiment), normalized to P-actin levels.
*p<0.05, **p <0.01, statistically significant when compared with the correspondent age-
matched non-Tg mice; “p <0.05, *p <0.01, statistically significant when compared with
animals of the same genotype but with different ages.
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== Non-visible differences between 3xTg-AD and non-Tg

Table 8.1 Gender, brain region and age affect the levels of ER stress markers in 3xTg-AD
mice.
Hippocampal and cortical extracts were analysed in both male and female mice at different
ages (3-, 6- and 12-months). This table summarizes the data collected from WB analysis
using different antibodies reactive against ER stress-related proteins. Black arrows
represent statistical differences between 3xTg-AD and non-Tg. Trends for the increase or
decrease in the levels of the studied proteins are marked with white arrows. Lines
represent the absence of differences between 3xTg-AD and non-Tg.

8.3.2. Studies in peripheral blood lymphocytes from non-demented
controls, individuals with mild cognitive impairment and
Alzheimer’s disease patients.

ER and cytosolic Ca’" levels were analyzed to evaluate possible
abnomalities that could be correlated with the stage of cognitive impairment.
Furthermore, this data was correlated with changes in expression of ER stress
markers and apoptotic-related proteins.

A decrease in ER Ca”* content was observed in PBMCs obtained from MCI

individuals and mild AD patients, which was more pronounced in the former
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cells (Fig. 8.5 A-B). This increment was correlated with changes in cytosolic
Ca’" levels determined in the absence of external Ca** (Fig. 8.5 C-D), that were

also more pronounced in mild AD patients.
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Figure. 8.5 ER and cytosolic Ca’" levels in human peripheral blood mononuclear cells
(PBMCs).

PBMCs obtained from peripheral blood of 66 to 90 years-old individuals diagnosed with
Mild Cognitive Impairment (MCI) (n=5) or probable AD in different stages: mild AD

(n=4) or moderate-severe AD (n=2). Age-matched control subjects were neurologically
healthy and the mean age was 78 £ 9 (n=2).

Levels of Ca”* in ER stores (A, B) and in the cytosol (C, D) were evaluated by monitoring
the fluorescence of Fura-2 in the absence of external Ca®". The difference between Fura-2
fluorescence ratio 340/380 nm before and after the addition of the irreversible inhibitor of
the ER Ca®'-ATPase thapsigargin to fully deplete its content was used to evaluate ER Ca*"
levels (B). Cytosolic Ca" levels were obtained by analyzing the Fura-2 fluorescence ratio

at 340 and 380 nm before thapsigargin (2.5 pM) addition (at t=2 min) (D). Data was
expressed as the mean £ SEM.

Activation of ER stress sensors and downstream signalling pathways is a
cellular response triggered in an attempt to restore homeostasis and avoid
further damage. In PBMCs obtained from MCI individuals and mild AD
patients, protein levels of the ER chaperone GRP78 (Fig. 8.6 A) and of XBP-1,
activated downstream of the IRE-lalpha ER stress sensor (Fig. 8.6 B), were

demonstrated to be increased. In PBMCs from moderate-severe AD patients,
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the levels of GRP78 and XBP-1 were similar to that measured in control
PBMCs, suggesting induction of an ER stress response during the early stages
of the disease. Concomitantly, the ER stress-mediated apoptotic pathway was
induced, as demonstrated by an increase in the levels of GADDI153/CHOP, a
pro-apoptotic transcription factor that is an important mediator of ER stress-

induced cell death (Fig. 8.6 C).
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Figure 8.6 Levels of ER stress markers in human PBMCs.

Homogenates were prepared from PBMCs isolated from 66 to 90 years-old patients
diagnosed with Mild Cognitive Impairment (MCI) or probable AD in different stages
(mild AD or moderate-severe AD. Age-matched control subjects were neurologically
healthy and the mean age was 78 £ 9. Proteins from cell lysates (30pug) were analysed by
immunoblotting with the following antibodies: (A) anti-GRP78, against the ER chaperone
GRP78, (B) anti-XBP-1, against the ER chaperone genes regulator, XBP-1, (C) anti-
GADDI153/CHOP against the ER stress-induced pro-apoptotic transcription factor
GADDI153/CHOP. Values are the means = SEM expressed in arbitrary units. Values were
normalized to GAPDH levels. *p<0.05, **p <0.01, statistically significant when compared
with healthy age-matched subjects.
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8.4. Discussion.

Previous studies from our laboratory established that ER stress is induced in
primary cultures of rat brain cortical neurons by the AD-associated AP peptide
(Ferreiro et al. 2006; Resende et al. 2008a; 2008b). This peptide was shown to
be an ER stressor that deregulates ER Ca*" homeostasis and activates the ER
stress-mediated apoptotic cell death pathway (Ferreiro et al. 2006). Here, we
used an AD in vivo model, the 3xTg-AD mice that develops amyloid and tau
pathologies and also cognitive deficits in an age- and region-dependent manner
mimicking disease progression in humans (Oddo et al. 2003a; 2003b; Billings
et al. 2005), and also PBMCs, namely lymphocytes collected from human
patients with probable AD in different stages of cognitive deterioration, in
order to better understand the role of ER stress during the progression of AD.

ER stress was assessed through measuring the levels of GRP78 and XBP-1.
Both can be considered valuable markers for monitoring ER stress in AD since
they are up-regulated under these conditions (Zhang & Kaufman 2006;
Yoshida 2009) and were already described to be increased in AD brains
(Hoozemans et al. 2005). Activation of apoptotic cell death in AD seems to
occur through activation of the transcription factor GADDI153/CHOP, an
important mediator of ER stress-induced cell death (Schapansky et al. 2007;
Pino et al. 2009). Caspase-12, resultant from the conversion of the ER
membrane-localized pro-caspase-12 into its active form (Morishima et al.
2002), has also been implicated in this apoptotic pathway (Song et al. 2008)
and resistance to ER stress and AB-induced cell death was reported in knockout
mice for this caspase (Nakagawa et al. 2000). However, the role of caspase-12
is still controversial since ER stress could activate apoptotic cell mechanisms

dependent on caspase-9 but independent of caspase-12 (Obeng & Boise 2005).
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Our first group of results were obtained inbrain extracts from the
hippocampus and cerebral cortex of 3-, 6- or 12-month old male and female
non-Tg versus 3xTg-AD mice. This model harbours mutations on PS-1
(PS1IM146V) and APP (APPswe) to modulate AP overproduction and in tau
protein (tauP301L) to induce the formation of NFTs. Although the familial AD
form is not the most prevalent, it is indistinguishable from sporadic AD in
terms of clinical and neuropathological characteristics. In addition, both forms
of the disease are associated with increased A levels, either due to increased
amyloidogenic APP processing or to deficient peptide clearance. AP triggers
several pathogenic mechanisms leading to synaptic and neuronal dysfunction
that underlie cognitive deficits and dementia, as previously described in the
“amyloid cascade hypothesis” (Blennow et al. 2006). Here we report that
comparatively with non-Tg mice, changes in ER stress markers were more
pronounced in the hippocampus than in the cerebral cortex, both in female and
male 3xTg-AD mice, and females were apparently more susceptible of ER
stress than males (Table 8.1). These results are in accordance with previous
epidemiologic studies reporting higher incidence of AD in women (Andersen
et al. 1999). Furthermore, we have shown that induction of ER stress occurs in
an age-dependent manner suggesting that it represents an early event during the
progression of the pathology.

Interestingly, here we report that in comparison to non-Tg mice the
hippocampus of both male and female 3xTg-AD mice, present altered levels of
ER stress markers at 3 months of age, despite extracellular AP deposits only
appear in 6 months-old mice and tau alterations are detected at 12 months of
age (Oddo et al. 2003a). Previously, it was reported that ER stress is activated
during pre-NFTs deposition (Hoozemans ef al. 2009). Here we showed that ER
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stress occurs even before AP deposition in plaques supporting the role of
soluble AP oligomers in these alterations (Lambert et al. 1998; Klein et al.
2001; Sakono & Zako 2010). AP oligomerization was detected in the brain of
3xTg-AD mice between 2 and 6 months (Oddo ef al. 2006) and we have shown
that AP oligomers induce ER stress in primary cultured cortical neurons
(Resende et al. 2008b). However, intraneuronal APP has recently gained a
great importance in the mechanisms responsible for neuronal dysfunction in
these 3xTg-AD mice (Winton ef al. 2011). Taking into consideration these
evidences, aberrant intracellular APP accumulation could contribute to the
early ER stress here observed.

Another mechanism that could account for the earlier ER dysfunction
occurring in the hippocampus and cerebral cortex of 3xTg-AD mice is Ca**
deregulation. Mutant presenilin, which is overexpressed in the 3xTg-AD brain,
was implicated in Ca®" dyshomeostasis in AD (Stutzmann et al. 2007). Also,
the RyR-associated Ca®" channel type 2 was demonstrated to be selectively
increased in the hippocampus of 3xTg-AD mice, relatively to the non-Tg
controls, affecting both synaptic transmission and plasticity (Chakroborty et al.
2009) through a mechanism involving the NMDAR (Goussakov ef al. 2010).

The data obtained in vivo with 3xTg-AD mice was further supported by
results obtained with a human peripheral model. In PBMCs, we demonstrated
that ER stress markers and ER Ca”>" homeostasis are affected in pre-clinical and
initial stages of the disease. We showed altered expression of ER stress
markers (Fig. 8.6 A-B) and apoptotic-related ER proteins (Fig. 8.6 C), as well
as decreased ER Ca’" content and increased cytosolic levels (Fig. 8.5),
especially in MCI subjects and mild AD patients. Although these cells were

used as a blood peripheral model for a brain disorder, our study is corroborated
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by others that described several cytogenetic alterations in AD lymphocytes
(Petrozzi et al. 2002).

The disturbance of ER Ca®" homeostasis is considered one of the earliest
events implicated in the ER stress response (Kim et al. 2008b). Concerning
AD, previous reports demonstrated that Ap depletes ER Ca”" content in cortical
neurons, increasing cytosolic Ca’" levels and finally leading to apoptosis
(Huang et al. 2000; Ferreiro et al. 2008b; Resende et al. 2008b). Furthermore,
Ca®* signals were previously shown to be altered in AD lymphocytes, in a
mechanism assumed to correspond to the loss of neuronal plasticity (Bondy et
al. 1996). Our study further confirms the loss of Ca’" homeostasis in AD
peripheral blood cells and shows the involvement of ER Ca*" depletion (Fig.
8.5 A-B) on the deregulation of cytosolic Ca’" levels (Fig. 8.5 C-D) that were
more evident in PBMCs obtained from MCI individuals and mild AD patients.
Our results also suggest that ER Ca’" release can be a trigger for the
communication between ER and mitochondria, acting as a pro-apoptotic signal
(Chami et al. 2008; Costa et al. 2010; Gonzalez et al. 2010).

In opposition, moderate-severe AD patients presented GRP78 and XBP-1
levels similar to controls, indicating that ER stress response occurs essentially
during the early stages of the disease. However, this response was shown to be
followed by activation of ER stress-mediated cell death, as shown by increased
GADDI153/CHOP levels (Fig. 8.6 C). Accordingly with our results, previous
reports have shown that patients with MCI present high levels of pro-apoptotic
Bax (Gatta et al. 2009), revealing activation of apoptotic cell death pathways
during preclinical stages in peripheral blood cells. In addition, synaptic
alterations were also observed in MCI subjects and mild AD patients (Scheff et

al. 2007). In lymphocytes from MCI subjects and AD patients, higher basal
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ROS levels were detected and were associated with DNA damage by oxidative
stress andenhanced apoptosis (Mecocci et al. 1998; Leuner et al. 2007).
Therefore, a possible interaction between Ca*" and ROS could be the trigger
for cellular dysfunction (Boehning et al. 2003; 2004). Indeed, several studies
demonstrate that ER stress promotes oxidative stress (Santos et al. 2009). In
cultured neurons treated with AB, we have shown that ER Ca”" release leads to
the generation of ROS and subsequent activation of mitochondrial-mediated
apoptosis (Ferreiro et al. 2008D).

In conclusion, we provided evidences of early ER dysfunction in AD.
Using human and non-human models, namely the 3xTg-AD mice model and
PBMCs from AD patients and also control and MCI subjects, we observed that
ER stress and ER Ca®" dyshomeostasis occurs in an age-, gender- and regional-
dependent manner, supporting that alterations occurring at ER levels can be
used as a biomarker for the diagnosis of this neurodegenerative disorder or

even as a possible target for therapeutic intervention.
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CHAPTER 9 - General Discussion and Conclusions

183



In order to better understand the molecular mechanisms underlying the toxic
effects of AP, we investigated its role in the induction of ER stress response
and analyzedthe ER/mitochondria cross-talk during AB-induced cell death and
also the role of the NMDARs for glutamate, in particular of its NR2A and
NR2B subunits, as an upstream mechanism leading to AB-induced ER stress.
Fot this purpose, several human and non-human cellular and animal models
with different complexity were employed.

The first model used was the mtDNA-depleted NT2 human teratocarcinoma
p0 cellular line, characterized by the absence of functional mitochondria, that
has been reported as an excellent model to study the role of mitochondria in
ageing and age-related neurodegenerative diseases such as AD. The results
presented in chapter 4 show that AP leads to ER stress and activates an ER
stress-mediated apoptotic pathway by a mitochondria-dependent mechanism. It
also reveals that AB-induced ER stress and ER Ca’" release act as upstream
events that activate the mitochondrial-mediated cell death pathway suggesting
that the ER/mitochondria cross-talk might be a promising target for therapeutic
intervention in AD.

To further characterize the ER/mitochondria cross-stalk in cell death
triggered by AP, Alzheimer versus control cybridswere used. These
cytoplasmic hybrids, or cybrids, result from the fusion of mtDNA-depleted
human teratocarcinoma NT2 p0 cells with platelets isolated from peripheral
blood samples obtained from sporadic AD patients or aged-matched control
subjects. Data described in chapter 5 demonstrate that mitochondrial
dysfunction occurring in AD cybrids due to COX inhibition enhances apoptosis

induced under ER stress conditions triggered by Ap.

184



The role of mitochondrial dysfunction arising from COX inhibition on the
cellular susceptibility to ER stress induced by AP was also investigated in a
neuronal cell model. In primary cultures of rat brain cortical neurons, it was
demonstrated that ER Ca®" dyshomeostasis and activation of caspase-
dependent apoptotic cell death triggered by AP are potentiated by COX
inhibition achieved through KCN pre-treatment (chapter 6).

Next, the role of ABO in ER stress was studiedin hippocampal neuronal
cultures. Our results, described in detail in chapter 7, demonstrate the ability of
ABO to trigger ER stress by an NMDAR-dependent mechanism. Moreover, we
were able to discriminate the role of the NR2A and NR2Bsubunits of
NMDAR, proving that NR2B has an important role in APO-induced
hippocampal ER stress and neurotoxicity that occurs after NR2B-ABO
interaction. Furthermore, it was shown that NOX-mediated superoxide
production downstream of NR2B-ABO interaction is involved in the loss of ER
Ca’" homeostasis. These results suggest that NR2B subunits can thus be
another potential target for therapeutic intervention in early stages of AD
progression.

The role of ER stress in AD was also studied in vivo using an AD animal
model, the triple transgenic mice model (3xTg-AD) (chapter 8). It was shown
that an early increase in ER stress markers occurs inthe brain of male and
female 3xTg-AD mice in comparison with non-Tg mice and that these
alterations were more pronounced in the hippocampus than in the cerebral
cortex. In addition, female 3xTg-AD mice were shown to be more susceptible
to ER stress. These results were in line with data obtained in a peripheral
model of AD. In human PBMCs, namely lymphocytes, isolated from patients

in different stages of AD (mild, moderate and severe) and individuals with
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mild cognitive impairment versus non-demented age-matched subjects (chapter
8) it was observed that ER Ca®" homeostasis is impaired and that the levels of
ER stress increase during pre-clinical and early disease stages.

Overall, results presented in this thesis contribute to better understand the
role of ER stress in AD pathogenesis. It was describedthat ER is susceptible to
toxic oligomeric and fibrillar AP, and that upon ER stress, the close
communication between ER and mitochondria leads to the activation of
apoptotic cell death. Furthermore, it was shown that mitochondrial dysfunction
occurring in AD as a result of COX inhibition increases the cellular
susceptibility to ER stress induced by AB. Additionally, the interaction of AB
with NR2B subunits of the NMDAR for glutamate and subsequent production
of superoxide radicals through a NOX-mediated mechanism was shown to be
involved in the activation of the ER stress response and induction of neuronal
cell death. Finally, results obtained in an AD transgenic mice model and in a
human peripheral model support that ER stress is an early event during the

progression of AD.
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