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Previously we reported that amyloid-β (Aβ) leads to endoplasmic reticulum (ER) stress in cultured cortical
neurons and that ER-mitochondria Ca2+ transfer is involved in Aβ-induced apoptotic neuronal cell death.
In cybrid cells which recreate the defect in mitochondrial cytochrome c oxidase (COX) activity observed in
platelets from Alzheimer's disease (AD) patients, we have shown that mitochondrial dysfunction affects
the ER stress response triggered by Aβ. Here, we further investigated the impact of COX inhibition on
Aβ-induced ER dysfunction using a neuronal model. Primary cultures of cortical neurons were challenged
with toxic concentrations of Aβ upon chemical inhibition of COX with potassium cyanide (KCN). ER Ca2+ ho-
meostasis was evaluated under these conditions, together with the levels of ER stress markers, namely the
chaperone GRP78 and XBP-1, a mediator of the ER unfolded protein response (UPR). We demonstrated
that COX inhibition potentiates the Aβ-induced depletion of ER Ca2+ content. KCN pre-treatment was also
shown to enhance the rise of cytosolic Ca2+ levels triggered by Aβ and thapsigargin, a widely used ER stress-
or. This effect was reverted in the presence of dantrolene, an inhibitor of ER Ca2+ release through ryanodine
receptors. Similarly, the increase in GRP78 and XBP-1 protein levels was shown to be higher in neurons treated
with Aβ or thapsigargin in the presence of KCN in comparison with levels determined in neurons treated with
the neurotoxins alone. Although the decrease in cell survival, the activation of caspase-9- and -3-mediated apo-
ptotic cell death observed in Aβ- and thapsigargin-treated neurons were also potentiated by KCN, this effect is
less pronounced than that observed in Ca2+ signalling and UPR. Furthermore, in neurons treated with Aβ, the
potentiating effect of the COX inhibitor in cell survival and death was not prevented by dantrolene. These results
show that inhibition of mitochondrial COX activity potentiates Aβ-induced ER dysfunction and, to a less extent,
neuronal cell death. Furthermore, data supports that the effect of impaired COX on Aβ-induced cell death occurs
independently of Ca2+ release through ER ryanodine receptors. Together, our data demonstrate that mitochon-
dria dysfunction in AD enhances the neuronal susceptibility to toxic insults, namely to Aβ-induced ER stress, and
strongly suggest that the close communication between ER andmitochondria can be a valuable future therapeu-
tic target in AD.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Alzheimer's disease (AD) is the most widespread form of demen-
tia in the elderly that results from synaptic and neuronal loss in the
hippocampus and cerebral cortex. AD patients present extracellular
senile plaques in susceptible brain regions, mainly composed of fibril-
lar amyloid-beta peptide (Aβ) that constitute one of the neuropatho-
logical hallmarks of this neurodegenerative disorder (Selkoe, 2001).

Mitochondria play a crucial role not only in providing energy to
cells through ATP synthesis in the electron transport chain (ETC.),
but also in activation of cell death pathways. The ETC. modulates ap-
optotic cell death because its inhibition leads to energy failure and

also because toxic insults interact with ETC. components increasing
the cellular vulnerability to apoptosis (Kwong et al., 2007). Accumu-
lation of mitochondrial DNA (mtDNA) mutations that lead to ETC.
malfunction has been shown to increase the susceptibility for several
pathologies, including AD (Kruger et al., 2010; Lin and Beal, 2006; Lin
et al., 2002). Recent evidence demonstrates that mtDNA mutations
are associated with early pathological events in AD (Ienco et al.,
2011). Accordingly, multiple defects in energy metabolism are associ-
ated with AD neuropathology and cognitive deficits (reviewed in
Ferreira et al., 2010). In addition, brain glucose hypometabolism, to-
gether with alterations in the activity of several mitochondrial meta-
bolic enzymes, were reported in individuals with mild cognitive
impairment (MCI) (Valla et al., 2006). The metabolic alterations dur-
ing this pre-clinical stage of the disease and in diagnosed AD patients
(Ferrer, 2009; Mosconi, 2005) involve the impairment of the mito-
chondrial ETC., in particular of cytochrome c oxidase (COX) activity
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(Pickrell et al., 2009; Small et al., 1995). Compromised energy metab-
olism has been reported to increase the production of Aβ (Velliquette
et al., 2005). Along with these evidences, mitochondrial-associated
secretases were recently proved to be involved in amyloid precursor
protein (APP) processing and Aβ generation, showing that this peptide
can be produced locally in the mitochondria (Pavlov et al., 2010). In AD
transgenic mice, the presence of Aβ in mitochondria has been demon-
strated (Caspersen et al., 2005;Hansson Petersen et al., 2008) and it cor-
relateswith the extent ofmitochondrial dysfunction due to inhibition of
ETC. complexes andwith the degree of cognitive impairment (reviewed
in Chen and Yan, 2010; Dragicevic et al., 2010).

In addition to mitochondria, dysfunction of other cellular organ-
elles such as the endoplasmic reticulum (ER) has been implicated in
AD pathogenesis and the presence of ER stress markers has been de-
scribed in the brain of AD patients (Hoozemans et al., 2005). Previ-
ously, we provided evidences that Aβ can be a trigger for ER stress
and demonstrated that ER-to-mitochondria Ca2+ transfer plays an
essential role during Aβ-induced neuronal apoptosis (Costa et al.,
2010, 2012a; Ferreiro et al., 2006). Recently, we used cybrids that re-
capitulate the COX inhibition present in AD platelets to demonstrate
that mitochondrial impairment potentiates the ER stress-mediated
Aβ-induced cell death (Costa et al. 2012a). Using primary cultured
rat brain cortical neurons as a neuronal model, here we investigated
the role of this AD-associated mitochondrial defect in Aβ-induced
ER stress and subsequent activation of apoptotic cell death. For this
purpose, COX inhibition was induced by KCN treatment before neuro-
nal exposure to toxic Aβ concentrations. As a positive control for ER
stress, a parallel study was conducted using thapsigargin, a classical
disruptor of ER Ca2+ homeostasis and ER stress inducer (Rogers et
al., 1995).

Overall,we demonstrated thatmitochondrial impairment due to COX
inhibition increases the susceptibility to Aβ-induced ER stress-mediated
apoptosis, supporting that ER/mitochondria crosstalk plays a crucial role
during Aβ-induced neuronal cell death in AD.

Results

In the present study, we used primary cultures of cortical neurons
treated with Aβ1–40 upon mitochondrial ETC. inhibition to further dis-
close the role of ER/mitochondria crosstalk in neuronal cell death that oc-
curs in AD. In order to mimic the mitochondrial defect (COX inhibition)
associated with pre-clinical and clinical AD, we used the chemical COX
inhibitor KCN. The effect of Aβ in neuronal cells was compared with
that of thapsigargin, a widely used ER stressor that disrupts ER Ca2+

homeostasis.

Mitochondrial COX inhibition enhances Aβ1–40-induced ER Ca2+

dyshomeostasis and stress

The levels of ER Ca2+ were monitored in cortical neurons treated
with Aβ1–40 (1 μM) during 3 h, in the absence or in the presence of
the COX inhibitor KCN (1 mM). KCN alone did not significantly affect
ER Ca2+ levels. However, we found that the decrease in ER Ca2+

levels observed in Aβ1–40-treated neurons is enhanced in cells pre-
incubated with KCN (Fig. 1A,B). The ER Ca2+ depletion was also dem-
onstrated to be followed by an increment of cytosolic Ca2+ concen-
tration measured with the fluorescent probe Indo-1/AM after 6 h of
incubation with Aβ1–40 (Fig. 1C). Similar results were obtained in neu-
rons treated with thapsigargin (2 μM) for 6 h (Fig. 1C). Pre-incubation
with KCN before Aβ1–40 or thapsigargin treatment potentiated the in-
crease of cytosolic Ca2+ levels, which involves ER Ca2+ release through
channels coupled to the ER ryanodine receptor (RyR) since dantrolene
(10 μM) significantly prevented the effect of KCN (Fig. 1C).

To further assess the role of mitochondrial COX inhibition on ER
dysfunction in neurons exposed to toxic Aβ1–40, we measured by
WB the protein levels of ER stress markers. This included XBP-1, a

mediator of the ER unfolded protein response (UPR), and the ER
chaperone Grp78. Results showed that Aβ1–40 and thapsigargin sig-
nificantly increase the levels of XBP-1 and Grp78 after 6 h incubation
and that this effect is potentiated by pre-incubation with KCN
(Fig. 2A,B).

Aβ1–40- and thapsigargin-induced apoptotic cell death is enhanced by
COX inhibition

In order to better understand the role of mitochondrial COX inhibi-
tion in the toxic effect of Aβ in cortical neurons, we analyzed cell surviv-
al, activation of apoptosis-associated caspases, namely caspase-9 and

Fig. 1. COX inhibition potentiates Aβ1–40-induced depletion of ER Ca2+ content in cortical
neurons and also cytosolic Ca2+ deregulation induced by Aβ1–40 and thapsigargin. Prima-
ry cultures of rat brain cortical neurons were incubated for 3 h with Aβ1–40 (1 μM), in the
absence or in the presence of KCN (1 mM), which was added 1 h before Aβ1–40 or
thapsigargin (2 μM). When used, dantrolene (10 μM) was also added 1 h before Aβ1–40

or thapsigargin. Levels of ER Ca2+ were evaluated by monitoring the fluorescence of
Fura-2 in the absence of external Ca2+ (A, B). At t=2 min an ER Ca2+ depletor was
added to expel ER Ca2+. The difference between Fura-2 fluorescence ratio at 340/
380 nm before and after the complete depletion of ER Ca2+ was used to evaluate ER
Ca2+ content in each experimental condition. Results are presented as normalized values
of Fura-2 fluorescence ratio (A) or as ER Ca2+ content values (the difference between the
Ca2+ values obtained after ER Ca2+ depletion induction and the basal levels), normalized
to control values (B). Cytosolic free Ca2+ concentration ([Ca2+]i) was determined using
the fluorescent Ca2+ indicator Indo-1/AM at 350 nm excitation and 410 nm emission
(C). Results are the means±SEM of values corresponding to at least 3 experiments,
each value being the mean of duplicate assays. *pb0.05, **pb0.01, significantly different
when compared to control values. #pb0.05, significantly different when compared to
the respective Aβ1–40- or thapsigargin-treated condition. $pb0.05, significantly different
when compared to KCN pre-treated cells.
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