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Na+/Ca2+ exchanger 2 is neuroprotective by exporting Ca2+

during a transient focal cerebral ischemia in the mouse
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bstract

Na+/Ca2+ exchanger (NCX), by mediating Na+ and Ca2+ fluxes bi-directionally, assumes a role in controlling the Ca2+ homeostasis in the
schemic brain. It has been suggested that the three isoforms of NCX (NCX1, 2 and 3) may be differentially involved in permanent cerebral
schemia. However, the role of NCX2 has not been defined in ischemic reperfusion injury after a transient focal cerebral ischemia. Furthermore,
t is not known whether NCX2 imports or exports intracellular Ca2+ ([Ca2+]i) following ischemia and reperfusion. To define the role of NCX2
n ischemia and reperfusion, we examined mice lacking NCX2, in vivo and in vitro. After an in vitro ischemia, a significantly slower recovery in
opulation spike amplitudes, a sustained elevation of [Ca2+]i and an increased membrane depolarization were developed in the NCX2-deficient

ippocampus. Moreover, a transient focal cerebral ischemia in vivo produced a larger infarction and more cell death in the NCX2-deficient
ouse brain. In particular, in the wild type brain, NCX2-expressing neurons were largely spared from cell death after ischemia. Our results

uggest that NCX2 exports Ca2+ in ischemia and thus protects neuronal cells from death by reducing [Ca2+]i in the adult mouse brain.
2007 Elsevier Ltd. All rights reserved.

eywords: Cerebral ischemia; Na+/Ca2+ exchanger; NCX2-deficient mice; [Ca2+]i; Population spike; Membrane depolarization
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. Introduction
An important event during ischemia–reperfusion injury
s the loss of ionic homeostasis, which causes permanent
ell injury. The major changes underlying neuronal injury
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re increases in intracellular Ca2+ ([Ca2+]i) and Na+ ([Na+]i)
hich trigger the process leading to cell death [1]. The
a+/Ca2+ exchanger (NCX) is an antiporter located in the
lasma membrane that electrogenically couples, in a bi-
irectional way, the mobilization of 1 Ca2+ and 3 Na+ ions
epending on the electrochemical gradients across the plasma
embrane [2–4]. Under some conditions where a substan-

ial elevation of [Ca2+]i is affected, NCX, with its high
urnover rates for Ca2+, is considered as a relevant system to
ontrolling [Ca2+]i Normally the NCX serves as a Ca2+ extru-

ion mechanism driven by the Na+ electrochemical gradient
forward mode). However, accumulation of [Na+]i caused
y inhibition of Na+/K+ ATPase activity due to decreased
TP production during ischemia can cause NCX to operate
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eversibly, leading to an influx of Ca2+, which may con-
ribute to cell damage (reverse mode) [2–4]. Although NCX
orking in the reverse mode would be harmful to neuronal

urvival, NCX activity can return to the forward mode during
eperfusion supplying oxygen and glucose, which would be
eneficial to neuronal survival [5].

Three different NCX isoforms (NCX1, 2 and 3) are
ncoded by distinct genes in mammals [6–8]. Although
CX isoforms share similar biophysical properties, they

how different sensitivity to ATP levels and differentially
xpressed both during development and in adults [9–11].
ecently, substantial evidence has suggested that the tran-

cripts and proteins of NCX isoforms are differentially
egulated after a permanent middle cerebral artery occlu-
ion (pMCAO) [12,13]. In the ischemic core region, the
ranscripts and proteins of all NCX isoforms were down-
egulated. However, in the peri-infart area only NCX1 and
CX3 transcripts were up-regulated. Moreover, antisense
ligodeoxynucleotides (AS-ODNs) for NCX1 and NCX3
orsened the severity of the neuronal damage after pMCAO,
ut the AS-ODN for NCX2 did not change the infarct size
12]. These results suggest that NCX1 and NCX3 play a major
ole in the development of permanent focal cerebral ischemia,
ut the role of NCX2 remains undefined.

In a transient ischemic injury model, NCX1 and NCX3
rotein was also degraded after transient MCAO (tMCAO),
hereas NCX2 protein levels were preserved [14,15]. How-

ver, it is unknown what roles the persistent NCX2 proteins
fter tMCAO play in ischemia–reperfusion injury. In addi-
ion, there have been no studies defining the mode of action of
CX2, forward or reverse, during ischemia and reperfusion.
To better understand the cellular role played by NCX2

n ischemia–reperfusion injury in the brain, we performed
MCAO on mice lacking NCX2 [16], the predominant
soform in adult brains and analyzed the consequences.
urthermore, on brain slices after an in vitro ischemia we
easured the changes in population spike (PS) amplitudes,

Ca2+]i and membrane potentials to define the role of NCX2
n the Ca2+ homeostasis during ischemic insults. Our results
uggest that NCX2 has a protective role in ischemic cell death
y reducing [Ca2+]i in the adult mouse brain.

. Materials and methods

.1. Animals

The generation of mice lacking NCX2 was described in
ur previous report [16]. NCX2 heterozygous (NCX2+/−)
ice were backcrossed into two inbred mice, C57BL/6J and

29S4/SvJae, each over nine generations. NCX2 wild-type
NCX2+/+) and NCX2-deficient (NCX2−/−) mice used for

nalysis were obtained from interbreeding NCX2+/− mice
f the two backgrounds. Animal care and handling were car-
ied out according to institutional guidelines. The mice were
aintained with free access to food and water under a 12:12 h
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ight:dark cycle. All experiments were performed on 10–13-
eek-old mice, except for Ca2+ imaging and patch-clamp

ecording, for which mice 3–5 weeks old were used. All
xperiments were performed in a blind manner with respect
o the genotype.

.2. Extracellular recording on hippocampal slices

Preparation of hippocampal slices and the method of
ecording have been described previously [16]. Hippocampal
lices (400 �m) were prepared in oxygenated cold artificial
erebrospinal fluid (ACSF) (124 mM NaCl, 3.5 mM KCl,
.25 mM NaH2PO4, 2 mM CaCl2, 1.3 mM MgSO4, 26 mM
aHCO3 and 10 mM glucose at pH 7.4). Slices were then
laced at a warm, humidified (32 ◦C, 95% O2–5% CO2)
ecording chamber containing oxygenated ACSF and main-
ained for 1 h prior to experiments. A bipolar stimulating
lectrode was placed in the stratum radiatum and popula-
ion spike (PS) amplitudes were recorded in the stratum
yramidale in the CA1 region using a glass microelectrode
borosilicate glass, 3–5 M�, filled with 3 M NaCl). Test
esponses were elicited at 0.033 Hz. The baseline stimula-
ion was delivered at an intensity that evoked a response
pproximately 60% of the maximum evoked response. In
itro ischemia was induced by changing the atmospheric gas
omposition from 95% O2–5% CO2 to 95% N2–5% CO2
oxygen and glucose deprivation, OGD) in the ACSF in which
lucose was replaced by mannitol. OGD was induced for 5,
.5 and 10 min. One hour after ischemic insult, slices were
tained with hematoxylin and eosin for histological analysis.
hotographs were taken using a microscope-mounted cam-
ra with an interference-contrast filter. Cell numbers were
etermined by counting all viable cells within the princi-
al cell body layer contained in a 200× field of view, at six
ifferent positions within the hippocampal formation, includ-
ng three equally spaced areas from CA1. Total counts in
hese sampling regions were converted into cell densities for
uantification and data were analyzed using Student’s t-test.

.3. Measurement of intracellular Ca2+ changes and
hole-cell patch-clamp recording

Preparation of hippocampal slices (250 �m) and the
ethod of recording in CA1 pyramidal neurons were

escribed in our previous report [17]. Visually guided whole-
ell patch recordings were obtained from CA1 pyramidal
eurons in the current-clamp configuration. Pipettes were
lled with a solution containing 140 mM Cs-gluconate, 4 mM
aCl, 0.1 mM CaCl2, 2 mM MgCl2, 0.1 mM EGTA, 5 mM
EPES, 2 mM Mg-ATP and 0.3 mM Na-GTP, and the pH
as adjusted to 7.4 by CsOH. For measurement of intracel-

ular Ca2+ changes from a cell body, cell impermeant Fura-2

entapotassium salt (100 �M, Molecular Probes) was added
o the internal solution and allowed to diffuse for 20 min after
ntering whole-cell mode. Ratio of Fura-2 was taken at 340
nd 380 nm excitation wavelengths and images were acquired
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very 2 s using Axon Imaging Workbench version 5.2. Ca2+

ignals (340/380 nm) were normalized by the baseline levels
easured during 1 min period just before OGD. An ischemic

nsult in vitro was induced by 2 min OGD, and within 2 min
f OGD all the recorded neurons showed peak [Ca2+]i val-
es. Simultaneously, membrane potentials were recorded and
igitized at 10 kHz (Axon Instruments, Multiclamp 700A,
IGIDATA 1322A). The amplitudes of membrane potential
ere analyzed with the pCLAMP version 9.2 (Axon Instru-
ents) and the Mini Analysis Program (Synaptosoft).

.4. Focal cerebral ischemia with reperfusion, and
reparation of brain tissue

Focal cerebral ischemia was induced using the intralu-
inal thread occlusion of middle cerebral artery (MCAO)

or 120 min, as previously described [18]. After 120 min
f MCA occlusion, the reperfusion of the MCA was ini-
iated by removing the MCA occlusive filament. Animals
ere allowed for food and water ad libitum post-operatively.
ectal temperature was maintained at 37 ± 0.5 ◦C using a

hermistor-controlled heating blanket. Mean arterial blood
ressure, arterial blood gases, pH, blood glucose and rectal
emperatures were recorded. Mean arterial blood pressures
ere determined during occlusion and the first 30 min of

eperfusion. Arterial blood samples obtained with use of a
emoral catheter were analyzed at baseline and at the end of
schemia.

.5. Measurement of infarct volumes

The brain was removed and cut from the frontal tip in 1 mm
lices which were then immersed in a 2% solution of 2,3,7-
riphenyltetrazolium chloride (TTC), as described previously
18]. Stained slices were then fixed in phosphate-buffered 4%
araformaldehyde, and the infarcted and total hemispheric
reas of each section were traced and measured using an
mage analysis system (Image-Pro Plus, Media Cybernetics).
nfarction volumes were calculated using three-dimensional
econstruction software, and were determined by two inde-
endent investigators blind to the type of section.

.6. Histology and TUNEL assay

Immunostaining was performed as described previously
19]. On day 1 post-ischemia, rats were anesthetized and
erfused through the heart with 50 ml of cold saline
nd 50 ml of 4% paraformaldehyde, in 0.1 mol/l PBS.
rains were then removed and either cryopreserved as

issue blocks for cryostat sectioning at 30 �m. Coronal
ections through the striatum were selected. To count neu-
ons, samples were stained with the following antibodies:

nti-NCX2 (1:500, Santa Cruz); anti-NeuN (1:200, Chemi-
on). FITC-conjugated anti-sheep IgG (1:100, Biodesign)
r Cy3-conjugated anti-mouse IgG antibodies (1:300, Jack-
on Immunoresearch) were used as secondary antibodies.
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olocalizations were analyzed by laser scanning confocal
icroscopy using a Bio-Rad MRC 1024 unit (argon and

rypton). The fluorescence signals were detected at exci-
ation/emission wavelengths of 550/570 nm (Cy3, red) and
88/522 (FITC, green). The TUNEL procedure was used
or in situ detection of DNA fragmentation. Cell density
ounts were performed on sections counterstained with tolu-
dine blue. Five coronal sections through the center of
he infarct lesion were analyzed. Square sampling regions
300 �m × 300 �m) in the medial striatum were used for cell
ounting. Five sampling regions were placed along the infarct
order. Total counts in these sampling regions were converted
nto cell densities for quantification.

.7. Statistical analysis

Data are given as mean ± S.E.M. (electrophysiological
tudy) or S.D. (other studies). Student’s t-test was used for
tatistical analyses. p < 0.05 was considered statistically sig-
ificant.

. Results

.1. Reduced PS amplitudes in the NCX2−/− after OGD

PS recorded from the CA1 pyramidal cell layer repre-
ent the healthiness of the brain slice, and the degree of
roper synaptic transmission and cell firing. To test whether
CX2 has a role in ischemia–reperfusion injury, we recorded

nd assessed the changes in field responses before and
fter ischemic insult in vitro. Hippocampal slices from both
CX2+/+ and NCX2−/− mice were subjected to OGD for
, 7.5 or 10 min, after which O2 and glucose supplies were
e-established. In the 5 min ischemia experiments, in both
enotypes, PS amplitudes were completely depressed by
he initiation of OGD, but then fully recovered (Fig. 1A).
owever, NCX2−/− slices (n = 10) showed a significantly

lower recovery of the PS amplitudes to the normal level
han NCX2+/+ slices (n = 13) (+/+, 99.5 ± 6.7% of baseline
t 20 min; −/−, 78.9 ± 7.8%, p < 0.0001, Student’s t-test)
Fig. 1A). In the 7.5 min experiments, the recovery was not
omplete for both genotypes. However, there was a signif-
cantly less recovery of PS amplitudes in NCX2−/− slices
n = 15) than in NCX2+/+ slices (n = 12) (+/+, 66.7 ± 18.4%
f baseline at 20 min; −/−, 20.8 ± 8.9%, p < 0.00001, Stu-
ent’s t-test) (Fig. 1B). These data indicate that NCX2−/−
lices were more vulnerable to in vitro ischemic injury com-
ared to wild-type tissue. After 10 min of ischemic insult
here was no PS recovery in either genotype tissue (data not
hown).

One hour after the 7.5 min ischemia, slices were stained

ith hematoxylin and eosin to determine cell damage in the
A1 region histologically by counting all viable cells within

he principal cell body layer contained in a 200× field of view
Fig. 1C). Compared to the control, non-ischemic tissue, both
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Fig. 1. Reduced recovery of field responses in the NCX2−/− hippocampal slices after an ischemic insult in vitro. (A) Compared to NCX2+/+, NCX2−/−
hippocampal slices showed a delayed recovery of PS amplitudes after 5 min OGD (+/+, n = 13; −/−, n = 10). Upper traces indicate PS samples before and after
OGD. (B) After 7.5 min OGD, there was no full recovery of PS amplitudes in either genotype, indicating cell damage (+/+, n = 12; −/−, n = 15). NCX2−/−
c Upper
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learly showed reduced recovery in PS amplitudes compared to NCX2+/+.
ere subjected to in vitro ischemia for 7.5 min and then stained with hemat
as 30% more damage to the CA1 region of NCX2−/− tissue (n = 15) com

CX2+/+ (n = 12) and NCX2−/− (n = 15) tissue showed evi-
ence of profound damage. However, in the NCX2−/− tissue
he regions of damage were greater and there was sparser dis-
ribution of neurons compared to NCX2+/+ tissues in the CA1
egion (−/−, 61.2 ± 7.9; +/+, 32.9 ± 5.1 neurons, p < 0.01,
tudent’s t-test) (Fig. 1D).

.2. Sustained elevation of intracellular Ca2+ and
igher membrane potential in the NCX2−/− after OGD

To determine how NCX2 contributes to changes in [Ca2+]i

uring ischemia–reperfusion injury, we used cell imperme-
nt Fura-2 dye and monitored the changes of the Fura-2
ntensity. By whole-cell patch recording in CA1 pyramidal
eurons from both NCX2+/+ and NCX2−/− mice, we simul-

1
t
m
−

traces indicate PS samples before and after OGD. (C) Hippocampal slices
osin. The scale bar equals to 50 �m. (D) After the 7.5 min ischemia, there

o wild-type (n = 12). **p < 0.01.

aneously measured the changes in [Ca2+]i and membrane
otential after OGD for 2 min. Fig. 2A shows hippocampal
A1 pyramidal layer (upper) and a CA1 pyramidal neuron

lower) patched with cell impermeant Fura-2 included in the
lass pipette. Within 2 min OGD, both genotypes displayed
rapid increase in [Ca2+]i (upper) and rapid depolarization

lower) as shown in Fig. 2B. There was no difference in the
eak [Ca2+]i between the two genotypes (+/+, 1.19 ± 0.05;
/−, 1.19 ± 0.03, p = 1.0, Student’s t-test) (Fig. 2C). How-

ver, NCX2−/− neurons (n = 9) showed more sustained
levation of [Ca2+]i than NCX2+/+ neurons (n = 9) (+/+,

.11 ± 0.03 at 10 min; −/−, 1.19 ± 0.02, p < 0.05, Student’s
-test) (Fig. 2D). Moreover, NCX2−/− neurons exhibited

ore prolonged depolarization than NCX2+/+ neurons (+/+,
39 ± 2 mV at 10 min; −/−, 28 ± 4 mV, p < 0.05, Student’s
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Fig. 2. Changes in the ratio of cell impermeant Fura-2 fluorescence intensities and in simultaneously recorded membrane potentials. (A) The DIC image of
hippocampal CA1 layer (upper) and the fluorescence image of a CA1 pyramidal neurons (lower) loaded with Fura-2 through a patch pipette after breaking the
g hanges
w n of ea
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igaohm seal. Scale bars equal to 10 �m. (B) Representative traces of the c
avelengths, and in membrane potentials of the same CA1 pyramidal neuro
lthough both genotypes showed increased [Ca+]i and membrane potential
eurons exhibited more prolonged elevation of [Ca+]i (E) and depolarizatio

-test) (Fig. 2E), without difference in amplitudes of depo-
arization at the peak (+/+, −12 ± 2 mV; −/−, −12 ± 3 mV,
= 0.89, Student’s t-test) (Fig. 2F). These data support that
CX2 plays a significant role in the Ca2+ extrusion during

schemic injury.

.3. Infarction volume after a transient focal cerebral

schemia

To assess the contribution of NCX2 to neuronal damage in
ivo, NCX2+/+ and NCX2−/− mice were subjected to a 2 h

3
m
p
a

in the ratio of Fura-2 fluorescence intensities at 340 and 380 nm excitation
ch genotype after an ischemic insult. Bars indicate the OGD period. (C–F)
imilar peak values in [Ca+]i (C) and membrane potentials (D), NCX2−/−
= 9 for NCX2+/+, n = 9 for NCX2−/−; *p < 0.05).

CA occlusion followed by 22 h reperfusion, after which
rains were removed and infarct volumes measured using
he TTC staining as described in Section 2. In NCX2−/−
ice, the infarct area covered a wide region from the basal

anglia to the cerebral cortex (Fig. 3A), whereas the infarct
rea in NCX2+/+ mice was mainly confined to the basal
anglia (Fig. 3B). Quantitatively, the infarct volume was

0% greater in NCX2−/− mice (n = 17) than in NCX2+/+
ice (n = 16) (−/−, 88.5 ± 11.4 mm3; +/+, 57.5 ± 10.1 mm3,
< 0.01) (Fig. 3C). Physiological variables including mean
rterial blood pressure (MABP), MCA occlusion (MCAO),
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ig. 3. Measurement of infarction volumes. NCX2−/− (A) and wild-type
fter which brains were removed and infarct areas were visualized using th
ystem (n = 16 for NCX2+/+, n = 17 for NCX2−/−; **p < 0.01).

lood gases and glucose concentration were not distinguish-
ble between the two genotypes (Table 1).

.4. Neuronal loss after a transient focal cerebral
schemia

To investigate whether NCX2 affects neuronal death
n vivo, we evaluated neuronal survival in NCX2+/+ and
CX2−/− mice 1 day after ischemia by counting the num-

er of NeuN-immunopositive (NeuN+) cells in the striatum.
n the contralateral hemisphere, numerous NeuN+ cells were
ound throughout the striatum in both genotypes (data not
hown). In contrast, NeuN+ cells were only occasionally

(
0
c
N

able 1
hysiological parameters before and after in vivo focal cerebral ischemia

NCX2−/−
Baseline At 2 h after

H 7.42 ± 0.03 7.40 ± 0.
aO2 (mmHg) 108.2 ± 11.1 106.2 ± 7.
aCO2 (mmHg) 39.2 ± 1.4 38.9 ± 1.
ectal temperature (◦C) 36.9 ± 0.3 36.8 ± 0.
ABP (mmHg) 89 ± 7 84 ± 3
lucose (mg/dl) 82 ± 11 81 ± 9

CAO indicates MCA occlusion; MABP, mean arterial blood pressure. No signific
e were subjected to a 2 h MCA occlusion followed by a 22 h reperfusion,
taining. (C) The infarction volume was measured using an image analysis

bserved in the ischemic (ipsilateral) striatum (Fig. 4A and
). In NCX2−/− mice (n = 6, Fig. 4B), the number of
euN+ cells in the medial region of the striatum was signif-

cantly less than that found in the comparable region of the
CX2+/+ mice (n = 6, Fig. 4A) (−/−, 42.1 ± 14.3 cells/mm2;
/+, 94 ± 28.1 cells/mm2, p < 0.01) (Fig. 4C). In addition, the
umber of TUNEL-positive (TUNEL+) cells in the infarct
reas was significantly higher in NCX2−/− mice (n = 6,
ig. 5B) compared with NCX2+/+ mice (n = 6, Fig. 5A)

−/−, 70.6 ± 5.1/field; +/+, 43.7 ± 7.1/field, p < 0.01, field:
.09 mm2, Fig. 5C). These results demonstrate that ischemia
aused greater neuronal damage and neuronal loss in
CX2−/− mice compared to NCX2+/+ mice.

NCX2+/+

MCAO Baseline At 2 h after MCAO

02 7.42 ± 0.01 7.40 ± 0.07
4 107.1 ± 6.5 111.1 ± 8.9
4 38.8 ± 1.9 38.9 ± 1.6
2 36.7 ± 0.3 36.6 ± 0.1

87 ± 3 86 ± 2
81 ± 14 82 ± 7

ant difference for any parameter.
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ig. 4. Evaluation of neuronal loss. Photomicrographs showing NeuN+ cells
B) mice 22 h after reperfusion. (C) Density of NeuN-immunopositive cells

.5. Cells expressing NCX2 and their viability in
schemia
To evaluate the viability of cells expressing NCX2 in
schemia, immunostaining with antibodies (anti-NCX2, anti-
euN) was performed on the sections from the striatum

(
i
s
t

ig. 5. Evaluation of cell death. Detection of TUNEL reaction products in the infa
C) The number of TUNEL+ cells in the infarct area 1 day after ischemia. Data repr
ars equal to 50 �m.
the medial region of the ischemic striatum of wild-type (A) and NCX2−/−
ve subregions of striatum (**p < 0.01). Scale bars equal to 50 �m.

f normal brain and ischemic brain of the wild-type mice,
nd we compared the number of NCX2-immunopositive

NCX2+) cells and NeuN+ cells between normal brain and
schemic brain (Fig. 6A–D). We found that there was no
ignificant difference in the number of NCX2+ cells in
he comparable medial regions of the striatum between

rct region 1 day after ischemia in NCX2+/+ (A) and NCX2−/− (B) mice.
esent the number of positive cells/field (field: 0.09 mm2; **p < 0.01). Scale
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wo brains (normal, n = 5, 63 ± 16.0 cells/mm2; ischemia,
= 5, 67.8 ± 23.9 cells/mm2, p = 0.72), whereas the number
f NeuN+ cells was reduced in ischemic brains (normal,
62.4 ± 21.01 cells/mm2; ischemia, 90 ± 21.1 cells/mm2,
< 0.01) (Fig. 6E). These results indicate that the neu-

ons expressing NCX2 were selectively protected from
schemia.

. Discussion

In a permanent ischemic injury model, NCX2 was
egarded less important than other NCX isoforms, since
CX2 proteins were known to be down-regulated in all

schemic insult regions (core and peri-infart regions) [12,13].
n a transient ischemic reperfusion injury model, the expres-

ion of NCX2 was not altered after tMCAO [14,15]. However,
here was no direct evidence for the role of NCX2 in
schemia and reperfusion. Further, the mode of action, for-
ard versus reverse, of NCX2 is not known under the

e
i
w
[

onstrating NCX2-immunopositive cells (red) in the striatum of the normal
of the normal (C) and the ischemic brain (D). Scale bars equal to 100 �m.
rct area 1 day after ischemia with those from the normal brain (**p < 0.01).

schemia–reperfusion. Thus, it is valuable to investigate the
elevant role of NCX2 in brain ischemia.

The present results have shown that NCX2−/− mouse
ippocampus displayed a significantly delayed or reduced
ecovery of PS amplitudes, a sustained increase in [Ca+]i
nd increased membrane depolarization after an in vitro
schemic insult. However, the peak values of [Ca+]i in the
CX2−/− neurons were similar to those of NCX2+/+ neu-

ons. If NCX2 operates in a reverse mode to import Ca2+

uring ischemia, NCX2−/− neurons would have shown a
educed [Ca+]i. The results indicated that NCX2 was neces-
ary to remove Ca2+ after ischemic insult. From these results
e suggest that the forward mode, Ca2+ extrusion, is the
rimary action of the NCX2 during ischemia. In fact, NCX2-
ransfected BHK cells displayed a constant [Ca+]i under a
hemical hypoxia insult without reoxygenation [20]. How-

ver, we do not know whether the accumulation of [Na+]i in
n vitro ischemic conditions is enough to induce NCX2 to
ork in reverse mode. At least, after the similarly elevated

Ca+]i levels both in NCX2+/+ and NCX2−/− neurons after
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schemic insults, NCX2 is required for extrusion of [Ca+]i.
n support of our results, it has been shown that the falling
hase of the [Ca+]i signal after an in vitro ischemic exposure
s considered to be primarily dependent on reactivation of
a+/K+ ATPase [2,4]. In the recovery period when O2 and
lucose are re-established, activation of Na+/K+ ATPase and
he Na+/H+ exchanger could be restored to pre-ischemic con-
itions, which quickly leads to NCX working in the forward
ode (Na+ influx–Ca2+ efflux pathway) in the hippocam-

us [5]. Thus, the extrusion of cytosolic Ca2+ through NCX2
ay be directly involved in rapid reduction of [Ca+]i after

schemic insult. In addition, it has been reported that the
ncrease in [Ca+]i in ischemic insult is correlated with the
embrane depolarization [21], and the inhibition of NCX

nhances the depolarization induced by OGD [22]. These
esults indicate that NCX2 working as Na+ influx–Ca2+ efflux
athway plays a pivotal protective role in the pathophysiology
f cerebral ischemia.

Consistent with our in vitro results, we found that the
ack of NCX2 resulted in an increased infarct volume and
ncreased neuronal loss in a transient focal cerebral ischemia
n the mouse brain. Moreover, we observed that the neu-
ons expressing NCX2 in peri-infarct areas were selectively
rotected from ischemic injury compared to NCX2-negative
eurons. Although NCX2 works in the reverse mode in the
schemic core region owing to a decreased ATP production
nd accumulation of [Na+]i, the forward activity of NCX2
ay be necessary to delimit the infarct volume to the initial

njury site, as well as peri-infarct areas.
In conclusion, a genetic deletion of NCX2 increased

schemic neuronal injury in vitro and in vivo, due to a dysfunc-
ion in the regulation of [Ca+]i by extrusion. These results
rovide evidence that NCX2 has a neuroprotective role in
schemic cell death in the adult brain. It is possible that
ifferent NCX isoforms could be differentially involved in
rain ischemia, and thus the pharmacological inhibition of
ll three NCX isoforms’ activity could complicate the efforts
o understand the role played by NCX in brain ischemia.
urther studies of mice lacking NCX1 or NCX3 during
eperfusion injury will reveal its role in ischemic reperfu-
ion damage in the adult brain. Overcoming the specificity
roblem of NCX activator or inhibitor will be required for
he treatment of ischemic neuronal cell death. In partic-
lar, drugs improving forward activity of NCX2 may be
elpful to limit the severity of neuronal damage after brain
schemia.
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