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a b s t r a c t

Early cognitive deficits in Alzheimer’s disease (AD) seem to be correlated to dysregulation of glutamate
receptors evoked by amyloid-beta (Ab) peptide. Ab interference with the activity of N-methyl-D-aspartate
receptors (NMDARs) may be a relevant factor for Ab-induced mitochondrial toxicity and neuronal
dysfunction. To evaluate the role of mitochondria in NMDARs activation mediated by Ab, we followed in
situ single-cell simultaneous measurement of cytosolic free Ca2þ ðCa2þi Þ and mitochondrial membrane
potential in primary cortical neurons. Our results show that direct exposure to Ab þ NMDA largely
increased Ca2þi and induced immediate mitochondrial depolarization, compared with Ab or NMDA alone.
Mitochondrial depolarization induced by rotenone strongly inhibited the rise in Ca2þi evoked by Ab or
NMDA, suggesting that mitochondria control Ca2þ entry through NMDARs. However, incubation with
rotenone did not preclude mitochondrial Ca2þ (mitCa2þ) retention in cells treated with Ab. Ab-induced
Ca2þi and mitCa2þ rise were inhibited by ifenprodil, an antagonist of GluN2B-containing NMDARs.
Exposure to Abþ NMDA further evoked a higher mitCa2þ retention, which was ameliorated in GluN2B�/�

cortical neurons, largely implicating the involvement of this NMDAR subunit. Moreover, pharmacologic
inhibition of endoplasmic reticulum (ER) inositol-1,4,5-triphosphate receptor (IP3R) and mitCa2þ uni-
porter (MCU) evidenced that Ab þ NMDA-induced mitCa2þ rise involves ER Ca2þ release through IP3R
and mitochondrial entry by the MCU. Altogether, data highlight mitCa2þ dyshomeostasis and subsequent
dysfunction as mechanisms relevant for early neuronal dysfunction in AD linked to Ab-mediated
GluN2B-composed NMDARs activation.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is the most common age-related
neurodegenerative disease and the major cause of dementia in
the elderly. Clinically, this disorder is characterized by global
cognitive dysfunction, especially memory loss, and behavior and
personality changes. The neuropathologic hallmarks of AD include
and Cell Biology (CNC), Fac-
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go).
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extracellular deposits of amyloid-b (Ab) peptide (produced after the
metabolic processing of the amyloid precursor protein by b- and g-
secretases), intracellular neurofibrillary tangles (consisting of
abnormally hyperphosphorylated tau protein), dystrophic neurites,
and amyloid angiopathy. These histopathologic lesions were shown
to be restricted to selective brain regions involved in memory and
language, namely, the hippocampus and the cerebral cortex, which
appear atrophic in AD patients (reviewed by Ferreira et al., 2010).
Despite this, reduced dendritic spine density and synaptic integrity
seem to better correlate with memory loss than histopathologic
markers, which is consistent with the recognition of AD as a “syn-
aptic disease.” Indeed, studies in AD postmortem brain tissue
samples and AD animal models support a role for disruption of
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synaptic Ca2þ regulation in the neurotoxic action of Ab (reviewed
by Camandola and Mattson, 2011; Mota et al., 2014), which may
serve as a trigger for synaptic deterioration driving the cognitive
loss in AD. Interestingly, Ab was shown to be produced in high
amounts in synaptic terminals of the hippocampal dentate gyrus of
transgenic mice and deposited in extracellular plaques (Lazarov
et al., 2002). Thus, impaired cognitive function and memory loss
observed in AD patients, associated to synaptic dysfunction, may be
because of perturbed synaptic Ca2þ handling in response to over-
activation of glutamate receptors, namely, the N-methyl-D-aspar-
tate receptors (NMDARs) (Mota et al., 2014).

The most widely expressed NMDARs contain two obligatory
GluN1 subunits plus GluN2B or GluN2A or a mixture of the two.
NMDARs are concentrated on postsynaptic spines of neuronal
dendrites being subjected to particularly high levels of Ca2þ influx,
adenosine triphosphate (ATP) demand, and oxidative stress
(Mattson et al., 1998). Concordantly, memantine, an uncompetitive
antagonist of NMDARs, is used in AD patients and tested in several
clinical trials as a neuroprotective and clinical stabilizer compound
(http://www.clinicaltrials.gov), supporting the involvement of
NMDARs on Ab-induced neuronal damage. In accordance, NMDARs
may be direct or indirect targets for Ab, affecting the activity of
these receptors (reviewed in Malinow, 2012). Ab oligomers (5 mM)
were reported to cause Ca2þ entry in neurons through NMDARs
activation and consequent mitochondrial Ca2þ (mitCa2þ) overload
(Alberdi et al., 2010; Sanz-Blasco et al., 2008). Indeed, during
excitotoxicity, mitCa2þ overload is one of the most important fac-
tors linked to mitochondrial dysfunction, occurring along with
decreasedmitochondrial membrane potential (DJm) (e.g., Nicholls,
2009). We previously demonstrated that NMDARs activation leads
to transient mitCa2þ loading (e.g., Ward et al., 2000), which may be
accompanied by oxidative damage to plasma membrane Ca2þ

extrusion pathways and inhibition of mitochondrial respiration.
In AD postmortem brain and cellular and animal AD models,

mitochondrial dysfunction can be triggered by Ab (Pagani and
Eckert, 2011). Interestingly, synaptic failure is strongly associ-
ated with synaptic mitochondrial dysfunction in AD, which occurs
before changes in nonsynaptic mitochondria (for review,
Dragicevic et al., 2010; Du et al., 2012). Studies in a transgenic
mouse brain overexpressing the human mutant form of amyloid
precursor protein and Ab revealed that synaptic mitochondria
undergo age-dependent accumulation of Ab and mitochondrial
alterations (Du et al., 2010). Ab-induced mitochondrial dysfunc-
tion was reported to be related to the interaction of Ab with
different mitochondrial proteins, including proteins of the outer
mitochondrial membrane, intermembrane space, inner mito-
chondrial membrane, and the matrix, impairing oxidative phos-
phorylation and mitochondrial dynamics and increasing reactive
oxygen species (ROS) production (Pagani and Eckert, 2011). In this
context, interaction of cyclophilin D (CypD, which is part of the
mitochondrial permeability transition pore) with mitochondrial
Ab potentiated mitochondrial, neuronal, and synaptic stress;
conversely, CypD-deficient cortical mitochondria were resistant to
Ab- and Ca2þ-induced mitochondrial swelling and permeability
transition, along with increased calcium buffering capacity and
production of fewer mitochondrial ROS (Du et al., 2008). More
recently, genetic deletion of CypD suppressed Ab-mediated acti-
vation of p38 mitogen-activated protein kinase signaling pathway,
reversed axonal mitochondrial trafficking abnormalities, and
improved synaptic function (Guo et al., 2013).

A high number of studies demonstrated the importance of
NMDARs on Ab toxicity, but the downstream interplay between
endoplasmic reticulum (ER) and mitochondria is yet to be revealed.
Recently, we observed the involvement of ER stress linked to
nicotinamide adenine dinucleotide phosphate oxidaseemediated
superoxide production in hippocampal neurons exposed to Ab
oligomers in a process involving the activation of NMDARs (Costa
et al., 2012). To maintain normal cellular homeostasis, mitochon-
dria and the ER directly communicate through the mitochondria-
associated membranes (MAMs), which include inositol-1,4,
5-triphosphate receptor (IP3R) on the ER and the voltage-
dependent anion channel in mitochondria (reviewed in Ferreiro
et al., 2012). The Ca2þ released from ER, through IP3R, can enter
directly into mitochondria through the voltage-dependent anion
channel in the outer mitochondrial membrane and through the
mitCa2þ uniporter (MCU) in the inner mitochondrial membrane.
Dysfunction of these contact sites and mitCa2þ overload can lead to
the opening of permeability transition pore, dissipation of the DJm,
and activation of apoptotic cell death (Celsi et al., 2009). Interest-
ingly, these receptors are involved in Ab-induced release of Ca2þ

from the ER, leading to depolarization of the mitochondrial mem-
brane, release of cytochrome c on Bax translocation to mitochon-
dria, and activation of apoptosis (Ferreiro et al., 2004, 2006, 2008).
ER-mitochondria communication can thus play a fundamental role
in AD pathogenesis.

Prolonged exposure to high concentrations of Ab oligomers was
shown to induce Ca2þ entry through NMDAR and AMPA receptors,
mitochondrial dysfunction, and oxidative stress (Alberdi et al.,
2010). More recently, we also demonstrated that immediate expo-
sure to Ab increases cytosolic free Ca2þ ðCa2þi Þ through the activa-
tion of NMDARs containing GluN2B subunits (Ferreira et al., 2012)
and further demonstrated that Ab can directly interact with the
extracellular domain of GluN1 and GluN2B subunits and evoke ER
stress downstream of GluN2B-composed NMDARs (Costa et al.,
2012). Thus, the aim of this study was to evaluate the immediate
effect of Ab linked to NMDARs activation on mitochondrial function
and the intricate role of mitochondria and ER interplay in Ca2þ

homeostasis. Using in situ single-cell synchronizedmeasurement of
Ca2þi and DJm in rat primary brain cortical neurons, we show that
simultaneous exposure to Ab and NMDA affects the response to
GluN2B-composed NMDARs, largely causing mitochondrial depo-
larization and mitCa2þ retention. Moreover, mitCa2þ accumulation
via the MCU involved the release of ER Ca2þ through the IP3Rs.
These deleterious effects triggered by the simultaneous exposure to
Ab and activation of NMDARs may thus potentiate the neurode-
generative process in AD and contribute to cognitive impairment
and dementia.

2. Methods

2.1. Primary neuronal cultures

2.1.1. Rat cortical cultures
Primary neuronal cultures of rat cerebral cortex were prepared

as described previously (Agostinho and Oliveira, 2003) with some
minormodifications. Briefly, frontal cerebral corticeswere dissected
from 16-day Wistar rat embryos and collected in Ca2þ Mg2þ-free
Krebs medium containing (in millimolar) 120 NaCl, 4.33 KCl,
1.2 KH2PO4, 25.5 NaHCO3, 13 glucose, 10 2-[4-(2-hydroxyethyl)
piperazin-1-yl]ethanesulfonic acid (HEPES), pH 7.4, plus 0.3% (w/v)
fatty acidefree bovine serum albumin (BSA). Tissues were treated
with 0.035% (w/v) trypsin in BSA-Krebs medium, for 7 minutes at
37 �C, followed by addition of 0.038% (w/v) trypsin inhibitor and
centrifugation at 140� g for 5 minutes. After a washing step, cells
were resuspended in neurobasal medium (Gibco, Life Technologies,
Paisley, UK) supplemented with 2% (v/v) B27 (Gibco), 0.5 mM
glutamine, and 50 mg/mL gentamicin and plated in poly-D-lysi-
neecoated glass coverslips, at a density of 0.2� 106/cm2. Cells were
cultured for 8e9 days in vitro, in a humidified incubator chamber
with 95% air and 5% CO2 at 37 �C.

http://www.clinicaltrials.gov


Fig. 1. N-methyl-D-aspartate (NMDA)einduced and amyloid-beta (Ab)einduced changes in cytosolic free Ca2þ ðCa2þi Þ and mitochondrial membrane potential (DJm). Cortical
neurons were stimulated with NMDA (100 mM) or Ab (0.5 mM). (A) Representative F340/F380 or rhodamine 123 (Rh123) fluorescence (arbitrary unit) traces from individual cells. (B)
Peak amplitude of Fura-2 or Rh123 fluorescence after NMDA or Ab, before and after FCCP (2 mM) exposure. Data are the mean � standard error of the mean of 3e6 independent
experiments, comprising a total of 163e270 cells per experimental group. Statistical analysis: ***p < 0.001 significantly different compared with the control (one-way analysis of
variance with Bonferroni multiple comparison test). M, MK-801; F, FCCP; and O, oligomycin.
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2.1.2. Mice cortical cultures from GluN2Bþ/þ and GluN2B�/�

embryos
Because GluN2B(�/�) mice die shortly after birth, GluN2B(þ/�)

mice (Kutsuwada et al., 1996) were mated to obtain GluN2B(�/�)
and littermate control GluN2Bþ/þ embryos, which were used to
culture cortical neurons. Genotyping of pups and embryos was
performed according to a previously described protocol (Tovar
et al., 2000). Briefly, DNA was extracted with phenol/choloroform/
isoamyl alcohol (Sigma, St Louis, MI, USA) after tissue digestionwith
proteinase K (0.1 mg/mL; Invitrogen, Life Technologies, Paisley, UK).
polymerase chain reaction amplification using the Supreme NZY-
Taq 2� Green Master Mix (Nzytech, Lisboa, Portugal) was per-
formed with specific primers for GluN2B (50 ATG AAG CCC AGC GCA
GAG TG 30 and 50 AGG ACT CAT CCT TAT CTG CCA TTA TCA TAG 30)
and for the neomycin cassette (50 GGC TAC CTG CCC ATT CGA CCA
CCA AGC GAA AC 30). GluN2Bþ/þ and GluN2B�/� cortical neuronal
cultures were prepared from 17 to 18 days embryonic mice. Cortices
were dissected and maintained in Hibernate E (Brain Bits, Spring-
field, IL, USA) supplemented with NeuroCult SM1 (Stemcell, Gre-
noble, France) at 4 �C overnight while genotyping was performed.
Tissues from the same genotype were pooled together and disso-
ciated with papain (20 units/mL, 10 minutes, 37 �C; Worthington
Biochemical Corporation, Lakewood, NJ, USA) and deoxyribonu-
clease I (0.2 mg/mL, Invitrogen). Cortical neurons were plated at a
density of 0.2 � 106/cm2 on coverslips coated with poly-D-lysine in
minimum essential medium supplemented with 10% horse serum.
After w3 hours in culture, the plating medium was replaced by
neurobasal medium (Gibco) supplemented with 2% NeuroCult SM1,
0.5 mM glutamine (Sigma), 0.125 mg/mL gentamicin (Gibco), and
insulin (20 mg/mL; Sigma). Neurons were maintained at 37 �C in a
humidified incubator of 5% CO2. Cultures were used after 8e9 days
in vitro.

2.2. Experimental conditions

Experiments were performed in cells subjected to direct stim-
ulation with 100-mM NMDA (Tocris, Bristol, UK) and/or 0.5 mM Ab
(American Peptide, Sunnyvale, CA, USA). Pre-exposure of cells to
Ab during 2 hours, before NMDA treatment, was also tested.
Ab1e42 preparation containingw60% of low n oligomers andw40%



Fig. 2. Influence of ifenprodil on amyloid-beta (Ab)einduced cytosolic free Ca2þ ðCa2þi Þ and mitochondrial membrane potential (DJm). Cortical neurons were stimulated with N-
methyl-D-aspartate (NMDA) (100 mM) or Ab (0.5 mM) in the absence or presence of ifenprodil (selective GluN2B subunit antagonist, 10 mM). (A) Representative F340/F380 or
rhodamine 123 (Rh123) fluorescence (arbitrary unit) traces from individual cells. (B) Peak amplitude of Fura-2 fluorescence after NMDA or Ab stimulation in the absence or presence
of ifenprodil, before and after FCCP (2 mM) exposure. For single-cell imaging studies, data are the mean � standard error of the mean of 3e6 independent experiments, comprising a
total of 118e230 cells per experimental group. Statistical analysis: ***p < 0.001 significantly different compared with NMDA; ###p < 0.001 significantly different compared with Ab
(one-way analysis of variance with Bonferroni multiple comparison test). M, MK-801; F, FCCP; and O, oligomycin.
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of monomers was obtained, as previously described (Ferreira et al.,
2012). To assess the involvement of NMDARs in regulating Ca2þi
homeostasis, cells were preincubated for 5 minutes with ifenprodil
(10 mM; Sigma). To modulate mitochondrial function, cells were
incubated for 3 minutes with 2 mM rotenone before the
stimulation with NMDA and/or Ab. To inhibit mitCa2þ accumula-
tion and to evaluate the role of the MCU, cells were incubated with
10 mM ruthenium 360 (Ru360; Calbiochem, Darmstadt, Germany)
during rhodamine 123 (Rh123) and Fura-2/AM loading and with
fresh Ru360 during the experiment. To evaluate the contribution



Fig. 3. Modulation of mitochondrial function by rotenone pre-exposure on N-methyl-D-aspartate (NMDA) or amyloid-beta (Ab)einduced cytosolic free Ca2þ ðCa2þi Þ and mito-
chondrial membrane potential (DJm). Cortical cells were stimulated with 0.5 mM Ab or 100 mM NMDA in the absence or in the presence of rotenone (complex I inhibitor, 2 mM). (A)
Magnification of the rotenone effect on DJm. (B) Representative traces of Fura-2 or rhodamine 123 (Rh123) fluorescence after NMDA, Ab, or rotenone pre-exposure. (C) Peak
amplitude of Fura-2 and Rh123 fluorescence after NMDA or Ab stimulation, before and after FCCP (2 mM) stimulation. Data are the mean � standard error of the mean of 3e4
independent experiments, comprising a total of 123e199 cells per experimental group. Statistical analysis: ***p < 0.001 significantly different compared with NMDA alone, #p < 0.05
and ###p < 0.001 significantly different compared with Ab (one-way analysis of variance with Bonferroni multiple comparison test). M, MK-801; F, FCCP; and O, oligomycin.
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of ER Ca2þ to the mitCa2þ content, cells were preincubated during
1 hour with 1 mM of xestospongin C (XeC; Tocris).

2.3. Monitoring dynamic changes in Ca2þi and DJm

Cortical neurons, plated on glass coverslips, were washed with
Naþ medium containing (in millimolar) 140 NaCl, 5 KCl, 1 CaCl2, 1
MgCl2, 10 glucose, 10 HEPES, and pH 7.4/NaOH and loaded with Naþ

medium supplemented with the DJm-sensitive probe (1.3 mM
Rh123, quench mode) and 0.1% BSA for 10 minutes at room tem-
perature. Then, glass coverslips were transferred to Naþ medium
containing 0.2% (w/v) pluoronic acid, 0.1% (w/v) BSA, 1.3 mM Rh123,
and 5 mM Fura-2/AM for 30 minutes at 37 �C. The fluorescence
probes Fura-2/AM and Rh123 were obtained from Molecular
Probes, Life Technologies (Eugene, OR, USA). To directly assess the
role of mitochondria, glycolysis was inhibited by adding 2-deoxy-D-
glucose (2 mM) and by replacing glucose with pyruvate (10 mM) in
Naþ medium (pyruvate-based medium) (e.g., Oliveira et al., 2006;
Rego et al., 2001). After rinsing with fresh buffer, coverslips were
assembled in a nonperfused chamber filled with 500 mL of Mg2þ-
free pyruvate medium containing 20 mM glycine, at room temper-
ature. Simultaneous Ca2þi levels and Rh123 fluorescence were
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measured by using an inverted fluorescence microscope Axiovert
200 (Zeiss, Jena, Germany) equipped with a dual-band path emis-
sion filter (510/40 and 600/60 nm) and a Lambda DG4 apparatus
(Sutter Instruments Company, Novato, CA, USA). In situ calibration
of Ca2þi responses was performed at the end of every individual
experiment, by determining maximal 340/380 ratio for each indi-
vidual cell, after the addition of 2 mM ionomycin (Sigma). Maximal
mitochondrial depolarization (DJm collapse) was also performed
in every individual experiment by adding a protonophore (2-mM
carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP);
Sigma), which was preceded by oligomycin (2 mg/mL; Sigma) to
prevent ATP synthase reversal. The determinations of fluorescence
time courses were calculated on the basis of 1 microscopic field per
coverslip, containing w75 cells. Moreover, individual whole cells
were identified as regions of interest.

2.4. Data analysis

Data analysis of single-cell imaging was performed with sys-
tematic custom scripts of Mathworks Matlab 2007a (32 bits) for
fluorescence time-course parametrization. For each experiment
condition, a cell response normalization procedure to the time-
course basal level (first value obtained) was performed. The peak
from the first stimulus amplitude histogram of Fura-2 (340/380
ratios) time course was used to interactively set a cut-off level,
adjusted for each experiment, to remove low-amplitude time
courses from nonresponsive cells. Therefore, only data from
responsive cells were considered for peak amplitude measure-
ments. These were performed by means of the highest 340/380
ratio difference in the vicinity of the registered peak in analysis.
Notice that the cut-off exclusion criteria were not applied in the
experiments involving rotenone and ifenprodil pre-exposure. Each
experimental condition was assayed at least in three different
coverslips from three independent culture preparations.

Data were expressed as mean � standard error of the mean of
the number of experiments indicated in Figs. 1e6. Comparisons
among multiple groups were performed by one- or two-way
analysis of variance, followed by Bonferroni post hoc test or Stu-
dent t test, as described in the figure legends. Significance was
accepted at p < 0.05.

3. Results

In this work, we detailed the single-cell simultaneous changes in
Ca2þi and DJm in brain cortical cells stimulated with NMDA (100
mM), Ab (0.5 mM), simultaneous exposure to Ab plus NMDA (Ab þ
NMDA), or incubation with NMDA in cells pre-exposed for 2 hours
to Ab. These changes were followed in basal conditions or after
maximal mitochondrial depolarization achieved by the mitochon-
drial uncoupler FCCP in conditions of ATP synthase inhibition, in the
presence of oligomycin, to prevent ATP hydrolysis.

3.1. Ab induces immediate Ca2þi rise and depolarization of
mitochondrial membrane

Our results show that NMDA and, to a less extent, Ab cause a
robust increase in Ca2þi levels (Fig. 1A and Bi) associated with a
slight decrease in DJm (Fig. 1Bii), compared with the maximum
depolarization obtained with FCCP (see representative traces in
Fig. 1A). Complete mitochondrial depolarization induced by FCCP in
cells treated with NMDA increased Rh123 fluorescence comparable
with the control, indicating unaltered DJm w20 minutes after the
initial stimuli; Ab-treated cells showed reduced mitochondrial
accumulation of Rh123 after incubation with FCCP, indicating
decreased DJm (Fig. 1A and Biv). Importantly, the higher increase
in Ca2þi levels achieved by NMDA and Ab was associated with an
increase in mitCa2þ, as represented by the rise in mitochondrial
FCCP-releasable Ca2þ pool (Fig. 1A and Biii). Our results show that
immediate stimulation of cortical cells with Ab induces a significant
increase in Ca2þi levels and mitochondrial membrane depolariza-
tion, associated with mitCa2þ retention.

3.2. Ab-induced Ca2þi rise and mitochondrial depolarization are
prevented by selective blockade of GluN2B subunits

To characterize the involvement of NMDARs, in particular the
GluN2B subunit, in Ca2þi changes evoked by NMDA or Ab, as previ-
ously demonstratedbyus (Costa et al., 2012; Ferreira et al., 2012), cells
were stimulated with NMDA or Ab in the absence or presence of the
selective GluN2B subunit antagonist ifenprodil (Fig. 2). Our results
demonstrate that Ca2þi increase exerted by NMDA or Ab was signifi-
cantly counteracted by ifenprodil (Fig. 2A and Bi). Interestingly, the
disruption of DJm induced by NMDA and Abwas not affected by the
NMDARs antagonist (Fig. 2A and Bii). Moreover, the increase in
mitCa2þ retention elicited by NMDA and by Ab was also partially
decreased (approximately by half) in the presence of ifenprodil
(Fig. 2A and Biii). These data show a fundamental role of GluN2B
subunits in defining Ab-evoked Ca2þi rise andmitCa2þ accumulation.
Maximal Rh123 cytosolic release achieved by oligomycinplus FCCP in
cells exposed to NMDA was shown to be slightly increased in the
presence of ifenprodil (Fig. 2A and Biv), suggesting a rise in DJm.

3.3. Rotenone-induced mitochondrial depolarization modulates Ab-
induced changes in Ca2þi and DJm

To evaluate the contribution of functional mitochondria in
controlling Ca2þi levels, cells were incubated for 3 minutes with
2 mM rotenone (complex I inhibitor and depolarizing agent) before
stimulation with NMDA or Ab. These were added under conditions
of mild depolarization evoked by rotenone, that is, before complete
rotenone depolarization (that was achieved after w15 minutes in-
cubation), to detect synergistic effects of NMDA or Ab. Results
depicted in Fig. 3A demonstrate that rotenone per se induced a
significant decrease in DJm, as observed by the large increase in
Rh123 fluorescence. Moreover, mitochondrial dysfunction induced
by rotenone attenuated the rise in Ca2þi induced by immediate
exposure to NMDA or Ab (Fig. 3B and Ci) and enhanced mito-
chondrial depolarization in response to NMDA and Ab stimulation
(Fig. 3B and Cii). Complete mitochondrial depolarization, achieved
by oligomycin plus FCCP in cells preincubated with rotenone, evi-
denced a decrease in mitCa2þ retention in cells exposed to NMDA.
Conversely, a very slight but significant increase in mitCa2þ reten-
tion was observed in Ab-treated cells pre-exposed to rotenone
(Fig. 3B and Ciii), which may suggest that Ab-evoked mitCa2þ

retention is not primarily dependent on the maintenance of DJm.
Moreover, oligomycin-evoked mitochondrial depolarization was
observed in cells treated with rotenone (Fig. 3B), indicative of
mitochondrial ATP hydrolysis (e.g., Ward et al., 2000). Despite this,
and as expected, exposure to FCCP evidenced a complete mito-
chondrial depolarization (Fig. 3B and Civ).

These results suggest that mitochondrial function modulates
Ca2þi rise after exposure to NMDA and Ab. In contrast with NMDA,
Ab-evoked mitCa2þ accumulation does not seem to be accounted
for by preserved mitochondrial function.

3.4. Increased mitCa2þ accumulation and decreased DJm after
exposure to Ab þ NMDA

Impairment in glutamatergic neurotransmission has been sug-
gested to occur concomitantly with the presence of extracellular
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levels of Ab oligomers (Parameshwaran et al., 2008). Thus, the effect
of simultaneous addition of NMDA and Ab or NMDA in cells pre-
exposed to Ab for 2 hours was then evaluated. Interestingly, Ab þ
NMDA stimulation produced a significant rise in Ca2þi levels,
comparedwith NMDAor Ab alone (Fig. 4B and Ci), and preincubation
with Ab for 2 hours significantly decreased Ca2þi levels in response to
NMDA stimulation, compared with cells not previously exposed to
Ab (Fig. 4B and Ci). Both pre- and simultaneous exposure to Ab
affected the response to NMDAR activation, largely causing an
additional immediate mitochondrial depolarization, compared with
Ab or NMDA alone (Fig. 4B and Cii). Notably, mitCa2þ retention ca-
pacity was largely increased on addition of Ab þ NMDA, compared
with NMDA or Ab alone, or even after NMDA stimulation in cells pre-
exposed to Ab (Fig. 4B and Ciii). Moreover, cortical cultures treated
with Ab þ NMDA or NMDA on pre-exposure to Ab showed reduced
retention of Rh123, compared with NMDA or Ab alone, evidencing
increased mitochondrial depolarization (Fig. 4B and Civ).

These data suggest the activation of different cellular mecha-
nisms after addition of Ab þ NMDA, compared with previous
exposure with Ab followed by NMDA exposure. Indeed, incubation
for 2 hours with Ab per se caused a slight but significant rise in Ca2þi
and mitochondrial depolarization, in comparison with untreated
conditions (Fig. 4A).

3.5. Decreased Ca2þi rise and mitochondrial depolarization in
GluN2B(�/�) cortical neurons

To confirm the involvement of the GluN2B subunit in both Ca2þi
levels and mitochondrial membrane potential, we tested cortical
cultures derived from GluN2B(�/�) mice treated with NMDA, Ab,
and Ab þ NMDA (Fig. 5). Our results demonstrated that Ca2þi in-
crease exerted by the 3 stimuli was significantly reduced in
GluN2B(�/�) cortical cultures, compared with GluN2Bþ/þ cells
(Fig. 5A and Bi) and closely associated with lower mitochondrial
depolarization (Fig. 5A and Bii). The extent of Ca2þi rise and mito-
chondrial depolarization was higher after exposure to Ab þ NMDA
(as verified in Fig. 4Ci and ii), compared with NMDA or Ab stimu-
lation alone. Interestingly, mitCa2þ content was significantly higher
in GluN2B(�/�) compared with GluN2Bþ/þ cells, in the absence
(control) or presence of NMDA (Fig. 5A and Biii). Exposure to Ab þ
NMDA in GluN2Bþ/þ cells was associated with increased mitCa2þ

(Fig. 5Biii), similarly as observed in rat cortical cells (Fig. 4Ciii).
However, exposure to Ab or Ab þ NMDA in cells from GluN2B(�/�)
mice largely reduced the capacity of mitochondria to retain Ca2þ

(Fig. 5Biii). This lower mitCa2þ retention after Ab exposure was
linked to increased mitochondrial membrane potential in
GluN2B(�/�)ederived cells (Fig. 5A and Biv), confirming an impor-
tant role of this NMDAR subunit in facilitating mitCa2þ accumula-
tion and the consequent mitochondrial depolarization.

3.6. Increased mitCa2þ accumulation induced by Ab þ NMDA is
modulated by IP3R and MCU

Previous studies showed that Ab activates the IP3-generating
phospholipase C and triggers ER Ca2þ release via IP3R-sensitive
channels (Resende et al., 2008) and that ER-to-mitochondria Ca2þ

transfer is involved in neuronal dysfunction induced by Ab (Ferreiro
et al., 2008). To clarify the mechanism involved in enhancedmitCa2þ

retention that occurs in cells exposed to Abþ NMDA (Fig. 4Ciii), both
Ca2þi entry and the IP3R-mediated transfer of Ca2þ from the ER to
mitochondria were evaluated and compared with Ab treatment. For
this purpose, cortical cells were preincubated with Ru360, an MCU
inhibitor, or with XeC, an inhibitor of the IP3R (Fig. 6).

Our results demonstrate that inhibition of Ca2þ release through
the IP3R significantly attenuated the increase in Ca2þi levels (Fig. 6i)
and reduced mitochondrial depolarization (Fig. 6i) evoked by
simultaneous exposure to Ab þ NMDA (as shown in Fig. 4B and
4Ci and ii). Importantly, a reduction in mitochondria Ca2þ retention
was observed when the cells were pre-exposed to Ru360 and
treated with Ab þ NMDA (Fig. 6ii), suggesting that under this
experimental condition, MCU contributes for mitCa2þ retention. In
these cells, a significant decrease in Ca2þ uptake by mitochondria
(Fig. 6iii) and a rescue in mitochondrial membrane potential
(Fig. 6iv) were also observed when the release of Ca2þ through IP3R
was blocked. These data demonstrate that simultaneous exposure
to AbþNMDA causes the release of Ca2þ through IP3R and the entry
to mitochondria through the MCU.

4. Discussion

The present study uncovers a fundamental mechanism un-
derlying Ab-induced synaptic dysfunction, namely, the link be-
tween NMDARs activation and mitochondrial dysregulation,
particularly their capacity to handle Ca2þ in cultured cortical
neurons. By using in situ single-cell simultaneous measurement
of Ca2þi levels and DJm, we show that cells challenged simul-
taneously with Ab oligomericeenriched preparation, the main
synaptotoxic species involved in AD (Haass and Selkoe, 2007;
Klein, 2006) and to the NMDARs agonist NMDA exhibit
elevated Ca2þi levels, leading to mitCa2þ retention and depolari-
zation through a pathway that involves both ER IP3R and the
MCU. The data evidence the dynamics between NMDARs activity
and ER-mitochondria interplay in Ca2þ homeostasis and the
resulting mitochondrial (dys)function in response to an imme-
diate effect of Ab.

Sustained changes in Ca2þ homeostasis that occur during aging
were earlier described to be in the origin of the development of
neurodegenerative diseases (Gibson and Peterson, 1987), namely
AD. Importantly, NMDARs dysregulation evoked by Ab and the
consequent loss of Ca2þ homeostasis are thought to be related to
the early cognitive deficits observed in this disorder. Several
mechanisms have been suggested for Ab-mediated Ca2þi rise,
namely: (1) formation of Ab Ca2þ-permeable pores in the plasma
membrane (Arispe et al., 1993); (2) activation of pre-existing ion
channels, which include the NMDARs (De Felice et al., 2007;
Ferreira et al., 2012); and/or (3) induction of Ca2þ release from in-
ternal stores (Ferreiro et al., 2008; Resende et al., 2008; reviewed in
Supnet and Bezprozvanny, 2010). By either being a direct or indirect
target of Ab, NMDARs play a fundamental role in Ab toxicity
(reviewed in Malinow, 2012). Ab was reported to bind to or be in
close proximity to NMDARs, triggering neuronal damage through
NMDARs-dependent Ca2þ influx (Costa et al., 2012; De Felice et al.,
2007). Indeed, we demonstrated that, in rat hippocampal neurons,
blockade of extracellular domains of GluN1 or GluN2B, but not
GluN2A, subunits reduces the binding of Ab oligomers (Costa et al.,
2012). Conversely, Ab-induced activation of GluN2A-containing
NMDARs in non-neuronal cells, namely in Xenopus laevis oocytes
(Texidó et al., 2011) and HEK293cells (Domingues et al., 2007), was
previously reported. In the AD brain and human cortical neurons,
excitatory synapses containing the GluN2B subunit of the NMDARs
appear to be the main sites of oligomer accumulation (Deshpande
et al., 2009). Recently, we showed that Ab increased Ca2þi levels
through the activation of NMDARs containing GluN2B subunits,
shown to be present at the membrane surface in cortical neurons
(Ferreira et al., 2012), which may result in microtubule disassembly
and reduced neurite length (Mota et al., 2012). One possible
destination for Ca2þ that enters through the NMDARs are the Ca2þ

internal stores, namely, the mitochondria and the ER. Recently, we
showed that Ab triggers ER stress by an NMDARs-dependent
mechanism, leading to neuronal dysfunction (Costa et al., 2012).



Fig. 4. Single-cell analysis of free cytosolic Ca2þ ðCa2þi Þ and mitochondrial membrane potential (DJm) on N-methyl-D-aspartate (NMDA), amyloid-beta (Ab), Ab þ NMDA stimulation
or NMDA in cells pre-exposed to Ab. Cortical cells were stimulated with 100 mM NMDA, 0.5 mM Ab, Ab þ NMDA, or NMDA in cells pre-exposed for 2 hours to Ab. (A) Basal levels of
Fura-2 or rhodamine 123 (Rh123) fluorescence after 2 hours of exposure to Ab. (B) Representative F340/F380 or Rh123 fluorescence (arbitrary unit) traces from individual cells.

I.L. Ferreira et al. / Neurobiology of Aging 36 (2015) 680e692 687



Fig. 5. Role of GluN2B subunits on single-cell analysis of Ca2þi and mitochondrial membrane potential (DJm). GluN2B�/� versus GluN2Bþ/þ mouse cortical neurons were stimulated
with 100 mM N-methyl-D-aspartate (NMDA), 0.5 mM amyloid-beta (Ab), or Ab þ NMDA. (A) Representative F340/F380 or rhodamine 123 (Rh123) fluorescence (arbitrary unit) traces
from individual cells. (B) Peak amplitude of Fura-2 or Rh123 fluorescence after NMDA, Ab, or Ab þ NMDA stimulation before or after FCCP (2 mM) stimulation. Data are the mean �
standard error of the mean of 3e4 independent experiments, comprising a total of 69e358 cells per experimental group. Statistical analysis: ***p < 0.001 when GluN2B�/� cells
are compared with GluN2Bþ/þ cells; ##p < 0.01 and ###p < 0.001 compared with control conditions; &p < 0.05, &&p < 0.01, and &&&p < 0.001 compared with NMDA alone; and
$$$p < 0.001 compared with Ab alone (two-way analysis of variance with Bonferroni multiple comparison test). M, MK-801; F, FCCP; and O, oligomycin.
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The present results demonstrate that Ab preparation enriched in
oligomeric forms induces Ca2þi rise and immediate mitochondrial
depolarization, similarly to the selective activation of NMDARs with
NMDA and that part of Ca2þi is further accumulated within mito-
chondria. Our experiments were performed in the presence of
glycine, which favors the activation of extrasynaptic GluN2B-
containing NMDARs. These observations are in accordance with
the findings in the CA1 region of the hippocampus demonstrating
(C) Peak amplitude of Fura-2 or Rh123 fluorescence after NMDA, Ab, Ab þ NMDA stimul
stimulation. Data are the mean � standard error of the mean of 10e15 independent experim
*p < 0.05, ***p < 0.001 significantly different compared with the control (A, by Student t test
Ab (one-way analysis of variance with Bonferroni multiple comparison test). M, MK-801; F

=

that synaptic and extrasynaptic NMDARs are gated by different
endogenous co-agonists, respectively, D-serine and glycine (Papouin
et al., 2012).We confirmed that Ca2þi changeswere largelymediated
by GluN2B subunits because both Ca2þi and mitCa2þ accumulation
were prevented by ifenprodil, a selective inhibitor of GluN2B-
containing NMDARs. This inhibition of Ca2þ entry through
NMDARs did not affect DJm as determined immediately after the
NMDA or Ab stimuli and slightly induced mitochondrial Rh123
ation or NMDA in cells pre-exposed for 2 hours to Ab, before or after FCCP (2 mM)
ents, comprising a total of 591e676 cells per experimental group. Statistical analysis:

) or NMDA exposure (C); ##p < 0.01, ###p < 0.001 significantly different compared with
, FCCP; and O, oligomycin.



Fig. 6. Modulation by inositol-1,4,5-triphosphate receptor (IP3R) and mitochondrial Ca2þ uniporter of Ca2þi and mitochondrial membrane potential (DJm) after exposure to
amyloid-beta (Ab) or Ab þ N-methyl-D-aspartate (NMDA). Cortical cells were stimulated with 0.5 mM Ab or Ab þ NMDA in the absence or presence of Ru360 (mitCa2þ uniporter
inhibitor, 10 mM) or xestospongin C (XeC) (IP3R inhibitor, 1 mM). The results are expressed as the percentage of the respective control (Ab or Ab þ NMDA), in the absence of the
inhibitors; data are the mean � standard error of the mean of 3e5 independent experiments, comprising a total of 115e366 cells per experimental group. Statistical analysis: ***p <

0.001 significantly different compared with the respective control (one-way analysis of variance with Bonferroni multiple comparison test).
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retention (as shown in NMDA-treated cells), suggesting that the
observed decrease in NMDARs-coupled Ca2þ entry is not sufficient
for largely modifying the DJm in cultured neurons. However, the
close relationship between mitochondrial function and NMDARs
activation is evident in rotenone-treated cells. Thus, ourdata suggest
that Ab-induced Ca2þi dyshomeostasis is, at least in part, because of
excessive activation of NMDARs composed by GluN2B subunits.

Excitotoxicity is normally precluded by astrocytic glutamate
transporters, an event that is counteracted by Ab because of the
downregulation of the astrocytic glutamate uptake capacity (Matos
et al., 2008). Concomitantly with AD progression, an imbalance in
glutamatergic neurotransmission, because of the increase in
glutamate levels at the synaptic cleft, may occur along with extra-
cellular Ab oligomer accumulation, which may potentially exacer-
bate NMDARs activation and promote Ca2þi dyshomeostasis. Our
previous work demonstrated that simultaneous addition of Ab þ
NMDA leads to a large increase in Ca2þi levels compared with the
effect of NMDA or Ab alone and that this effect is prevented by
GluN2B-containing NMDARs (Ferreira et al., 2012). The present
study further demonstrates that enhanced mitCa2þ evoked by Ab þ
NMDA is partially precluded in GluN2B�/� cortical neurons, impli-
cating this NMDAR subunit in facilitating mitCa2þ accumulation
and the consequent mitochondrial depolarization. Moreover, sus-
tained incubation (for 2 hours) with Ab induced a slight but sig-
nificant decrease in Ca2þi levels evoked by further stimulation with
NMDA, along with a significant increase in mitochondrial depo-
larization, compared with that occurring in response to NMDA
alone. Although NMDA stimulation in cells subjected to Ab pre-
exposure induced similar levels of mitCa2þ retention, resembling
those obtained with NMDA alone, mitochondria were largely
depolarized, which may be accounted for by the prolonged pre-
exposure to Ab. This indicates that mitochondrial depolarization
occurred during Ab exposure (before incubation with NMDA),
impairing Ca2þi increase, which appears to be in accordance with
the effect of rotenone on NMDARs modulation. Exposure for 2
hours with high concentration of Ab1e42 oligomers (5 mM) was
previously shown to cause mitochondrial depolarization and
oxidative stress, dependent on the activation of NMDA and AMPA
receptors (Alberdi et al., 2010).

Interestingly, in the presentwork,we show that Ab andNMDAco-
stimulation elevate Ca2þi levels and that this increase in Ca2þ is
associated with enhanced mitCa2þ retention and mitochondrial de-
polarization. In accordance with our data, inhibiting mitCa2þ clear-
ance accelerated mitochondrial depolarization (Stanika et al., 2012).
Indeed, mitCa2þ overload, along with mitochondrial depolarization
(DJm dissipation), is strongly linked to mitochondrial dysfunction
(e.g., Nicholls, 2009), reinforcingmitochondria as a target of Ab in AD
pathology (for review, Pagani and Eckert, 2011). Intraneuronal Ab
accumulation occurs early in the neuropathologic phenotype of AD,
before neurofibrillary tangle formation and plaque deposition
(Gouras et al., 2000). Intracellular Abwas suggested to occur because
of internalization of extracellular Ab after the interaction of prese-
creted Ab with membrane transporters and receptors, including a-7
nicotinic acetylcholine receptors, advanced glycation end products
receptors, and NMDARs (reviewed by Caldeira et al., 2013). Ab
uptake was completely blocked by NMDAR antagonists, evidencing
an involvement of this receptor in the re-uptake of the peptide
(Bi et al., 2002). Moreover, it was previously demonstrated that Ab is



Fig. 7. Proposed molecular pathways for amyloid-beta (Ab) or Ab þ N-methyl-D-aspartate (NMDA) modulation of Ca2þi and mitochondrial membrane potential (DJm). Ab induces an
increase in Ca2þi and an immediate mitochondrial depolarization in cortical neurons, mediated by GluN2B-containing NMDA receptor (NMDAR) activation. Ca2þ entry through
NMDAR is taken up by the endoplasmic reticulum (Costa et al., 2012), which may be released by the inositol-1,4,5-triphosphate receptor (IP3R) (Resende et al., 2008). After exposure
to Ab þ NMDA, Ca2þi increase is potentiated, inducing mitochondrial depolarization and enhanced mitochondrial Ca2þ retention through a pathway that involves the release of Ca2þ

through IP3R and the entry to the mitochondria by the mitCa2þ uniporter. (For interpretation of the references to color in this figure, the reader is referred to the web version of this
article.)
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transported into mitochondria via the translocase of the outer
membrane machinery and is located in mitochondria cristae
(Hansson Petersen et al., 2008). Ab interferes with oxidative phos-
phorylation and ROS production within mitochondria and causes
decreased DJm, complex IV (cytochrome c oxidase) activity, and ATP
production (Hauptmann et al., 2009). By using isolated rat brain
mitochondria treated with Ab, both mitochondrial transmembrane
potential and the mitochondrial capacity to accumulate Ca2þ were
shown to be decreased and to cause complete uncoupling of respi-
ration (Moreira et al., 2001). More recently, hippocampal and cortical
mitochondria of cognitive impaired AD transgenic mice showed high
levels of dysfunction, whereas striatal and amygdala mitochondria
were less affected (Dragicevic et al., 2010), reinforcing increased
mitochondrial dysfunction in selective brain areas mostly affected in
AD. In addition, transcription regulators related with mitochondrial
biogenesis and antioxidant defenses are altered in different AD
models (reviewed by Caldeira et al., 2013), implicatingmitochondrial
dysfunction in AD.

In our model, rotenone-induced high mitochondrial depolari-
zation reduced Ca2þi increase promoted by Ab or NMDA, implicating
the fundamental role of functional mitochondria in the activity of
ionotropic glutamate receptors. This occurred concomitantly with
mitochondrial ATP hydrolysis (as evidenced by oligomycin-evoked
depolarization in rotenone-treated cells); notably, no significant
changes in total ATP/adenosine diphosphate levels were observed
in cells exposed to Ab, NMDA, or Ab þ NMDA for w20 minutes,
using the same protocol of single-cell analysis up to oligomycin
addition (data not shown). Additionally, in cells incubated with
rotenone and then exposed to NMDA, the decrease in Ca2þi levels
was accompanied by a decrease in mitCa2þ retention. In the pre-
vious studies, blockade of mitCa2þ sequestration induced by oli-
gomycin plus rotenone in cortical brain slices caused a reduction in
Ca2þ influx through the NMDAR channel after glutamate treatment
(Kannurpatti et al., 2000). Although this may be hypothesized for
NMDA-exposed cells, an alternative rationale should be made for
Ab. In fact, although pre-exposure to rotenone inhibited Ab-
induced Ca2þi increase, mitochondria were still able to accumulate
Ca2þ. Thus, oligomeric Ab may not only interact with NMDARs but
also interfere with mitochondria function/activity, as described
previously.
Mitochondria and the ER directly communicate to maintain
normal cellular homeostasis. Recently, itwas shown that presenilin-1
and -2, components of the g-secretase complex, are enriched in the
MAMs (Area-Gomez et al., 2009) and that mutations in presenilin-1
and -2 upregulate MAM function and increase ER-mitochondria
connectivity (Area-Gomez et al., 2012). We have previously shown
in cortical neurons that Ab1e40, in a fibrillar state, induces the release
of ERCa2þ through IP3RandRyRchannels (Ferreiroet al., 2004),which
is implicated in mitochondrial depolarization, release of cytochrome
c, translocation of Bax to mitochondria, and apoptosis (Ferreiro et al.,
2006, 2008). Our results largely suggest that the potentiation of
mitCa2þ retention thatoccurs incells exposedtoAbþNMDAis related
to ER-mitochondria crosstalk. Indeed, by inhibiting IP3Rwith XeC,we
showdecreasedmitCa2þ retention incells exposed toAbþNMDA ina
process involving theMCU. Interestingly, along with the inhibition of
ER Ca2þ transfer, XeC also prevented mitochondrial depolarization
occurring in response to Ab þ NMDA stimulation. Nevertheless, we
cannot exclude that XeC can somehow affect NMDARs function. In
fact, in cells pre-exposed to XeC and treated with Ab þ NMDA, we
observed a decrease in Ca2þ entry to the cytosol, further preventing
mitochondrial depolarization. Also, we cannot exclude the possible
interactions of Abwith metabotropic receptors leading to IP3 forma-
tion and ER Ca2þ release; however, studies linking the activation of
metabotropic receptorswith ER stress in neuronal cells exposed to Ab
oligomers are presently missing.

Altogether, these data demonstrate that Ab induces an imme-
diate increase in Ca2þi and mitochondrial depolarization, partially
mediated through GluN2B-containing NMDARs, highlighting the
role of NMDARs in Ca2þ dyshomeostasis in AD. This study further
evidences the intricate role of mitochondria in retaining Ca2þ in Ab-
treated cells. Moreover, when extracellular accumulation of Ab
occurs concomitantly with a direct activation of GluN2B-containing
NMDARs by glutamate in the synaptic cleft, mitCa2þ retention is
exacerbated involving ER Ca2þ release through the IP3R and the
MCU (Fig. 7). These data deepen the understanding of the mecha-
nisms underlying Ab-induced neuronal and synapse dysfunction
involving NMDARs overactivation and ER-mitochondria crosstalk;
this may be exacerbated during aging and further contribute for AD
neurodegeneration, emphasizing mitochondria and GluN2B sub-
units as therapeutic targets in early stages of AD pathogenesis.
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