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Ischemic preconditioning (IPC), an important endogenous adaptive mechanism of the CNS, renders the brain more tolerant to
lethal cerebral ischemia. The molecular mechanisms responsible for the induction and maintenance of ischemic tolerance in the
brain are complex and still remain undefined. Considering the increased expression of the two sodium calcium exchanger (NCX)
isoforms, NCX1 and NCX3, during cerebral ischemia and the relevance of nitric oxide (NO) in IPC modulation, we investigated
whether the activation of the NO/PI3K/Akt pathway induced by IPC could regulate calcium homeostasis through changes in NCX1
and NCX3 expression and activity, thus contributing to ischemic tolerance. To this aim, we set up an in vitro model of IPC by
exposing cortical neurons to a 30-min oxygen and glucose deprivation (OGD) followed by 3-h OGD plus reoxygenation. IPC was
able to stimulate NCX activity, as revealed by Fura-2AM single-cell microfluorimetry. This effect was mediated by the NO/PI3K/
Akt pathway since it was blocked by the following: (a) the NOS inhibitors L-NAME and 7-Nitroindazole, (b) the IP3K/Akt inhibitors
LY294002, wortmannin and the Akt-negative dominant, (c) the NCX1 and NCX3 siRNA. Intriguingly, this IPC-mediated upregulation
of NCX1 and NCX3 activity may control calcium level within endoplasimc reticulum (ER) and mitochondria, respectively. In fact,
IPC-induced NCX1 upregulation produced an increase in ER calcium refilling since this increase was prevented by siNCX1.
Moreover, by increasing NCX3 activity, IPC reduced mitochondrial calcium concentration. Accordingly, the inhibition of NCX by
CGP37157 reverted this effect, thus suggesting that IPC-induced NCX3-increased activity may improve mitochondrial function
during OGD/reoxygenation. Collectively, these results indicate that IPC-induced neuroprotectionmay occur through themodulation
of calcium homeostasis in ER and mitochondria through NO/PI3K/Akt-mediated NCX1 and NCX3 upregulation.
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Ischemic preconditioning (IPC), an important endogenous
adaptive mechanism of the brain, increases neuronal toler-
ance to lethal cerebral ischemia. The molecular mechanisms
responsible for inducing and maintaining ischemic tolerance
in the brain are complex and are not yet fully understood.
Among the three isoforms of the Naþ /Ca2þ exchanger,
NCX1 and NCX3 represent two new possible molecular
effectors involved in the neuroprotective mechanisms of
IPC.1–3 Indeed, the increased expression of these two plasma
membrane proteins, which have a fundamental role in
regulating and maintaining cellular calcium and sodium
homeostasis in the brain4,5 during IPC, has been associated
with a decrease in the infarct volume following a more severe
ischemic insult.1 However, the molecular mechanisms by
which NCX1 and NCX3 upregulation lead to IPC-induced
brain tolerance still remain unexplored.
In vitro experiments performed in cortical neurons exposed

to oxygen and glucose deprivation (OGD) and subsequent
reoxygenation have demonstrated that changes in NCX

isoform expression during OGD are accompanied by
increases in both NCX1 activity and endoplasimc reticulum
(ER) Ca2þ refilling.6 Considering the increased expression of
the two sodium calcium exchanger (NCX) isoforms, NCX1
and NCX3, during cerebral ischemia and the relevance of
nitric oxide (NO) in IPC modulation,7,8 we investigated
whether the activation of the NO/PI3K/Akt pathway induced
by IPC could regulate calcium homeostasis through changes
in NCX1 and NCX3 expression and activity, thus contributing
to ischemic tolerance.

More recently, we have reported that among the three NCX
isoforms, only NCX3 is expressed on the outer mitochondrial
membrane, where it works mainly by extruding calcium from
the matrix.9 In this regard, an even more compelling result is
that NCX3 gene ablation induces not only the disappearance
of the protein from the OMM but also the accumulation of
mitochondrial calcium in cortical neurons. Interestingly, NCX3
expression decreases in cortical neurons during OGD, a
finding that correlates with an increase in [Ca2þ ]m.9
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Furthermore, preserving mitochondrial function is relevant
for preconditioning-induced neuroprotection. In fact, precon-
ditioning positively affects the integrity of mitochondrial
oxidative phosphorylation after cerebral ischemia,10 prevents
mitochondrial swelling, protects mitochondrial energy meta-
bolism during cerebral ischemia by avoiding ATP consump-
tion11 and increases Mn-SOD expression and activity through
the NO/Ras/ERK1-2 pathway.8

Although mitochondria are considered to be important
mediators of endogenous neuroprotection, the mechanisms
by which they might integrate cytoprotective signaling of
preconditioning still remain to be fully elucidated. Thus, we
investigated the role played by NCX1 and NCX3 in regulating
ER and mitochondrial calcium homeostasis as a novel
mechanism responsible for IPC-induced neuroprotection.

For this aim, cortical neurons were exposed to 30 min of
OGD followed by 3-h OGD plus reoxygenation. The expres-
sion and activity of NCX1 and NCX3 were observed by means
of western blot analysis, confocal microscopy and single cell
microfluorimetry. The results showed that IPC-induced
neuroprotection occurs through the modulation of calcium
homeostasis in ER and mitochondria through NO/Akt-
mediated NCX1 and NCX3 upregulation.

Results

IPC induces upregulation of NCX1 and NCX3 expression
and reverses OGD-induced downregulation. Exposing
cortical neurons to 30 min of OGD, a condition that is
comparable to a sublethal ischemic insult commonly defined
as IPC, increased NCX1 and NCX3 protein expression 48 h
later. When cortical neurons were exposed to IPC followed
by OGD/reoxygenation, the significant increase in NCX1 and
NCX3 expression was still present (Figures 1a and b).
To understand whether IPC might affect NCX expression at

the transcriptional level, NCX1 and NCX3 mRNA were
detected using RT-PCR 48 h after IPC. The results showed
that after IPC, NCX1 mRNA increased, whereas NCX3
mRNA remained unchanged (Figures 1c and d).

NO mediates IPC-induced upregulation of NCX1 and
NCX3 expression. As NCX1 and NCX3 constitute novel
additional targets for the prosurvival action of the Akt/Protein
Kinase B pathway,12 and as IPC induces NO production
and Akt activation,13 the involvement of the NO/Akt
pathway in the regulation of NCX expression was explored
in cortical neurons during IPC. Interestingly, IPC caused
an increase in the phosphorylated form of Akt, which
was abolished after the treatment with nNOS inhibitors
L-NAME14 and 7-Nitroindazole (7NI)15 (Figure 1e,
Supplementary Figure S1C).

To demonstrate that NO-induced Akt activation was
responsible for the increased expression of NCX1 and
NCX3 during IPC, further experiments were performed in
cortical neurons first treated with L-NAME (500 mM) and 7NI
(500 mM) to inhibit nNOS, or with LY294002 (25 mM),
wortmannin (WMN, 1 mM) and Akt-negative dominant (Akt
D-) to inhibit the PI3K/Akt pathway,12 and then exposed to
IPC. As reported in Figure 2 and Supplementary Figure S1,
the inhibition of nNOS prevents IPC-induced NCX1 and NCX3
expression, whereas L-NAME prevented only IPC-induced
NCX3 overexpression (Figures 2a and b, Supplementary
Figures S1A and B). Similarly, the block of the PI3/Akt
pathway also counteracted the effects of IPC on NCX1 and
NCX3 expression (Figures 2a and b; Supplementary Figures
S1A and B). This finding was supported by the transfection of
the neurons with the Akt-negative dominant (Supplementary
Figure S1D). Conversely, LY294002, but not L-NAME, also
counteracted the effects of IPC on NCX1 and NCX3 mRNA
expression (Figures 2c and d).

Figure 1 NCX1 e NCX3 and Akt expression after IPC in cortical neurons exposed to OGD/reoxygenation. Cortical neurons (12 DIV) were exposed to IPC (30-min OGD)
followed by 48 h of normoxia and to 3 h of OGD followed by 24 h of reoxygenation. Protein and transcript expression were evaluated by western blotting and RT-PCR,
respectively, at the end of reoxygenation. (a and b) NCX1 and NCX3 expression. *Po0.05 versus CTL and OGD/REOXY. (c and d) NCX1 and NCX3 transcripts. *Po0.05
versus CTL. (e) Akt activation in the presence of L-NAME. *Po0.05 versus CTL and IPCþ L-NAME
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NO-dependent NCX1 activation induced by IPC is
responsible for ER calcium refilling in cortical neurons.
To assess NCX activity during ischemic tolerance, parallel
studies were carried out by using single cell Fura-2 AM
microfluorimetry. IPC increased NCX activity in the reverse
mode of operation 30 min after the sublethal insult, an effect

that persisted for 48 h (Figure 3a). Conversely, NCX reverse
mode of operation was impaired in cortical neurons exposed
to OGD/reoxygenation but returned to the basal level
in preconditioned neurons exposed to OGD/reoxy-
genation (Figure 3a). Interestingly, the reverse activity of
NCX occurring in preconditioned neurons did not affect

Figure 2 NO and Akt involvement in the regulation of NCX1 and NCX3 expression during IPC. Cortical neurons (12 DIV) were exposed to IPC (30 min OGD) with and
without L-NAME and LY294002. Protein and transcript expression were evaluated by western blotting and RT-PCR, respectively, 48 h after the IPC. (a and b) IPC-induced
NCX1 and NCX3 expression in the presence of L-NAME and LY294002, respectively. (c and d) IPC-induced NCX1 and NCX3 transcript expression in the presence of
L-NAME and LY294002, respectively. *Po0.05 versus CTL; **Po0.05 versus IPC

Figure 3 NCX activity and [Ca2þ ]i in cortical neurons exposed to IPC and IPC followed by OGD/reoxygenation. Cortical neurons (12 DIV) were exposed to IPC (30-min
OGD) followed by 48 h of normoxia, to OGD/reoxygenation (OGD/Reoxy), or to IPC followed by OGD/Reoxy (IPC/OGD/Reoxy). Calcium measurements were performed at the
end of treatments by Fura2-AM. (a) Quantification of the effect of the aforementioned conditions on [Ca2þ ]i increase induced by the Naþ -free. The percentage of [Ca2þ ]i
increase after Naþ -free perfusion was calculated as the percentage change of plateau/basal value. (b) Cytosolic calcium measurements [Ca2þ ]i. (c) ER calcium
concentration measured as [Ca2þ ]i increase after rapid perfusion of ATP (100mM) plus thapsigargin (Tg, 1 mM). Each bar represents the mean (±S.E.M.) of the values
obtained from three independent experimental sessions. *Po0.05 versus CTL; **Po0.05 versus IPC, IPCþOGDþREOXY, and CTL
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cytosolic calcium concentration ([Ca2þ ]i; Figure 3b),
whereas it significantly increased ER calcium concentration
(Figure 3c). Indeed, when cortical neurons were exposed to
30 min of IPC and then challenged with a solution containing
ATPþTg to induce a massive calcium release from
intracellular IP3-sensitive calcium stores,16 the ER calcium
concentration was higher in cortical neurons exposed to IPC
than in neurons exposed to OGD/reoxygenation (Figure 3c)
or sham treatment.

The increased activity of NCX during IPC was strictly
related to NCX1 and NCX3, as it was almost completely
prevented when cells were treated with siRNA against NCX1
and NCX3, respectively (Figure 4a). However, only siNCX1
was able to prevent ER Ca2þ refilling during IPC (Figure 4b).
In fact, in neurons exposed to IPC, ATPþTg-induced [Ca2þ ]i
rise was lowered by siNCX1 but not by siNCX3 treatment
(data not shown). Interestingly, the same effect was observed
after neurons were pretreated with L-NAME, thus suggesting
that NCX1 activation during IPC stimulates ER calcium
refilling in an NO-dependent manner.

IPC-induced NCX3 upregulation promotes mitochondrial
calcium extrusion and improves mitochondrial activity.
When neurons were exposed to IPC or to IPC followed by
OGD/reoxygenation, [Ca2þ ]m was reduced. This effect was
prevented after siRNA-NCX3 treatment (Figure 5a). These
results, obtained by X-Rhod1 measurements with confocal
microscopy, were further confirmed by single cell micro-
fluorimetry. In fact, the knocking down of NCX3 in neurons
counteracted the reduction of FCCP-induced [Ca2þ ]i
increase occurring during IPC and IPC followed by
OGD/reoxygenation. Furthermore, the treatment of neurons
with CGP37157, a selective blocker of mitochondrial NCX,17

increased mitochondrial calcium concentrations (Figure 5b).

Interestingly, when neurons were treated with siRNA against
NCX1 (Figure 5c) no changes were observed.

To understand whether the reduction in mitochondrial
calcium concentrations were responsible for IPC-induced
neuroprotection, mitochondrial oxidative capacity was
assessed in cortical neurons pretreated with CGP37157
and, subsequently, exposed to IPC. As reported in
Figure 6a, mitochondrial redox activity worsened in neurons
either pretreated with CGP37157 or exposed to IPC but was
unaffected by IPC in the absence of CGP37157. Moreover,
the significant improvement in mitochondrial activity observed
in preconditioned neurons exposed to OGD/reoxygenation
was abolished when cells were treated with CGP37157
(Figure 6a). To rule out the possibility that the effect of
CGP37157 was related to a modification of the mitochondrial
membrane potential, it was measured by using TMRE
fluorescent probe in CGP-treated neurons exposed to IPC
and IPC followed by OGD/rexoygenation. The results showed
that CGP37157 did not affect mitochondrial membrane
potential (Figure 6b).

To further support the hypothesis that NCX1 and NCX3
were responsible for IPC-induced neuroprotection, neuronal
viability was evaluated after the silencing of the two
Naþ /Ca2þ exchanger isoforms during IPC. siRNA against
NCX1 and NCX3 prevented the neuroprotective effect of
IPC in cortical neurons exposed to a subsequent OGD/
reoxygenation (Figure 6c).

Discussion

The results of the present study clearly demonstrated that in
cortical neurons the neuroprotection elicited by precondition-
ing through the pathway NO/PI3K/Akt on NCX1-NCX3
activation promotes ER refilling and mitochondrial calcium

Figure 4 IPC-induced NCX activity and ER refilling in cortical neurons treated with siNCX1, siNCX3 and L-NAME. (a) Top superimposed single-cell
traces representative of the effect of Naþ -free on [Ca2þ ]i in normoxic neurons, IPC neurons (30-min OGD) and IPC neurons (30-min OGD) previously treated with
siNCX1, siNCX3 and L-NAME. Bottom quantification of the effect of the aforementioned conditions on [Ca2þ ]i increase induced by the Naþ -free. (b) Top superimposed
single-cell traces representative of the effect of ATP þ Tg on [Ca2þ ]i in normoxic neurons, IPC neurons (30-min OGD) and IPC neurons (30-min OGD) previously treated
with siNCX1, and L-NAME. Each bar represents the mean (±S.E.M.) of the values obtained from three independent experimental sessions. *Po0.05 versus CTL;
**Po0.05 versus IPC
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extrusion, thus preventing intracellular calcium dysregulation
induced by OGD. Interestingly, it was demonstrated that upon
the preconditioning stimulus NO is the messenger that
triggers the activation of the PI3K/Akt pathway that in turn
determines the increased expression and activity of the two
isoforms, NCX1 and NCX3, of the exchanger. In particular,
IPC through NO production was able to stimulate NCX activity
in the reverse mode of operation. The specificity of this effect
was demonstrated by its reversal obtained with siRNA against
NCX1 and NCX3 and through the inhibition of NO production
with L-NAME and 7NI. In the early phase of the IPC the
increased activity of NCX1 in the calcium-entering mode of
operation (reverse mode) favours an increased refilling of
Ca2þ into the ER. This effect was exclusively due to
NO-dependent NCX1 activation, since it was counteracted
by siNCX1 and L-NAME treatments. This finding is in
accordance with data recently published by Secondo
et al.,18 showing that an increase in NCX1 activity is promoted
by NO. Moreover, NCX1-increased activity promotes ER

Ca2þ refilling, thereby avoiding ER stress in neurons exposed
to OGD.6

Contrariwise, NO produced a raise in NCX3 expression
through Akt activation in the late phase of IPC (48 h). This
increased expression of NCX3 does not affect cytosolic
calcium concentration but is associated to a reduction of
mitochondrial calcium content that was prevented by siNCX3
and CGP37157, the selective inhibitor of mitochondrial NCX.
We recently demonstrated that NCX3, besides being localized
on the neuronal plasmamembrane, is also expressed on the
outer mitochondrial membrane, where it contributes to the
extrusion of calcium from the mitochondria under physiologi-
cal and pathological conditions such as hypoxia.9 Therefore, it
is possible to hypothesize that the increased expression in
NCX3, within 48 h of IPC, might exert neuroprotective effects
reducing mitochondrial calcium concentration, thus improving
mitochondrial oxidative capacity.

It is well known that mitochondria, in addition to generating
cellular energy, have an important role in regulating

Figure 5 [Ca2þ ]m in cortical neurons exposed to IPC and IPC followed by OGD/reoxygenation. (a) [Ca2þ ]m evaluated in neurons (12 DIV) exposed to IPC (30-min OGD)
followed by 48 h of normoxia and to 3 h of OGD plus 24 h of reoxygenation in the presence and absence of siNCX3. (b) [Ca2þ ]m measured in neurons (12 DIV) exposed to IPC
followed by 48 h of normoxia the presence of CGP37157. (c) [Ca2þ ]m measured in neurons (12 DIV) exposed to IPC followed by 48 h of normoxia after siRNA treatment
against NCX1. [Ca2þ ]m was measured at the end of the normoxia with confocal microscopy, with the fluorescent probe X-Rhod1, and with single cell microfluorimetry, with
Fura-2AM after FCCP treatment. *Po0.05 versus CTL; **Po0.05 versus OGD/Reoxy; #Po0.05 versus its respective untreated CTL
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cellular calcium homeostasis19–22 in concert with the
sarco-endoplasmic reticulum Ca2þ -ATPase, the plasma
membrane Ca2þ -ATPase and the Naþ /Ca2þ exchanger.23

On the other hand, maintaining mitochondrial calcium
homeostasis is crucial for mitochondrial function. For
instance, under conditions of high cellular demand,
Ca2þ -sensitive dehydrogenases can regulate oxidative
phosphorylation and ATP synthesis.24 Therefore, the
increased expression of NCX3 observed in the late phase of
IPC could be related to an improvement of the exchanger
activity on mitochondria during IPC, which promotes the
extrusion of calcium from the organelle. This effect renders
mitochondria more resistant to the subsequent lethal
OGD/reoxygenation insult. Finally, evidence that siNCX3
and CGP37157 treatments counteracted the neuroprotective
effect exerted by IPC on mitochondrial oxidative capacity and
cell survival further supports this hypothesis. Considering the
tight correlation between mitochondrial calcium content,
oxidative metabolism and neuronal survival, our present
results add a new insight into the molecular mechanisms
involved in IPC-induced neuroprotection. Indeed, the
IPC-induced upregulation of NCX3 by helping mitochondria
to preserve their energetic capacity makes them less

vulnerable to the subsequent lethal insult. On the other
hand, the NO-induced upregulation of NCX1 occurring in the
early phase of IPC prevents ER stress, thus further
contributing to IPC-induced neuronal survival. This is the
first evidence showing that neuroprotection induced by IPC
depends on the regulation of ER and mitochondria calcium
homeostasis.

Evidence that the upregulation of NCX1 and NCX3
expression in neurons exposed to IPC depends on PI3K/Akt
activation is in accordance with in vivo studies.1 Indeed, when
rats subjected to middle cerebral artery occlusion (MCAO)
were intracerebroventricularly (ICV) treated with the PI3K
inhibitor LY294002,12 the expression of NCX1 and NCX3 was
downregulated. Interestingly, the novel aspect of the present
study was that IPC through the mediation of NO, PI3K/Akt and
NCX1 and NCX3 interferes with ER refilling and mitochondrial
calcium handling. Indeed, L-NAME and 7NI, two well-known
inhibitors of NO synthesis,14,15 completely counteracted Akt
activation during IPC. Moreover, L-NAME and 7NI treatments
also inhibited the increase in the expression of NCX3 and in
the activity of NCX1, thus suggesting that the NO/PI3K/Akt
pathway activated by IPC may regulate NCX1 and NCX3
protein expression and activity.

Figure 6 Mitochondrial activity and neuronal viability in cortical neurons exposed to IPC followed by OGD/reoxygenation. (a) Mitochondrial function measured by MTT in
cortical neurons exposed to IPC and IPC followed by OGD/reoxygenation in the presence of CGP37157. *Po0.05 versus CTL and IPC; #Po0.05 versus IPC and
IPCþOGD/Reoxy. (b) Mitochondrial membrane potential measured by confocal microscopy in cortical neurons exposed to IPC and IPC followed by OGD/reoxygenation
in the presence of CGP3715. *Po0.05 versus CTL and IPC; **Po0.05 versus its respective OGD/Reoxy. (c) Cell viability measured by PI and FDA in cortical neurons
exposed to IPC and IPC followed by OGD/reoxygenation in the presence of siNCX1 and siNCX3. *Po0.05 versus CTL; **Po0.05 versus OGD/Reoxy; #Po0.05 versus its
respective CTL
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Collectively, we demonstrated for the first time that NCX1
and NCX3 have a key role in IPC-induced neuroprotection
owing to their ability to control ER and mitochondrial calcium
homeostasis through the activation of the NO/PI3K/Akt
pathway.

Materials and Methods
Primary cortical neuron preparation

Post-natal neurons: Mixed cultures of cortical neurons from Wistar rat pups,
2–4 days old, were prepared by modifying a previously described method.25 The
tissue was minced, trypsinized (0.1% for 15 min at 37 1C), triturated and plated on
poly-D-lysine-coated coverslips. Finally, it was cultured in Neurobasal medium
(Invitrogen, Life Technologies, Milan, Italy) supplemented with B-27 (Invitrogen)
and 2 mM L-glutamine. Cells were plated at 1.8� 106 on 25-mm glass coverslips
pre-coated with poly-D-lysine (10 mg/ml). Cultures were kept at 37 1C in a
humidified atmosphere of 5% CO2 and 95% air and fed once a week, for a
minimum of 10 days before use.

Embryonic neurons: Cortical pure neurons were prepared from brains of
16-day-old Wistar rat embryos.26 Briefly, the rats were first anesthetized and then
decapitated to minimize the animals’ pain and distress. Dissection and dissociation
were performed in Ca2þ /Mg2þ -free phosphate-buffered saline (PBS) containing
glucose (30 mM). Tissues were incubated with papain for 10 min at 37 1C and
dissociated by trituration in EBSS containing DNAse, bovine serum albumine
(BSA) and ovomucoid. Cells were plated at 0.8–1� 106 in 12 plastic multiwells
pre-coated with poly-D-lysine (20 mg/ml) in MEM/F12 (Life Technologies) –
containing glucose, 5% deactivated fetal calf serum (FCS) and 5% Horse Serum
(HS, Life Technologies), glutamine and antibiotics – or at 15� 106 in 100-mm
plastic Petri dishes Ara-C (10 mM) was added within 48 h of plating to prevent
non-neuronal cell growth. Neurons were cultured at 37 1C in a humidified 5% CO2

atmosphere and used after 12 days of culture.
All the experiments on primary cortical neurons were performed according to the

procedures described in experimental protocols approved by the Ethical Committee
of the ‘Federico II’ University of Naples.

Combined OGD. Preconditioning insult was reproduced in vitro by exposing
cells to 30 min of OGD, performed in a medium previously saturated with 95% N2

and 5% CO2 for 20 min and containing NaCl 116 mM, KCl 5.4 mM, MgSO4

0.8 mM, NaHCO3 26.2 mM, NaH2PO4 1 mM, CaCl2 1.8 mM, glycine 0.01 mM and
0.001 w/v phenol red.8 Hypoxic conditions were maintained using a hypoxia
chamber (temperature 37 1C, atmosphere 5% CO2 and 95% N2). At the end of
incubation, the medium was replaced with another one containing normal levels of
O2 and glucose. Hence, the cells were kept for 24 h under normoxic conditions.
After 24 h, they were exposed to 3 h of OGD, as previously described. To interrupt
OGD, they were then removed from the hypoxic medium and placed into the
normal culture medium, previously saturated with a mixture of 95% O2 and 5%
CO2 for 10 min. Thus, reoxygenation was achieved by returning neurons to
normoxic conditions (5% CO2 and 95% air) for 24 h.

Western Blot. Protein samples (50 mg) were analyzed on 8% sodium dodecyl
sulfate polyacrilamide gel with 5% sodium dodecyl sulfate stacking gel
(SDS-PAGE) and electrotransferred onto Hybond ECL nitrocellulose paper
(Amersham, Milan, Italy). Membranes were blocked with 5% non fat dry milk in
0.1% Tween-20 (TBS-T; 2 mM Tris–HCl, 50 mM NaCl, pH 7.5) for 2 h at RT and
subsequently incubated overnight at 4 1C in the blocked buffer with the 1 : 1000
antibody for NCX1 (polyclonal rabbit antibody, Swant, Marly, Switzerland), and
with the 1 : 5000 antibody for NCX3 (polyclonal rabbit antibody, Philipson’s
Laboratory, UCLA, Los Angeles, CA, USA). The membranes were washed with
0.1% Tween 20 and incubated with the secondary antibodies for 1 h (1 : 5000;
Amersham). Immunoreactive bands were detected by ECL (Amersham).
Discrimination among the distinct types of extracts was ensured by running
parallel western blots with the endogenous tubulin protein. The optical density of
the bands was determined by Chemi Doc Imaging System (Bio-Rad, Milan, Italy).6

Imaging of mitochondrial Ca2þ and mitochondrial membrane
potential. Mitochondrial calcium concentration ([Ca2þ ]m) was assessed using
the fluorescent dye X-Rhod1. Cells were loaded with X-Rhod1 0.2mM for 15 min in
a medium containing 156 mM NaCl, 3 mM KCl, 2 mM MgSO4, 1.25 mM KH2PO4,
2 mM CaCl2, 10 mM glucose and 10 mM Hepes. The pH value was adjusted to

7.35 with NaOH. After incubation, cells were washed three times in the same
medium. An increase in mitochondrial localized intensity of fluorescence was
indicative of mitochondrial Ca2þ overload.

Mitochondrial membrane potential was assessed using the fluorescent dye
tetramethyl rhodamine ethyl ester (TMRE) in the ‘redistribution mode’. Cells were
loaded with TMRE (20 nM) for 30 min in the above described medium. At the end of
the incubation period, cells were washed in the same medium containing TMRE
(20 nM) and allowed to equilibrate. A decline in mitochondria-localized intensity of
fluorescence was indicative of mitochondrial membrane depolarization.27

Confocal images were obtained using a Zeiss inverted 510 confocal laser
scanning microscopy (Carl Zeiss, Oberkochen, Germany) and a � 63 oil immersion
objective. The illumination intensity of the 543 Xenon laser, used to excite X-Rhod-1
fluorescence, was kept to a minimum of 0.5% of laser output to avoid phototoxicity.

[Ca2þ ]i measurement. [Ca2þ ]i was measured by single cell computer-
assisted videoimaging.28 Briefly, cells, grown on glass coverslips, were loaded with
10mM Fura-2 acetoxymethyl ester (Fura-2AM) for 30 min at room temperature in
normal Krebs solution containing (in mM) 5.5 KCl, 160 NaCl, 1.2 MgCl2, 1.5 CaCl2,
10 glucose and 10 Hepes–NaOH, pH 7.4. At the end of the Fura-2AM loading
period, the coverslips were placed into a perfusion chamber (Medical System Co.
Greenvale, NY, USA) mounted onto a Zeiss Axiovert 200 microscope (Carl Zeiss)
equipped with a FLUAR � 40 oil objective lens. Forty to sixty-five individual cells
were selected and monitored simultaneously from each coverslip. All of the results
were presented as cytosolic Ca2þ concentrations. Assuming that the KD for
FURA-2 was 224 nM, the equation of Grynkiewicz was used for calibration.29 NCX
activity was evaluated as Ca2þ uptake through the reverse mode by switching the
normal Krebs’ medium to Naþ deficient NMDGþ medium (Naþ -free) containing
(in mM) 5.5 KCl, 147 N-methyl glucamine, 1.2 MgCl2, 1.5 CaCl2, 10 glucose and
10 HEPES, pH 7.4. These experiments were performed in the presence of the
irreversible and selective inhibitor of the sarco(endo)plasmic reticulum Ca2þ

ATPase thapsigargin (Tg, 1 mM). ER Ca2þ content was measured by inducing
Ca2þ release from the organelle with the rapid administration of ATPþ Tg
(100mM, 1 mM), whereas mitochondrial depolarization and Ca2þ extrusion were
induced by the treatment with FCCP uncoupler (250 nM). The amount of Ca2þ

extruded in the cytoplasm upon ATPþ TG or FCCP exposure, measured as
[Ca2þ ]i increase, are widely considered as indexes of ER or mitochondrial Ca2þ

efflux, respectively.

Determination of cell death. Neuronal death was evaluated by measuring
the ratio between dead and living cells. To quantify cell death after the
experimental procedures, the cells were washed with normal Krebs and double
stained with 36mM fluorescein diacetate (FDA) and 7 mM propidium iodide (PI) for
5 min at 37 1C in a phosphate buffer solution. Stained cells were examined
immediately with a standard inverse fluorescence microscope at 480 and
546 nm.28 PI- and FDA-positive cells were counted in three representative high-
power fields of independent cultures and cell death was determined by the ratio of
the number of PI-positive cells/PIþ FDA-stained-positive cells.30

Determination of mitochondrial function. Neuronal survival was
assessed by using 3-(4,5-dimethylthiazol-2-yl)-2,5, diphenyltetrazolium bromide
(MTT).26 The assay was based on the red-ox ability of living mitochondria to
convert dissolved MTT into insoluble formazan.31 Briefly, after treatments, the
medium was removed and cells were incubated in 2 ml of MTT solution (0.5 mg/
ml) for 1 h in a humidified 5% CO2 incubator at 37 1C. To stop incubation, MTT
solution was removed and 1 ml dimethyl sulfoxide was added to solubilize the
formazan product. The absorbance was monitored at 540 nm with a Perkin-Elmer
LS 55 luminescence spectrometer (Perkin-Elmer Ltd, Beaconsfield, England). The
data are expressed as percentage of cell viability compared with sham-treated
cultures.

Materials. All the reagents were purchased from Sigma Chemicals (Milan,
Italy), unless otherwise specified. LY294002 and wortmannin were supplied by
Calbiochem (Inalco, Milan, Italy). L-NAME (500mM), 7NI (500mM), LY294002
(25mM) and WMN (1 mM) were present in the medium 30 min before exposure to
IPC and during the IPC phase.

Small interfering RNA against NCX1 and NCX3. The mammalian
expression vector, pSUPER.retro.puro (OligoEngine, Seattle, WA, USA), was
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used to express siRNA against NCX1 (siRNA-NCX1; NM_019268) in cortical
neurons. To prepare siRNA-NCX1, a 60-base oligonucleotide and another
oligonucleotide with the complementary sequence were annealed and inserted
into pSUPER.retro.puro as previously reported.12 A mismatch sequence cloned in
the same vector was used as an experimental control. To knock down NCX3, the
nucleotide sequence corresponding to the first nucleotide of the start
codon(þ 124� 142) of rat NCX3 (GenBank accession no. U53420) was inserted
in the mammalian expression vector pSUPER.retro.puro (OligoEngine). Seventy-
two hours after plating, cortical neurons were transfected with siRNA-NCX1,
siRNA-NCX3 or siRNA mismatch in OPTIMEM with lipofectamine LTX
(Invitrogen). After 5 h, it was replaced with fresh medium.

Statistical analysis. Western blot analyses were repeated three times. All
the other experiments were performed in triplicate and repeated at least three
times. Data were expressed as mean±S.E.M. values and as percentages of
basal values. Statistical significance among the means was determined by
ANOVA followed by the Newman–Keul’s test. A P-value r0.05 was considered
statistically significant.
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