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Targeted Disruption of Na�/Ca2� Exchanger 3 (NCX3) Gene
Leads to a Worsening of Ischemic Brain Damage
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Na�/Ca2� exchanger 3 (NCX3), one of the three isoforms of the NCX family, is highly expressed in the brain and is involved in the
maintenance of intracellular Na � and Ca 2� homeostasis. Interestingly, whereas the function of NCX3 under physiological conditions has
been determined, its role under anoxia is still unknown. To assess NCX3 role in cerebral ischemia, we exposed ncx3�/� mice to transient
middle cerebral artery occlusion followed by reperfusion. In addition, to evaluate the effect of ncx3 ablation on neuronal survival,
organotypic hippocampal cultures and primary cortical neurons from ncx3�/� mice were subjected to oxygen glucose deprivation
(OGD) plus reoxygenation. Here we report that ncx3 gene suppression leads to a worsening of brain damage after focal ischemia and to a
massive neuronal death in all the hippocampal fields of organotypic cultures as well as in cortical neurons from ncx3�/� mice exposed
to OGD plus reoxygenation. In addition, in ncx3�/� cortical neurons exposed to hypoxia, NCX currents, recorded in the reverse mode of
operation, were significantly lower than those detected in ncx3�/�. From these results, NCX3 protein emerges as a new molecular target
that may have a potential therapeutic value in modulating cerebral ischemia.
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Introduction
The Na�/Ca 2� exchanger (NCX) (Philipson and Nicoll, 2000;
Annunziato et al., 2004) is a nine-transmembrane domain pro-
tein that couples, in a bidirectional way, the influx/efflux of Ca 2�

to the efflux/influx of Na� ions. Interestingly, whereas the func-
tion of NCX under physiological conditions has been deter-
mined, its function under anoxic conditions is still unknown. In
fact, in the early phase of neuronal anoxic insult, the initial block-
ade of Na�-K� ATPase increases [Na�]i (Amoroso et al., 1997;
Jones et al., 2006), which, in turn, elicits a profound Ca 2� entry
through the activation of the NCX reverse mode of operation.
Although the reverse mode of operation elicits an increase in
[Ca 2�]i, its effect could be beneficial for neurons, because it con-
tributes to a decrease in [Na�]i overload, thus preventing cell
swelling and death. Conversely, in the later phase of neuronal

anoxia, when [Ca 2�]i overload takes place, NCX forward mode
of operation contributes to the lowering of [Ca 2�]i, thus protect-
ing neurons from [Ca 2�]i-induced neurotoxicity (Amoroso et
al., 1997). Another element of complexity in the role played by
NCX in the events leading to anoxic neurodegeneration is the
existence of three different gene products, NCX1, NCX2, and
NCX3 (Philipson and Nicoll, 2000; Annunziato et al., 2004),
which indeed display different expression patterns in the brain
under physiological (Papa et al., 2003) and pathophysiological
(Boscia et al., 2006b) conditions. Particularly, in the ischemic
core region, NCX1, NCX2, and NCX3 mRNAs and proteins are
downregulated in those areas surviving the ischemic insult (Pig-
nataro et al., 2004b; Boscia et al., 2006b). In contrast, in the peri-
ischemic area, NCX2 is downregulated, whereas NCX3 is upregu-
lated (Boscia et al., 2006b). This upregulation could be
interpreted as a compensatory mechanism that counterbalances
NCX2 reduced activity, thus alleviating the dysregulation of
[Na�]i and [Ca 2�]i homeostasis.

In addition, these three gene products display differential sen-
sitivity to intracellular ATP levels (Linck et al., 1998). In fact,
whereas ATP is required for NCX1 and NCX2 activity, NCX3 is
able to operate in the absence of this nucleotide (Secondo et al.,
2007). Indeed, NCX3 independence of ATP is suggestive of its
evolutionary role in counterbalancing ATP depletion during
brain ischemia. Here, we propose NCX3 protein as a distress
signal able to modulate intraneuronal Na� and Ca 2� homeosta-
sis whenever neurons undergo severe anoxia.

To test this hypothesis, we assessed NCX3 role in cerebral
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ischemia by exposing ncx3�/� mice generated by our research
group (Sokolow et al., 2004) to transient middle cerebral artery
occlusion (tMCAo). Moreover, to evaluate the effects of ncx3
ablation on neuronal survival, organotypic hippocampal cultures
and primary cortical neurons from ncx3�/� mice were sub-
jected to oxygen glucose deprivation (OGD) plus reoxygenation.
Finally, NCX currents (INCX), in the reverse mode of operation,
were evaluated by means of the patch-clamp technique in
ncx3�/� cortical neurons exposed to hypoxia.

Materials and Methods
Experimental groups. C57BL/6 wild-type, ncx3�/�, ncx3�/�, and
ncx3�/� mice aged between 6 and 8 weeks and weighing 27–30 g were
housed under diurnal lighting conditions. Experiments were performed
according to the international guidelines for animal research and ap-

proved by the Animal Care Committee of “Federico II” University of
Naples, Italy.

tMCAo model. Mice were subjected to tMCAo as described previously
(Longa et al., 1989). A 5-0 nylon filament was inserted through the ex-
ternal carotid artery stump and advanced into the right internal carotid
artery until it blocked the origin of the MCA. After 60 min of MCA
occlusion, the filament was withdrawn to restore blood flow. Body tem-
perature was monitored throughout the entire duration of the surgical
procedure and maintained at 37.5°C with a thermostatic blanket.

Monitoring of arterial blood pressure and cerebral blood flow. Arterial
blood pressure was measured with a catheter that was first inserted into
the common carotid artery, then connected to solid-state pressure trans-
ducers (Power lab system; ADInstruments, Castle Hill, New South
Wales, Australia), and lastly analyzed by CHART Windows software. No
difference in diastolic and systolic arterial blood pressure was detected in
the two experimental groups of ncx3�/� and ncx3�/� mice. Cerebral

Figure 1. Effect of ncx3 ablation on brain ischemia, neuronal survival under hypoxic conditions, [Ca 2�]i , and INCX. A, Effect of ncx3 knocking-out on infarct volume in C57BL/6 wild-type and
congenic ncx3�/�, ncx3�/�, and ncx3�/� mice, respectively, subjected to tMCAo. Each column represents the mean � SEM of the percentage of the infarct volume compared with the
ipsilateral hemisphere. Ischemic mice were killed 24 h after tMCAo. *p � 0.05 versus C57BL/6 wild-type and congenic ncx3�/� ischemic mice. n � 9 –18 animals for each column. A
representative brain slice from each ischemic experimental group is shown on the top of each column. B, Effect of NCX3 knock-out on survival of cortical neurons exposed to OGD plus reoxygenation.
Left, Cell death quantification was performed by PI and fluorescein dyes in 7–10 DIV embryonic cortical neurons obtained from ncx3�/�, ncx3�/�, and ncx3�/� mice exposed to 3 h of OGD
followed by 21 h of reoxygenation or to 24 h of normoxia. At the end of the experiments, cells were stained with PI and fluorescein, and images were acquired as reported in Materials and Methods.
The data are reported as percentage of cell death occurring in each group compared with their respective normoxic cells. In normoxic conditions, ncx3�/�, ncx3�/�, and ncx3�/� cortical
neurons showed similar levels of cell death (�15%). *p � 0.05 versus respective normoxic neurons ; **p � 0.05 versus respective normoxic neurons and versus ncx3�/� group. Each bar
represents the mean � SEM of three different experimental values studied in three independent experimental sessions. Right, The bar graph represents basal fura-2 AM-detected [Ca 2�]i in 7–10
DIV cortical neurons from ncx3�/�, ncx3�/�, and ncx3�/� mice. *p � 0.05 versus ncx3�/�. fura-2 AM fluorescence intensity was measured every 3 s for 5 min. The values obtained in this
interval were averaged for each cortical neuron. Each bar represents the mean � SEM of at least 70 cortical neurons in three different experimental sessions. C, D, Effect of ncx3 knocking-out on INCX

recorded in the reverse mode of operation in 7–10 DIV embryonic cortical neurons. C, INCX superimposed traces recorded from ncx3�/� (left) and ncx3�/� (right) cortical neurons under normoxic
conditions (black traces) and after 3 h of OGD (gray traces). D, INCX quantification expressed as pA/pF, in ncx3�/� and ncx3�/� cortical neurons in control conditions and after 3 h of OGD. The
values are expressed as mean � SEM of current densities recorded from 20 cells in each experimental group obtained from three independent experimental sessions. *p � 0.05 versus ncx3�/�
normoxic neurons ; **p � 0.05 versus all the other experimental groups.
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bloodflow(CBF)wasmonitoredinthecerebralcortexipsilateraltotheoccluded
MCAwithalaser-Dopplerflowmeter(Perifluxsystem,5000).OnceastableCBF
signal was obtained, the MCA was occluded. CBF was monitored throughout
the 1 h occlusion period and the first 30 min of reperfusion. Only those
mice that reached at least 70% of CBF reduction after MCAo were in-
cluded in the experimental groups (Pignataro et al., 2007).

Evaluation of the ischemic volume. Ischemic volume was evaluated by
2,3,5-triphenyl tetrazolium chloride staining 24 h after ischemia induc-
tion. The infarct area was calculated with image analysis software (Image-
Pro Plus) (Pignataro et al., 2004a). To avoid a possible overestimation of
the infarct volume as a result of the presence of edema, the total infarct
volume was expressed as percentage of the volume of the hemisphere
ipsilateral to the lesion (Pignataro et al., 2004a). Ischemic volumes were
evaluated in a blind manner.

Primary cortical neurons and hippocampal organotypic slice cultures.
Cortical neurons were prepared from brains of 14-d-old mouse embryos,
plated on coverslips, and cultured in MEM/F12 (Invitrogen, Milan, Italy)
containing glucose, 5% of deactivated fetal bovine serum, and 5% horse
serum (Invitrogen), glutamine (2 mM), penicillin (50 U/ml), and strep-
tomycin (50 �g/ml). Cytosine-�-D-arabino-furanoside (10 �M) was
added within 48 h of plating to prevent the growth of non-neuronal cells.
Neurons were cultured at 37°C in a humidified 5% CO2 atmosphere and
used after 7–10 d in vitro (DIV) (Scorziello et al., 2007).

Organotypic hippocampal slice cultures (OHSCs) were prepared as
previously described (Boscia et al., 2006a). Briefly, 400-�m-thick coronal
brain slices from postnatal day 5 (P5)–P7 ncx3�/�, ncx3�/�, and
ncx3�/� mouse pups were used. To increase the reproducibility of the
data, two consecutive slices from the two hippocampi of the same animal
were always dissected at the same level in all the experimental groups.
Slices were grown on semipermeable filter inserts (Millipore, Billerica,
MA) in six-well plates containing culture medium (50% minimum es-
sential medium, 25% HBSS, 25% heat-inactivated horse serum, 5 mg/ml

glucose, 1 mM glutamine, 1% Fungizone). The
culture period was 14 d. Hypoxic conditions
were induced by exposing hippocampal cul-
tures and cortical neurons to oxygen- and glu-
cose free-medium in a humidified atmosphere
containing 95% nitrogen and 5% CO2 (Boscia
et al., 2006a; Scorziello et al., 2007). After 25 min
of OGD followed by 24 h of reoxygenation, cell
injury of organotypic slices was assessed using
the fluorescent dye propidium iodide (PI) (In-
vitrogen). Its uptake was recorded by a digital
camera (Media Cybernetics, Silver Springs,
MD) mounted on a Nikon Eclipse 400 fluores-
cence microscope (Nikon Instruments, Flo-
rence, Italy). For densitometric measurements,
the digital photos were analyzed with the Image
Pro-Plus software (Media Cybernetics), after
freehand outlining of the CA1, CA3, and den-
tate gyrus (DG) neuronal layers was performed
as previously described (Boscia et al., 2006a).
Densitometric data were obtained by an inte-
grated algorithm that considers the mean of op-
tical density (Boscia et al., 2006a). In primary
cortical neurons, cell injury was assessed after
3 h of OGD followed by 21 h of reoxygenation.
PI- (7 �M) and fluorescein diacetate (FDA; 36
�M)-positive cells were counted in three repre-
sentative high-power fields of independent cul-
tures, and cell death was determined by the ratio
of the number of PI-positive cells/PI�FDA-
positive cells.

[Ca2�]i imaging. [Ca 2�]i was measured in
normoxic conditions by fura-2 AM single-cell
computer-assisted video imaging (Secondo et
al., 2007).

Electrophysiology. INCX was recorded from
primary ncx3�/� and ncx3�/� cortical neu-
rons by the patch-clamp technique in whole-cell

configuration. Currents were filtered at 5 kHz and digitized using a Digi-
data 1322A interface (Molecular Devices, Sunnyvale, CA). Data were
acquired and analyzed using the pClamp software (version 9.0; Molecu-
lar Devices). Briefly, starting from a holding potential of �60 mV to a
short-step depolarization at �60 mV (60 ms), the INCX were recorded
(He et al., 2003). Then, a descending voltage ramp from �60 mV to
�120 mV was applied, and the recorded current was used to plot the
current–voltage ( I–V) relation curve. The magnitudes of INCX were mea-
sured at the end of �60 mV (reverse mode) and at the end of �120 mV
(forward mode). Next, as Ni 2� blocks INCX, NiCl2 (5 mM) was routinely
added to measure the NCX-independent currents. The Ni 2�-insensitive
components were subtracted from total currents to isolate INCX (He et
al., 2003). Cortical neurons were perfused with external Ringer solution
containing the following (in mM): 126 NaCl, 1.2 NaHPO4, 2.4 KCl, 2.4
CaCl2, 1.2 MgCl2, 10 glucose, and 18 NaHCO3, pH 7.4. Tetraethylam-
monium (TEA; 20 mM), 50 nM tetrodotoxin (TTX), and 10 �M nimodip-
ine were added to Ringer solution to block TEA-sensitive K �, TTX-
sensitive Na �, and L-type Ca 2� currents, respectively. The dialyzing
pipette solution contained the following (in mM): 100 K-gluconate, 10
TEA, 20 NaCl, 1 Mg-ATP, 0.1 CaCl2, 2 MgCl2, 0.75 EGTA, and 10
HEPES, adjusted to pH 7.2 with Cs(OH)2. Possible changes in cell size
occurring after specific treatments were calculated by monitoring the
capacitance of each cell membrane, which is directly related to mem-
brane surface area, and by expressing the current amplitude data as cur-
rent densities (pA/pF). Capacitive currents were estimated from the de-
cay of capacitative transient induced by 5 mV depolarizing pulses from a
holding potential of �80 mV and acquired at a sampling rate of 50 kHz.
The capacitance of the membrane was calculated according to the follow-
ing equation: Cm � �c � Io/�Em(1 � I	/Io), where Cm is membrane
capacitance, �c is the time constant of the membrane capacitance, Io is the

Figure 2. Neuronal survival in CA1, CA3, and DG subregions of OHSCs from ncx3�/�, ncx3�/�, and ncx3�/� mice
exposed to OGD plus reoxygenation (Reoxy). A, PI fluorescence in ncx3�/� OHSCs after their exposure to 25 min of normoxia
followed by 24 h of normoxic and normoglycemic conditions. B–D, PI fluorescence in OHSCs obtained from congenic ncx3�/�
(B), ncx3�/� (C), and ncx3�/� (D) mice, exposed to 25 min of OGD followed by 24 h of reoxygenation. E, Quantification of the
cell damage in selected hippocampal subregions, CA1, CA3, and DG, from congenic ncx3�/�, ncx3�/�, and ncx3�/� mice
evaluated by densitometric analysis of PI fluorescence. PI fluorescence intensity recorded in each hippocampal subfield was
normalized to that recorded in the respective subregion of OHSCs from congenic ncx3�/� mice exposed to 25 min of OGD plus
24 h of reoxygenation, which was considered as 100%. All the values of the experimental groups were expressed as percentage of
PI fluorescence. Each data point is the mean � SEM of the data obtained from 20 –24 OHSCs in three separate experiments. Scale
bar in A–D, 400 �m. *p � 0.05 versus congenic ncx3�/� OHSCs exposed to OGD/reoxygenation; **p � 0.05 versus
ncx3�/� and ncx3�/� OHSCs exposed to OGD/reoxygenation.
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maximum capacitance current value, �Em is the
amplitude of the voltage step, and I	 is the am-
plitude of the steady-state current.

Reverse transcription and real-time PCR. For
reverse transcription, 4.0 �g of each RNA ex-
tract from nonischemic temporoparietal cortex
and hippocampus was digested with DNase and
reverse transcribed by SuperScript III (Invitro-
gen), according to Invitrogen protocol. The fol-
lowing sequences of primers were used: NCX1-
forward, 5
-CCGTGACTGCCGTTGTGTT-3
;
NCX1-reverse, 5
-GCCTATAGACGCATCTG-
CATACTG-3
; NCX2-forward, 5
-AGTGGAT-
GATGAAGAGTATGAGAAGAAG-3
; NCX2-
reverse, 5
-TTGGTTGAGTAGCAGAGCTG-
AGA-3
; NCX3-forward, 5
-CCTCTGTGCCA-
GATACATTTGC-3
; NCX3-reverse, 5
-CC-
AAACCAATACCCAGGAAGAC-3
; hypox-
anthine-guanine phosphoribosyl transferase
(HGPRT)-forward, 5
-TCCATTCCTATGAC-
TGTAGATTTTATCAG-3
; HGPRT-reverse,
5
-AACTTTTATGTCCCCCGTTGACT-3
.

Protein expression analysis. Whole-cell pro-
tein extracts from dissected areas and embry-
onic cortical neurons of ncx3�/�, ncx3�/�,
and ncx3�/� mice were obtained and pro-
cessed as previously described (Secondo et al.,
2007). Nitrocellulose membranes were incu-
bated with anti-NCX1 antibody (rabbit poly-
clonal; Swant, Bellinzona, Switzerland; 1:1000
dilution), anti-NCX2 antibody (rabbit polyclonal; Alpha Diagnostics In-
ternational, San Antonio, TX; 1:1000 dilution), anti-NCX3 antibody
(rabbit polyclonal; 1:2000; kindly provided by K. D. Philipson and D.
Nicoll, University of California, Los Angeles, CA) and anti-plasma mem-
brane Ca 2� ATPase (PMCA) antibody (mouse monoclonal; Affinity
BioReagents, Golden, CO; 1:1000 dilution). These nitrocellulose mem-
branes were first washed with 0.1% Tween 20 and then incubated with
the corresponding secondary antibodies for 1 h (GE Healthcare, Little
Chalfont, UK). Immunoreactive bands were detected with the ECL (GE
Healthcare). The optical density of the bands (normalized with �-actin)
(Sigma, St. Louis, MO) was determined by Chemi-Doc Imaging System
(Bio-Rad, Segrate, Italy).

Statistical analysis. Values are expressed as means � SEM, and statis-
tical analysis was performed with two-way ANOVA, followed by New-
man–Keuls test. Statistical significance was accepted at the 95% confi-
dence level ( p � 0.05).

Results
Effect of ncx3 knocking-out on infarct volume in ncx3�/�,
ncx3�/�, and ncx3�/� mice subjected to tMCAo and on
survival in ncx3�/�, ncx3�/�, and ncx3�/� cortical
neurons exposed to OGD plus reoxygenation
Examination of large cerebral vessels of the ventral brain side did
not show anatomical differences in the circle of Willis among
ncx3�/�, ncx3�/�, and ncx3�/� mice. Similarly, cortical and
striatal capillary densities did not show significant variations in
the two experimental groups (see supplemental material, avail-
able at www.jneurosci.org). ncx3 knocking-out dramatically in-
creased the extent of the ischemic lesion in both ncx3�/� and
ncx3�/� mice subjected to tMCAo compared with both wild-
type C57BL/6 and congenic ncx3�/� mice (Fig. 1A). The en-
largement of the ischemic core in these genetically modified mice
was particularly evident in the more peripheral temporoparietal
cortex. ncx3�/� and ncx3�/� cortical neurons exposed to 3 h
of OGD followed by 21 h of reoxygenation displayed a significant
increase in cell death compared with ncx3�/� group (Fig. 1B,
left graph). Interestingly, basal [Ca 2�]i detected by single-cell

fura-2 AM imaging was significantly higher in ncx3�/� and
ncx3�/� cortical neurons than in ncx3�/� cells (Fig. 1B, right
graph).

Effect of ncx3 knocking-out on INCX in the reverse mode of
operation in cortical neurons
In normoxic conditions, INCX, recorded in the reverse mode of
operation by the whole-cell patch-clamp technique, was signifi-
cantly lower in ncx3�/� primary cortical neurons than in
ncx3�/�. More interestingly, when ncx3�/� primary cortical
neurons were exposed to OGD, INCX, recorded in the reverse
mode of operation, was lower than that observed in ncx3�/�
neurons (Fig. 1C–D).

Neuronal survival in CA1, CA3, and DG subregions of OHSCs
from ncx3�/�, ncx3�/�, and ncx3�/� mice exposed to
hypoxia plus reoxygenation
OGD followed by reoxygenation reduced cellular survival, as re-
vealed by the increase in PI uptake in CA1, CA3, and DG hip-
pocampal subregions from ncx3�/� mice compared with
ncx3�/� mice (Fig. 2A–D). Whereas in CA3 and DG fields,
neuronal survival decreased by 60%, it increased by 130% in
organotypic cultures obtained either from ncx3�/� or from
ncx3�/� mice compared with congenic ncx3�/� mice (Fig.
2E). In CA1 region of ncx3�/� mice, neurodegeneration was
60% higher than in the corresponding region of congenic
ncx3�/� animals (Fig. 2E). No difference in densitometric mea-
surements of PI uptake was observed in OHSCs either from con-
genic ncx3�/� mice (Fig. 2A) or from ncx3�/�, ncx3�/� mice
under control conditions (data not shown).

Effect of ncx3 disruption on NCX1, NCX2, and NCX3
transcript expression in cortex and hippocampus
In the cortex and in the hippocampus of ncx3�/� and ncx3�/�
mice, NCX1 and NCX2 transcript levels were significantly higher

Figure 3. A, Real-time PCR of NCX1, NCX2, and NCX3 mRNA expression in cortex and hippocampus from ncx3�/�,
ncx3�/�, and ncx3�/� mice. Data were normalized on the basis of HGPRT levels and expressed as percentage of the
respective ncx3�/� control group, taken as 100%. Values represent means � SEM (n � 4). *p � 0.05 versus each respective
ncx3�/�group; **p�0.05 versus their respective ncx3�/�and ncx3�/�groups. B, Immunoblot (IB) of NCX3 and �-actin
expression in 7–10 DIV embryonic cortical neurons (left) and skeletal muscle (right) from ncx3�/� and ncx3�/� mice.
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than those in congenic ncx3�/� mice, whereas in ncx3�/�
mice, NCX3 mRNA was undetectable (Fig. 3A).

Effect of ncx3 disruption on NCX1, NCX2, and PMCA protein
expression in cortex and hippocampus
In cortical neurons and skeletal muscle from ncx3�/� mice, the
band corresponding to NCX3 protein was not present (Fig. 3B).
In the cortex of ncx3�/� and ncx3�/� mice, NCX1 protein
levels were significantly upregulated compared with those of con-
genic ncx3�/� mice (Fig. 4A), whereas NCX2 protein levels
were not modified (Fig. 4B). In the hippocampus, NCX1 was
upregulated only in the ncx3�/� group (Fig. 4A). Protein levels
of PMCA, a plasma membrane pump that cooperates with NCX
in the maintenance of Ca 2� homeostasis, did not change in all the
brain regions examined (Fig. 4C).

Discussion
The results of the present study demonstrate that ncx3 gene dis-
ruption renders the brain more susceptible to the ischemic insults
induced by the tMCAo. This indicates that in ncx3�/� mice,
NCX3 protein attenuates the development of ischemic brain in-
jury in those cerebral territories supplied by the MCA. The piv-
otal role played by NCX3 during ischemia is strongly supported
in vitro (1) by the elevated basal levels of [Ca 2�]i observed in
ncx3�/� and ncx3�/� cortical neurons compared with
ncx3�/� cells and (2) by the enhanced vulnerability of primary
cortical neurons and hippocampal subregions CA1, CA3, and
DG from ncx3�/� mice exposed to OGD followed by reoxygen-
ation. Intriguingly, the more severe cell death observed in the
CA3 and DG subregions compared with CA1 after ncx3 deletion
might be attributable to the removal of this isoform in those
hippocampal subregions, where it is more intensely expressed
(Papa et al., 2003). Unlike NCX1 and NCX2, the peculiar capa-
bility of NCX3 to maintain [Ca 2�]i homeostasis even when ATP

levels are reduced significantly highlights
its major role in neuronal preservation
during hypoxic conditions (Secondo et al.,
2007). Consistently, we found that the
compensatory upregulation of NCX1 in
the cerebral cortex of ncx3�/� mice was
insufficient to counterbalance the detri-
mental effects of ncx3 gene disruption on
Ca 2� and Na� homeostasis during isch-
emia because of the impaired activity of
NCX1 resulting from ATP depletion.

Interestingly, NCX3 silencing by RNA
interference increases cerebellar granule
neurons’ vulnerability to Ca 2� overload
and excitotoxicity (Bano et al., 2005), and
it renders clonal cells stably transfected
with NCX3 extremely vulnerable to chem-
ical hypoxia (Secondo et al., 2007). Fur-
thermore, NCX3 mRNA and protein
downregulation, induced by the overex-
pression of DREAM (downstream regula-
tory element antagonist modulator), in-
creases the mortality rate of cerebellar
granule cells (Gomez-Villafuertes et al.,
2005). In addition, ischemic rats treated
with NCX3 antisense displayed a remark-
able broadening of the infarct volume (Pig-
nataro et al., 2004b). In agreement with
this vicarious function proposed for
NCX3, our recent in vivo experiments, en-

tailing the induction of permanent MCAo in rats, have demon-
strated that NCX3 mRNA is upregulated 24 h after the injury in
brain regions belonging to the periinfarct area (Boscia et al.,
2006b). This NCX3 upregulation, as opposed to NCX2 down-
regulation, has been interpreted as a compensatory mechanism
that counterbalances the reduced activity of NCX2 protein, thus
counteracting the dysregulation of [Ca 2�]i homeostasis in the
surviving neurons of the penumbra zone (Boscia et al., 2006b).

In regard to the hypothetical mode of operation of NCX3
during stroke, it should be underlined that the region of maxi-
mum [Na�] increase, measured in the brain by MRI, corre-
sponds to the ischemic core region (Jones et al., 2006). Although
MRI detection does not allow discrimination between intracellu-
lar and extracellular Na� localization, it is plausible to suggest
that, in the ischemic core, NCX3, as a result of intracellular Na�

overload, could be forced to operate in the reverse mode as a Na�

efflux–Ca 2� influx pathway (Amoroso et al., 2000; Annunziato et
al., 2004). In accordance with this hypothesis, the electrophysio-
logical data of the present study showed that hypoxia is able to
increase the reverse mode of INCX in ncx3�/� cortical neurons.
More relevantly, in the absence of ncx3 gene, primary cortical
neurons, exposed to OGD, displayed a significant reduction in
INCX measured in the reverse mode of operation. Consequently,
the present data suggest that NCX3 might have beneficial effects
during hypoxic conditions when operating in the reverse mode.

Collectively, the present biochemical and functional data sug-
gest that the fate of neurons in the ischemic core could be in part
determined by NCX3. In fact, this isoform, normally expressed in
those brain regions (Papa et al., 2003) that belong to the ischemic
core, is the only isoform able to preserve its activity despite the
occurrence of intense ATP depletion.

Noticeably, the fact that no significant differences were de-
tected in the ischemic brain damage of either ncx3�/� or

Figure 4. Immunoblot analysis of NCX1 (A), NCX2 (B), and PMCA (C) protein expression in cortex and hippocampus from
ncx3�/�, ncx3�/�, and ncx3�/� mice. Data were normalized on the basis of �-actin levels and expressed as percentage
of the respective ncx3�/� control group, taken as 100%. Values represent means � SEM (n � 3– 4). *p � 0.05 versus
ncx3�/� ; **p � 0.05 versus ncx3�/� and ncx3�/� groups.
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ncx3�/� experimental groups could be ascribed to haploinsuf-
ficiency, a phenomenon in which the absence of a single func-
tional copy of the gene is able to induce an ischemic phenotype
similar to that of knock-out mice.

Overall, based on these results, NCX3 emerges as a new po-
tential molecular target that ought to be further investigated to
identify more successful pharmacological interventions against
cerebral ischemia.
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