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To identify alternative interventions in neonatal hypoxic-ischemic encephalopathy, researchers’ attention has been focused to the
study of endogenous neuroprotective strategies. Based on the preconditioning concept that a subthreshold insult may protect
from a subsequent harmful event, we aimed at identifying a new preconditioning protocol able to enhance Ca2+-dependent
neurogenesis in a mouse model of neonatal hypoxia ischemia (HI). To this purpose, we also investigated the role of the
preconditioning-linked protein controlling ionic homeostasis, Na+/Ca2+ exchanger (NCX). Hypoxic Preconditioning (HPC) was
reproduced by exposing P7 mice to 20’ hypoxia. HI was induced by isolating and cutting the right common carotid artery. A
significant reduction in ischemic damage was observed in mice subjected to 20’ hypoxia followed,3 days later, by 60’ HI, thus
suggesting that 20’ hypoxia functions as preconditioning stimulus. HPC promoted neuroblasts proliferation in the dentate gyrus
mirrored by an increase of NCX1 and NCX3-positive cells and an improvement of behavioral motor performances in HI mice. An
attenuation of HPC neuroprotection as well as a reduction in the expression of neurogenesis markers, including p57 and NeuroD1,
was observed in preconditioned mice lacking NCX1 or NCX3. In summary, PC in neonatal mice triggers a neurogenic process linked
to ionic homeostasis maintenance, regulated by NCX1 and NCX3.
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INTRODUCTION
Neonatal hypoxic-ischemic encephalopathy (HIE) is a major cause
of acute mortality and chronic neurologic deficit in infants and
children. It is caused by a reduction of cerebral blood flow (CBF) in
the brain [1, 2], that in turn is due to the alteration of respiratory
placental or pulmonary gas exchange [3–5]. Neonatal HIE
represents a medical need since therapeutic hypothermia repre-
sents the only accepted treatment so far available [6]. In order to
identify new druggable targets and to settled up innovative
therapeutic approaches, the attention of researchers has been
recently focused to the study of endogenous neuroprotective
strategies, including ischemic preconditioning (PC), a strategy able
to protect the brain and other organs by subjecting them to a
subthreshold injurious stimulus before a longer harmful ischemia
[7–9]. Since during stressful and pathological conditions brain may
activate neurogenetic program able to preserve its integrity
[10, 11], the induction of neurogenesis as a potential neuror-
estorative strategy has been included among the possible
mechanisms of neuroprotection elicited by preconditioning.
Neurogenesis is the process by which new neurons are generated
from progenitor cells located in specific areas of the brain, i.e.,
hippocampal dentate gyrus (DG) and subventricular zone (SVZ),
called neurogenic niches, characterized by specialized microenvir-
onments that support their self-renewal and differentiation

throughout their life [12]. This process is highly complex and is
finely regulated by numerous molecular pathways, such as the
transcription factor NeuroD1 that plays a crucial role in the
neuronal differentiation process [13–15], both during embryonic
neurogenesis [16] and adult neurogenesis [17]. Notably, NeuroD1 is
able to induce Ca2+-dependent neuronal differentiation [18, 19],
thus supporting a Ca2+-dependent neurogenesis pathway.
In the light of these considerations, it is conceivable that the

regulation of ionic homeostasis plays a fundamental role in
promoting regenerative processes. Indeed, cell death during
cerebral ischemia is characterized by the progressive intracellular
accumulation of [Na+] and [Ca2+] ions. Maintaining the home-
ostasis of these two ions is crucial for proper cellular functioning.
In fact, the plasmamembrane transporter Na+/Ca2+ exchanger
(NCX), by contributing to the maintenance of ionic homeostasis,
represents a key protein in controlling the progression of
ischemia-induced brain damage [20, 21].
Considering these premises, in the present work we settled a

new model of neonatal mouse hypoxic preconditioning in order
to: (1) examine the proliferation and differentiation of neural stem
cells (NSCs) in ipsilateral DG;(2) investigate the relationship
between the endogenous neurogenesis, promoted by precondi-
tioning, andNCX1 and NCX3, two isoforms of the NCX antiporter
involved in stroke neuroprotection.
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RESULTS
Radial glial-like cells, monitored by Nestin, increase in the
dentate gyrus 24 h after 20’ hypoxia in P8 mice
To analyze the expression of radial glial-like cells in DG niche,
Nestin fluorescence intensity was assessed. Nestin antibody
allowed to identify an intermediate filament protein type VI
(IFN), a component of neural progenitor cytoskeleton [22], that
significantly increases during differentiation of stem cells [23, 24].
A significant increase in Nestin expression was observed in mice
subjected to 20’ hypoxia. In addition, a significant reduction in
Nestin was observed in mice subjected to 30’ and 60’ hypoxia
compared both to control and 20’ hypoxia groups (P < 0.05) (Fig.
1A, B). No significant changes were observed in mice subjected to
permanent ischemia (Fig. 1A, B). As expected, Nestin expression
was absent in gastrocnemius muscle (Fig. S1).

20’ hypoxia reduces ischemic and hippocampal damage in
hypoxic-ischemic neonatal mice and functions as
preconditioning stimulus
Ischemic damage was evaluated by cresyl violet staining in P7
mice subjected to 20’ hypoxia followed, at P10, by ischemia plus
60’ hypoxia (HI) and sacrificed 24 h after the lethal insult.
Interestingly, 20’ hypoxia worked as preconditioning stimulus
(HPC), thus reducing ischemic damage (P < 0.05) (Fig. 2B). The
effect of HPC was evident also when brain damage was assessed
with PI technique [25, 26] (Fig. 2C). The development of
sensorimotor reflexes was evaluated by cliff avoidance and
negative geotaxis tests. P11 preconditioned hypoxic-ischemic
mice spent less time to perform the trials compared to hypoxic-
ischemic mice (P < 0.05) (Fig. 2D, E).

HPC prevents the reduction of total number of proliferating
neuroblasts, monitored by PSA-NCAM, in dentate gyrus of
hypoxic-ischemic mice
Proliferating neuroblasts were evaluated by anti-BrdU and anti-
PSA-NCAM antibodies. BrdU is incorporated in dividing progenitor
cells and passed on to their daughter cells [27] thus identifying
proliferating cells, while PSA-NCAM antibody identifies a
membrane-bound glycoprotein expressed by neuroblasts at their
surface [22]. PSA-NCAM staining in DG showed that mice exposed
to HI displayed a reduction in neuroblast number compared to
control animals, while mice exposed to PC+ HI displayed an
increase in the number of PSA-NCAM-positive cells compared to
HI mice (P < 0.05) (Fig. 3A, B); this effect was also revealed in SVZ
(P < 0.05) (Fig. S2A, B). Interestingly, mice subjected to PC+ HI
showed an increased number of proliferating neuroblasts in DG
compared to mice subjected to HI alone (P < 0.05) (Fig. 3A–C).
PC significantly prevented the reduction of neurogenic

differentiation factor NeuroD1, expressed from immature neurons,
in the DG of HI mice (P < 0.05) (Fig. 3D, E).
To verify if preconditioning alone was able to enhance the

increase of neuronal progenitors in DG, Nestin expression was
analyzed in four experimental groups: control, PC, HI, and PC+ HI
mice. 20’ hypoxia was not able to determine an increase of Nestin
in P11 mice, conversely preconditioning stimulus followed by
hypoxic-ischemic insult induced a rise of Nestin-positive cells
compared to HI group (Fig. S3).

Preconditioning prevented NCX1 and NCX3 reduction induced
by hypoxia ischemia in the dentate gyrus of P11 mice
To verify whether NCX1 and NCX3 were involved in
preconditioning-induced neuroprotection, their expression was
evaluated in ipsilateral DG of three experimental groups: control,
hypoxic-ischemic, and preconditioned hypoxic-ischemic mice. The
counting analysis of NCX1 and NCX3 immunostaining revealed a
significant increase in NCX1 and NCX3-positive cells in DG of mice
subjected to PC+ HI compared to both control and HI mice
(P < 0.05) (Fig. 4A, B).

NCX1 silencing and ncx3 genetic knocked-out worsen infarct
volume and neurological deficits in HI mice and impair
preconditioning-induced neuroprotection
siNCX1 intracerebroventricular injected in mice exposed to HI was
able to reduce the expression of NCX1 in the hippocampal DG
(Fig. 5B) and to prevent the neuroprotection mediated by HPC
(P < 0.05) (Fig. 5C). In particular, the reduction of NCX1 expression
caused the increase in necrotic and apoptotic cells in granular cell
layer (Fig. 5B–H); high-magnification image (Fig. 5B–J) showed
pycnotic nuclei, characterized by karyolysis and karyorrhexis.
ncx3 genetic ablation prevented the neuroprotection induced by

hypoxic preconditioning in mice ipsilateral brain (P < 0.05) (Fig. 6A).
ncx3−/− mice subjected to PC+ HI spent more time to

perform the trials in cliff avoidance and negative geotaxis tests,
compared to wild-type mice (P < 0.05) (Fig. 6B, C). PC protective
effect on unconditional sensory-motor reflexes was absent in
preconditioned hypoxic-ischemic ncx3−/− mice.

NCX1 silencing and ncx3 genetic knocked-out prevented the
preconditioning-induced differentiation phase, monitored by
NeuroD1
To examine whether the role of NCX1 and NCX3 was related to the
neurogenesis process elicited by PC in DG of hypoxic-ischemic
mice, the expression of p57, an important regulator of the cell
cycle, a marker of radial quiescent NSCs [28] and NeuroD1, a
marker of neuroblast differentiation, was evaluated in mice in
which ncx1 was silenced or ncx3 was knocked-out.
Silencing of NCX1 or genetic ablation of ncx3 prevented the

increase of NeuroD1-positive cells elicited by hypoxic precondi-
tioning, thus suggesting a role of these two NCX isoforms in the
differentiation phase of neurogenesis (P < 0.05) (Fig. 7).
Notably, no effect on p57 expression was found in DG of

preconditioned mice while the lack of ncx3 induced a strong
increase in p57 expression in the same brain region (Fig. 7E, F).
In the DG of ncx3 KO mice exposed to PC alone the number of

NeuroD1 expressing cells at postnatal day eleven was reduced
compared to wild-type animals (Fig. S4). The reduction of NeuroD1
expressing cells was also observed in hypoxic-ischemic mice,
where the strong insult determined the increase of apoptotic cells
in granular cell layer. Interestingly, in hypoxic-ischemic ncx3 KO
mice a deep alteration of DG morphology was observed (Fig. S5).

DISCUSSION
In the present paper, we demonstrated, for the first time that a
subthreshold hypoxic event of 20 min, that does not induce brain
damage, represents a reliable and valid preconditioning stimulus
in a mouse model of neonatal hypoxia ischemia. In fact, this
hypoxic preconditioning stimulus is associated with endogenous
neurogenesis in immature brain. Furthermore, we demonstrated
that the increase of neurogenic processes triggered by HPC may
be linked to ionic perturbation, since NCX1 and NCX3, two
isoforms of the antiporter sodium/calcium exchanger, that play a
relevant role in the maintenance of intracellular sodium and
calcium homeostasis, were upregulated by HPC. Indeed,
NCX1 silencing or NCX3 knocking-out, prevented HPC-induced
neurogenesis, mainly in the differentiation stage.
This work further supports the idea that preconditioning

represents a general paradigm applicable to different species and
pathological conditions. In fact, moderate hypoxic episodes may
exert beneficial actions, as illustrated by preconditioning experi-
ments carried out mainly in adult rats where non-lethal hypoxia
induces brain tolerance to subsequent severe insults [29, 30], a
process, which may involve neurogenesis enhancement [31–34].
Interestingly, in 2007, Yin et al. demonstrated, in a rat model of

neonatal hypoxia ischemia, that the exposure for 3 h to a
humidified gas mixture of 8% oxygen 92% nitrogen induced a
state of tolerance, thus determining a significant reduction of
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Fig. 1 Nestin fluorescence intensity in dentate gyrus of P8 mice. A Representative confocal images of DG of control, 10’ hypoxia, 20’
hypoxia, 30’ hypoxia, 60’ hypoxia, permanent ischemia groups. Single staining of Nestin (A, B, C, D, E, F); NeuN (G, H, I, J, K, L), Hoechst (M, N, O,
P, Q, R), and merge (S, T, U, V, W, X) in mouse dentate gyrus of six groups. Scale bar 200 μm. Rectangular box indicates area of high
magnification ×400 zoom. Arrows indicate radial glial-like Nestin expressing cells. B Quantification of Nestin fluorescence intensity in dentate
gyrus (expressed in arbitrary units, AU). Data are expressed as mean ± SD (n= 4–5). *P < 0.05 versus control mice. P-values were obtained by
using one-way ANOVA with Newman–Keuls correction for multiple comparisons.
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tissue loss 24 h and 7 days after HI induction [35]. Differently from
the 3 h hypoxia previously used as preconditioning stimulus in
neonate rats [35], here we demonstrated that a more easily
applicable 20’ hypoxia is able to work as preconditioning stimulus
in P7-P10 mice. The choice of carrying out these studies in animals
of this age was made with the intention to replicate a mouse
model as closely as possible similar to the human neonates
affected by hypoxic-ischemic encephalopathy at birth. In fact, it is
known that brain development at P10 in mice corresponds to the
brain development of a human at birth [36, 37]. Interestingly, it
has been demonstrated that the time interval between P7-P14, is
characterized by the strongest increase in proliferating progenitor
cells in the DG of mouse hippocampus [38].
An important aspect of our study that deserves to be

underlined concerns the relationship between the maintenance
of ionic homeostasis mediated by NCX and the activation of
endogenous neurogenesis. In fact, the silencing of ncx1, as well as
the genetically induced ablation of ncx3, prevent neurogenesis
induced by preconditioning in P10 mice. Unfortunately, ncx1
knock-out mice are not vital [39], therefore we choose to silence
this NCX1 isoform to dissect its role. These findings agree with a
proposed role of NCX in neuronal differentiation. Indeed, we have
previously demonstrated in vitro that the overexpression of NCX1
was correlated with neuronal differentiation and neurite

outgrowth, occurring though Akt phosphorylation [40, 41]. In this
regard, it is notable to mention that Yin et al. reported that PI3K/
Akt pathway is activated by preconditioning in neonatal rats [35],
thus further supporting the relationship between NCX and PI3K/
AKT pathway also in neonatal preconditioning.
Notably, we have previously demonstrated that NCX1 and NCX3

represent two new molecular effectors involved in adult brain
preconditioning [20, 42, 43]. Indeed, the lack of NCX1 and NCX3
induced by their respective silencing prevented ischemic precondi-
tioning neuroprotection in adult rats [20, 42]. Here, we demonstrated
that a pronounced increase of NCX1 and NCX3-positive cells within
DG of preconditioned hypoxic-ischemic mice occurred. We hypothe-
size that this event occurs to counteract the dysregulation of
intracellular Na+ and Ca2+ homeostasis triggered by harmful
ischemia. The pivotal role played by NCX1 and NCX3 isoforms
during preconditioning has been further highlighted also in in vitro
studies. In fact, in rat primary cortical neurons IPC induced an
increase in NCX1 and NCX3 isoform expression and this effect was
mediated by nitric oxide (NO) activation of PI3K/Akt pathway [43].
Since the effect of preconditioning induced in mice lacking

NCX1 or NCX3 was more evident on the transcription factor
NeuroD1 [17], mainly involved in the differentiation stage of NSCs,
the impact of NCX1 and NCX3 on the neurogenetic process elicited
by preconditioning is likely directed to the differentiation stage.

Fig. 2 Effect of 20’ hypoxia in hypoxic-ischemic neonatal mice. A The panel shows the experimental design. The mice were divided into two
groups: the first group was subjected to normoxic condition at P7; in the second the mice were subjected to 20’ hypoxia at P7, subsequently,
all animals were subjected to HI insult at P10. All animals were sacrificed 24 h after injury. B On top of the figure are included representative
rostral-caudal brain sections stained with cresyl violet. Brain damage was expressed as % of ischemic damage 24 h after HI induction. Data are
expressed as mean ± SD (n= 4–5). C On top of the figure are included representative brain sections stained with PI. Data are expressed as
mean ± SD (n= 6–7). B, C *P < 0.05 versus mice group subjected to only HI (P10). P-values were obtained by using Unpaired t-test. D, E The
graphs show the time course of cliff avoidance and negative geotaxis reflex performances into three experimental groups. Mice were
monitored at different time intervals. Data are expressed as mean ± SD (n= 15–16). *P < 0.05 versus control mice and preconditioned hypoxic-
ischemic mice. P-values were obtained by using one-way ANOVA with Newman–Keuls correction for multiple comparisons.
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In conclusion, our results indicate that hypoxic preconditioning
is associated with endogenous neurogenesis in immature brain.
Indeed, this stimulus triggers the proliferation of neural progenitor
cells in the neurogenic niches. The increase of neurogenic
processes might be related to ionic homeostasis maintenance,
regulated by NCX1 and NCX3 isoforms of the antiporter sodium/
calcium exchanger. Therefore, NCX1 and NCX3 might represent
potential druggable targets for brain damage associated with
neonatal hypoxic-ischemic encephalopathy.

MATERIAL AND METHODS
Animal procedures
Two-hundred and one (201) male and female mice, C57BL/6 (Charles River,
Italy), housed under diurnal lighting conditions (12 h darkness/light) were
used, 41 out of 201 animals were not included in the experimental groups
for the following reasons: 11 were not cured by their dams; 30 died
immediately after surgery. G*Power version 3.1.9.7 was used to determine
sample size. NCX3 knock-out mice were generated by our research group
as previously described [44]. Genetic background of ncx3+/− and ncx3−/
− mice were obtained as previously described [45]. All animal procedures
were performed in accordance with Animal Care Committee of “Federico
II” University of Naples, Italian Ministry Authorization (DL26/2014). All

protocols and procedures were in accordance with the international
guiding principles for biomedical research proposed by the Council for
International Organizations of Medical Sciences and ARRIVE (Animal
Research: Reporting In Vivo Experiments) guidelines [46].

Hypoxic-ischemic surgical procedure
Hypoxic-ischemic injury was induced in P10 mice according to Rice-
Vannucci model [21, 47, 48], with few modifications. In particular, mice
were anesthetized with 1.5% sevoflurane, and 98.5% O2 (Oxygen
concentrator, Longfei Industry Co, Zhejiang, China; Mod. LFY-I-5). The
body temperature was maintained at 37 ± 0.5 °C during the whole
procedure with a heating pad, and under a surgical stereomicroscope, a
midline skin incision (0.5 cm) was made on the neck, and the right
common carotid artery (CCA) was exposed and cut. Animals were returned
to their dams and monitored continuously during a recovery period of 1 h.
After that, pups were subjected to 60’ hypoxia (8% O2, 92% N2) in a
hypoxic chamber at 37 °C (GOX 100T, Greisinger, Germany). At the end of
the procedure, pups were returned to their dams. Animals were monitored
daily until they were sacrificed [21].

Hypoxic preconditioning
P7 mice were subjected to hypoxic preconditioning induced by 20min of
hypoxia, into a hypoxic chamber, perfused with an equilibrated gaseous

Fig. 3 Effect of hypoxic preconditioning on proliferating neuroblasts in dentate gyrus of HI mice. A Representative confocal images of
dentate gyrus of control, HI, and PC+ HI groups. Single staining of BrdU (A, B, C), PSA-NCAM (D, E, F), Hoechst (G, H, I), and merge (J, K, L).
Scale bar 75 μm. Rectangular box indicates area of high magnification ×500 zoom. B Cell-counting analysis of neuroblasts expressed as the
total number of PSA-NCAM+ cells in DG of P11 mice. C Cell-counting analysis of proliferating neuroblasts expressed as the total number of
BrdU+/PSA-NCAM+ cells in DG of P11 mice. B, C Data are expressed as mean ± SD (n= 6). *P < 0.05 versus control mice. #P < 0.05 versus mice
group subjected to only HI. P-values were obtained by using one-way ANOVA with Newman–Keuls correction for multiple comparisons.
D Representative confocal images of DG of control, HI, and PC+ HI groups. Single staining of NeuroD1 (A, B, C), Hoechst (D, E, F), and merge
(G, H, I). Scale bar 75 μm. Rectangular box indicates area of high magnification ×500 zoom. E Cell-counting analysis of immature neurons
expressed as total number of NeuroD1+cells in DG of P11 mice. Data are expressed as mean ± SD (n= 3). *P < 0.05 versus control mice.
#P < 0.05 versus mice group subjected to only HI. P-values were obtained by using one-way ANOVA with Newman–Keuls correction for
multiple comparisons.
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Fig. 4 NCX1 and NCX3 expression in the dentate gyrus after HPC. A Representative image of NCX1 3,3′-diaminobenzidine (DAB) staining of
dentate gyrus of control, HI, and PC+HI groups. Scale bar 25 μm. Arrows indicate NCX1 expressing cells. Cell-counting analysis was expressed
as the percentage of total number of NCX1+cells in dentate gyrus of P11 mice. B Representative image of NCX3 DAB staining of dentate gyrus
of control, HI, and PC+ HI groups. Scale bar 25 μm. Arrows indicate NCX3 expressing cells. Cell-counting analysis was expressed as the
percentage of total number of NCX3+ cells in dentate gyrus of P11 mice. A, B Data are expressed as mean ± SD (n= 3). *P < 0.05 versus control
mice. #P < 0.05 versus mice group subjected to HI only. P-values were obtained by using one-way ANOVA with Newman–Keuls correction for
multiple comparisons.
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mixture (8% O2 and 92% N2) monitored by using an oxygen monitor. The
hypoxic chamber was placed in a water bath heated to 37 °C. Control pups
not subjected to hypoxic preconditioning were exposed to room air in a
chamber for the same time intervals. At the end of the procedure, all pups
were returned to their dams. Pups were then subjected to HI and sacrificed
24 h after insult induction.

siNCX1 administration
Neonatal mice were anesthetized with 1.5% sevoflurane and 98.5% O2

gaseous mixture. Their heads were immobilized on a stereotaxic apparatus
and a midline sagittal skin incision (0.5 cm) was made on the skull.
Scramble silencing or siNCX1 (0,5 µL, 5 µM/L) (GenBank NM_019268)
(Qiagen, Milan, Italy; SI03085285) were injected at the following stereotaxic
coordinates identified from the bregma: 0 mm antero-posterior, 0.8 mm
lateral, and 1.5 mm depth [49], with a Hamilton micro-syringe, 8 h before
preconditioning induction. Pups were then placed on a heat pad, quickly
revitalized, and returned to their dams.

BrdU administration
BrdU (100mg/kg body weight, 10 mg/mL in 0.007 N NaOH in 0.9% NaCl)
(Abcam, Cambridge, UK; ab142567) was ip administered at postnatal day 7
[27]. Pups were then exposed to hypoxic preconditioning or normoxic
conditions. At postnatal day 11, mice were transcardially perfused and
brain tissue processed as described below.

Brain damage analysis
To evaluate hippocampal damage, 2 µL of Propidium Iodide solution (PI,
1 mg/mL in distilled water, Sigma, Milan, Italy; P4170) was injected into the
right lateral brain ventricle of HI newborn mice, as previously described

[21]. Brains were rapidly removed on ice and postfixed overnight at +4 °C
and cryoprotected in 30% sucrose in 0.1 M phosphate buffer (PB) with
0.02% sodium azide for 24 h at +4 °C. Brains were cut on a cryostat into
100 µm coronal sections in rostral-caudal direction. Brain damage was then
assessed with propidium iodide technique [25, 26]. Consecutive sections
were analyzed with fluorescence microscope (Nikon E400) and the PI-
stained infarct area was calculated with image analysis software (Image-J)
[50]. To avoid edema interference in damage quantification, hippocampal
damage was expressed as percentage of the ratio between the sum of the
infarct in hippocampal areas and the sum of the total areas of the
respective ipsilateral hippocampus.
To determine total brain damage, brains were removed and cut into

40 µm coronal sections in rostral-caudal direction. The evaluation of brain
damage was carried out by Nissl staining [21], to avoid edema interference
in damage quantification, ischemic damage was expressed as percentage
of the ratio between ischemic damage and total area of the ipsilateral
hemisphere.

Tissue processing, immunostaining, and confocal
immunofluorescence
Immunostaining and confocal immunofluorescence procedures were
performed as previously described [49, 51]. For BrdU staining,
paraformaldehyde-fixed frozen sections were pretreated with 2 N HCl at
RT for 30’ and washed three times in accordance with manufacturer’s
protocol (Abcam, Cambridge, UK). Brain sections were incubated overnight
at +4 °C with the following primary antibodies: anti-NeuN (1:1000,
Millipore, Milan, Italy; ABN78); anti-Nestin (1:200, Millipore, Milan, Italy;
MAB353) [52]; anti-alpha Tubulin 4a (1:400, GeneTex, Irvine, California, USA;
GTX112141), anti-BrdU (1:300, Abcam, Cambridge, UK; ab6326); anti-PSA-
NCAM (1:300, Millipore, Milan, Italy; MAB5324); anti-NeuroD1 (1:300,

Fig. 5 Effect of NCX1 silencing on preconditioning-induced neuroprotection. A The panel shows the experimental design. The mice were
divided into two groups: the first group was subjected to i.c.v. administration of siControl and HPC at P7; in the second the mice were
subjected to i.c.v. administration of siNCX1 and HPC at P7, subsequently, all animals were subjected to HI insult at P10. All animals were
sacrificed 24 h after injury. B Representative confocal images of hippocampus of two groups. Single staining of NCX1 (A, B); Hoechst (C, D), and
merge (E, F, G, H, I, J) in hippocampus of two groups. Scale bar: 200 μm (E, F), 75 μm (G, H), 25 μm (I, J). Rectangular box indicates area of higher
magnification. MOL, molecular layer; GCL, granular cell layer. C On top of the figure are included representative rostral-caudal brain sections
stained with cresyl violet of preconditioned hypoxic-ischemic (siControl) and preconditioned hypoxic-ischemic (siNCX1) mice. Brain damage
induced in mice was evaluated as % of ischemic damage at postnatal day eleven. Data are expressed as mean ± SD (n= 3–4). *P < 0.05 versus
preconditioned hypoxic-ischemic (siControl) mice. P-values were obtained by using Unpaired t-test.
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Abcam, Cambridge, UK;ab60704); anti-NCX1 (1:500, Swant, Bellinzona,
Switzerland; R3F1), anti-p57 (1:500, Sigma, Milan, Italy; P0357). Sections
were then incubated with the corresponding florescent-labeled secondary
antibodies 1:300 (Alexa 488/Alexa 594 conjugated antimouse/antirabbit/
antirat IgGs, 715-545-150, 711-585-152, Jackson Immuno Research,
Baltimore, PA; and ab102262, Abcam, Cambridge, UK). Nuclei were
counterstained with Hoechst (Sigma-Aldrich, Milan, Italy). Images were
observed using a Zeiss LSM700 META/laser scanning confocal microscope
(Zeiss, Oberkochen, Germany). Single images were taken with a resolution
of 512 × 512. In double-labeled sections, the pattern of immune reactivity
for both antigens was identical to that seen in single-stained material [53].
Nissl staining was performed as previously described [21]. For DAB
staining, standard 3,3-diaminobenzidine (DAB) was employed on coronal
sections using anti-NCX1 (1:500) and anti-NCX3 (1:3000) (Swant, Bellinzona,
Switzerland; catalog 95,209) [54].

Fluorescence intensity analysis
Nestin fluorescence was quantified in terms of pixel intensity on tissue
sections at the level of the DG of hippocampus by using Image J software,
as previously described [55, 56]. Images from the same areas of each brain
region were compared, three selected rostro-caudal sections were
obtained from the region 4.35 to 4.95mm from rostral cortex [57] and
included in the analysis. Mean values per sample were calculated by
averaging the values of all sections of the same animal and were used to
compare the Nestin fluorescence intensity of animals subjected to different
stimuli vs. control animals.

Cell-counting analysis
The area of the complete hilus, GCL, and subgranular zone of the DG, with
an imaginary cut at the beginning of CA3, was manually counted in each
section, as previously described [58].

The number of BrdU and PSA-NCAM-positive cells was determined in
four matched sections (40 µm) of the medial DG of hippocampus of C57BL/
6 mice at P11, by manual counting at ×40 magnification. The average value
of all the sections of each animal was determined.
The number of NCX1 and NCX3-positive cells with clearly visible cell

bodies and profiles was determined in four matched sections (40 µm) of
the medial DG of hippocampus of C57BL/6 mice at P11, by manual
counting at ×20 magnification [51].
The number of NeuroD1-positive cells was determined in three matched

sections (40 µm) of the medial DG of hippocampus of C57BL/6 mice at
P11.The number of NeuroD1 and p57-positive cells was determined in
three and four matched sections (40 µm) of the medial DG of hippocampus
of P11 mice in NCX1 silencing and NCX3 knocking-out experiments,
respectively by manual counting at ×40 magnification. All immunostain-
ings were blind quantified.

Behavioral studies
Experiments were performed under diurnal lighting conditions between
03:00 p.m. and 06:00 p.m. Cliff avoidance and Negative Geotaxis tests were
carried out at different time intervals. P7 mice were analyzed twice, 20 min
before (P7a) and 20min after normoxia o hypoxia (P7b). Afterwards, tests
were replicated before HI induction (P10) and before the sacrifice (P11).
Each pup was given three attempts with a maximum time of 30 s for each
trial, the mean time to perform the reflex was recorded.

Cliff avoidance reflex test. Pups were located at the edge of a flat surface,
such that the forepaws and snout of the pups are over the edge. The time
spent to move away by backing up with forepaws or to retract their body
and to turn head sideways was calculated [59, 60]. If the mouse was unable
to perform the test within the allotted time (30”) or fell off from the flat
surface, the maximal time was assigned.

Fig. 6 Effect of ncx3 genetic knocked-out on preconditioning-induced neuroprotection. A On top of the figure are included representative
rostral-caudal brain sections stained with cresyl violet of preconditioned hypoxic-ischemic (wild-type) and preconditioned hypoxic-ischemic
(ncx3−/−) mice. Brain damage induced in mice was evaluated as % of ischemic damage at P11. Data are expressed as mean ± SD (n= 5–7).
*P < 0.05 versus preconditioned hypoxic-ischemic (wild-type) mice. P-values were obtained by using Unpaired t-test. B, C The graphs show the
time course of cliff avoidance and negative geotaxis reflex performances into two experimental groups: preconditioned hypoxic-ischemic
(wild-type) and preconditioned hypoxic-ischemic (ncx3−/−) mice. Mice were monitored at different time intervals. Data are expressed as
mean ± SD (n= 7–8). *P < 0.05 versus PC+ HI mice (wild-type). P-values were obtained by using Unpaired t-test.
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Negative geotaxis reflex test. Pups were placed head downward on an
inclined board (40°) [60]. It has been considered the time required for the
pups to rotate their bodies head up (>90° rotation).

Statistical analysis
Statistical analyses were performed by using GraphPad Prism 5.0 (Graph
Pad Software, Inc.). All data in figures represent the mean ± SD. Statistical
differences between two experimental groups were analyzed with
unpaired two tailed t-test. Statistical differences between more than two
experimental groups were evaluated by one-way ANOVA, followed by
Newman–Keuls test. Statistical significance was accepted at the 95%
confidence level (P < 0.05). Animals were randomly allocated to each
experimental group.

DATA AVAILABILITY
The data underlying this article will be shared on reasonable request to the
corresponding author.
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