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Na+/Ca2+ exchanger (NCX) is a plasma membrane 
transporter that, by regulating Ca2+ and Na+ homeo-
stasis, contributes to brain stroke damage. The objec-
tives of this study were to investigate whether there 
might be miRNAs in the brain able to regulate NCX1 
expression and, thereafter, to set up a valid therapeutic 
strategy able to reduce stroke-induced brain damage by 
regulating NCX1 expression. Thus, we tested whether 
miR-103-1, a microRNA belonging to the miR-103/107 
family that on the basis of sequence analysis might be a 
potential NCX1 regulator, could control NCX1 expres-
sion. The role of miR-103-1 was assessed in a rat model 
of transient cerebral ischemia by evaluating the effect 
of the correspondent antimiRNA on both brain infarct 
volume and neurological deficits. NCX1 expression 
was dramatically reduced when cortical neurons were 
exposed to miR-103-1. This alleged tight regulation of 
NCX1 by miR-103-1 was further corroborated by lucif-
erase assay. Notably, antimiR-103-1 prevented NCX1 
protein downregulation induced by the increase in miR-
103-1 after brain ischemia, thereby reducing brain dam-
age and neurological deficits. Overall, the identification 
of a microRNA able to selectively regulate NCX1 in the 
brain clarifies a new important molecular mechanism of 
NCX1 regulation in the brain and offers the opportunity 
to develop a new therapeutic strategy for stroke.
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INTRODUCTION
MicroRNAs (miRNAs) are small, 17 to 23 nucleotides, noncoding 
RNAs able to control protein translation by binding to the comple-
mentary seed sequences in the 3′-untraslated regions (3′-UTRs) 
of mRNAs.1 Owing to their small size, relative easiness of deliv-
ery, sequence specificity in recognizing their targets, and multitar-
get properties, miRNAs represent promising therapeutic options 
for several CNS disorders such as Alzheimer’s disease, multiple 
sclerosis, Parkinson’s disease, ALS, and cerebral ischemia.2 In 

particular, cerebral ischemia triggers a multifaced cascade of bio-
chemical events mediated by alterations in molecular processes 
such as translation and transcription.3 To date, no exhaustive 
reports are available on the miRNA microarray profiling of the 
ischemic brain. Nevertheless, several reports have demonstrated 
the role of specific miRNAs in neuronal differentiation, neurogen-
esis, neural cell specification, and neurodevelopmental function.4–8

Interestingly, among those genes whose expression is influ-
enced by cerebral ischemia is the sodium–calcium exchanger-1 
(NCX1), a ubiquitous plasma membrane protein regulating cel-
lular calcium and sodium homeostasis in the brain.3,9–11

In general, all three isoforms of this exchanger, NCX1, NCX2, 
and NCX3, are involved in some serious diseases characterized by 
a dysregulation of ionic homeostasis; including stroke, Alzheimer’s 
disease, multiple sclerosis, and epilepsy.12–16 Recently, studies have 
shown that brain damage worsens in ischemic rats and mice in 
which NCX is either downregulated, knocked out, or pharmaco-
logically blocked.3,17 By contrast, when NCX is selectively stimu-
lated, the increase in NCX activity ameliorates the consequences 
of ischemic brain damage.10,11,15,17,18 Therefore, the identification of 
new compounds capable of increasing NCX activity may be a suit-
able strategy to limit the extension of ischemic brain damage. In 
addition, and, more specifically, an alternative and rational strat-
egy capable of counteracting the reduction in NCX1 expression 
and activity induced by stroke could be the identification of miR-
NAs or antimiRNAs able to increase NCX1 expression and thus 
mitigate the consequences of ischemic stroke.

To this aim, we tested the hypothesis that miR-103-1, a 
microRNA belonging to the family known as miR-103/107 
(ref. 19), that on the basis of sequence analysis might be a poten-
tial NCX1 regulator, mediates NCX1 expression. NCX protein 
expression was evaluated by western blotting in PC12, BHK cell 
lines, and primary neuronal cultures transfected with miR-103-
1. The role of miR-103-1 was assessed in an in vivo rat model 
of transient cerebral ischemia (tMCAo) by evaluating both the 
expression of miR-103-1 in the cortex and striatum of ischemic 
rats and the effect of intracerebroventricular (icv) infusion of the 
correspondent antimiRNA on brain infarct volume and on neu-
rological deficits.
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RESULTS
miR-103-1 interacts with the 3′UTRs of NCX1 RNA 
messenger
By using, in the HOCTAR database, the query “Slc8a1” for iso-
form 1 of sodium/calcium exchanger, we obtained a list of all the 
intragenic miRNAs predicted to bind to the selected target gene. 
Intragenic miRNAs, which inversely correlated with the target 
NCX1 transcripts, were ranked as described later in Methods 
Section. By analyzing miRNA affinity for the 3′UTRs of the NCX1 
messenger of the first 50 percentile of the ranking list, we were 
able to identify miR-103-1 as a potential candidate. This miRNA 
paired perfectly with 8 nucleotides of its sequence (seed nucleus) 
to the 3′ UTR of rat NCX1 (Figure 1a), with a release of free inter-
action energy equal to −28.5 kcal/mol by heteroduplex formation. 
Moreover, other two sites of miRNA-mRNA interactions of 5 and 
6 nucleotides in length, respectively, of perfect base pairing were 
observed; we thus hypothesized that these sites may cooperate in 
the miRNA modulation of NCX1 gene transcript because of their 
close proximity to each other. Thanks to these interaction data 
we also hypothesized that miR-103-1 most likely interacts with 
NCX1.

To confirm that miR-103-1 directly binds to and represses 
ncx1 expression, we used a luciferase gene reporter assay. We 
made three different pmiR reporter constructs: construct 1 con-
tained the full length 3-UTR of ncx1 (ncx1 3′-UTR FL), construct 

2 contained site 1 (ncx1 3′-UTR site 1), and construct 3 contained 
sites 2 and 3 (ncx1 3′-UTR site 2&3). No difference in luciferase 
activity was found between PC12 cells transfected with the con-
trol vector (pmirGLO) and PC12 cells transfected with the vec-
tor containing the 3-UTRs of ncx1 (Figure 1b). In contrast, the 
cotransfection of miR-103-1 at 100 and 150 nmol/l resulted in 
50% reduction in luciferase activity in cells transfected either with 
ncx1 3′-UTR FL or with ncx1 3′-UTR site 2&3. Cells trasfected 
with ncx1 3′-UTR site 1 containing only site 1 sequence were 
not sensitive to miRNA exposure either at 100 or at 150 nmol/l 
(Figure 1b).

miR-103-1 transfection causes a reduction in NCX1 
expression in BHK-NCX1 cells, in PC12 cells and in 
cortical neurons
To verify whether NCX1 was actually a target for miR-103-1, we 
treated BHK cells transfected with NCX1 with increasing con-
centrations of miR-103-1 in the presence of lipofectamine. The 
transient transfection with miR-103-1 remarkably downregulated 
NCX1 in BHK-NCX1 cells. In particular, this reduction was con-
centration and time-dependent (Figure 2a).

To prove the species specificity, we transfeced miR-103-1 
in rat pheocromocytoma PC12 cells. Twenty-four hours after 
miRNA exposure, 10 and 100 nmol/l miR-103-1 did not reduce 
NCX1 expression. However, 48 and 72 hours later, the same 

Figure 1  miR-103-1 regulates NCX1 by targeting 3′-UTR of Ncx1 mRNA. (a) Predicted miR-103-1 binding sites in the 3′-UTRs of NCX1 mRNA. 
NCX1 contains 3 sites of annealing with candidate miRNA. Site position relative to the beginning of the 3′-UTRs is indicated. Target sequences are 
highlighted by a box, and base pairing between miR-103-1 and the target site is marked by vertical lines. The most relevant sites of miRNA-mRNA 
interaction (8 bp of interaction) relatively to the beginning of the 3′-UTRs region of NCX1 (rattus norvegicus) is shown. (b) Luciferase activity assay 
has been evaluated in PC12 cells by coexpressing the vector cointaining 3′ UTRs of NCX1 and candidate miRNA (miR-103-1). The activity of luciferase 
enzyme was normalized to β-galactosidase activity and compared with empty vector measurements (pmiR empty). This experiment was performed 
in triplicate and is representative of three independent experiments. Results show that a strong decrease in luciferase activity is observed when the 
pmirGLO vector, containing sites 2 and 3 out of three total interaction sites, was cotransfected with mirR-103-1 at 150 nmol/l in PC12 cells. The panel 
shows that site 1 is ineffective in NCX1 mRNA modulation by miRNA. Data are expressed as mean ± SEM. *P < 0.01.
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miRNA concentrations induced a significant concentration-
dependent reduction of 49 and 93.8%, respectively, in NCX1 
expression (Figure 2b). Since miR-103 belongs to the miRNA 
family known as miR-103/107 (ref. 20) and differs from miR-107 
by 1 nucleotide, we tested the hypothesis that (i) miR-107 was able 
to control NCX1 expression in a manner similar to miR-103, (ii) 

anti-miR-103 was able to act on miR-103 and miR-107, and (iii) 
anti-miR-107 was able to act on miR-103 and miR-107. The results 
obtained in PC12 confirmed the interchangability of miR-103 and 
miR-107 (Supplementary Figure S1).

Finally, we investigated NCX1 regulation by miR-103-1 in 
primary cultures of cortical neurons. In these cells, a 72-hour 

Figure 2 Representative western blot of NCX1 protein levels and densitometric quantification of BHK-NCX1, PC12 cell, and cortical neurons 
transfected with miR-103-1 at different time intervals and concentrations. (a) NCX1 expression in BHK-NCX1 cells transfected with miR-103-
1. Values are normalized with respect to α-tubulin. MiR-103-1 mimic transfection in BHK-NCX1 cell clones determined a concentration dependent 
modulation in NCX1 protein levels at 24 hours. A parallel trend of downregulation of NCX1 protein at 48 hours after transfection in BHK-NCX1 cells 
is evidenced. (b) MiRNA mimic was tested in PC12 cells at several time intervals from transient transfection (24, 48, and 72 hours) and at different 
miRNA concentration (10, 100, and 150 nmol/l). Results show that miR-103-1 is able to act as a potent repressor of NCX1 protein expression in 
particular when used at 100 nmol/l concentration after 48 hours of transfection; this effect is more impressive at 72 hours. (c) Finally, experiment of 
mir-103-1 overexpression was made 72 hours after miRNA transfection in cortical neurons from rat embryos. All values are expressed as mean ± SEM 
of three independent experimental sessions. *P < 0.05 versus their respective controls.
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incubation with 100 nmol/l of miR-103-1 reduced NCX1 expres-
sion by 50% (Figure 2c).

Anti-miR-103-1 significantly and selectively 
upregulates NCX1 protein expression after ischemia 
in the brain cortex and striatum of ischemic rats
To test whether anti-miR-103-1 affected only NCX1 expression or 
also the other two NCX proteins expressed in the brain, the effects 
of anti-miR-103-1 treatment were also evaluated on NCX2 and 
NCX3 expression.

As expected, anti-miR-103-1 upregulated NCX1 protein 
expression in the ipsilateral cortex and striatum of rats subjected 
to ischemic stroke, compared to rats treated with the negative 
control and to sham-operated animals (Figure 3a). Interestingly, 
icv administration of anti-miR-103-1 in ischemic rats influenced 
neither NCX2 protein expression (Figure 3b), nor NCX3 protein 
expression (Figure 3c) in the ipsilateral brain cortex and striatum 
of ischemic rats.

A time–course analysis of miR-103-1 levels and NCX1 
expression after stroke revealed that miR-103-1 levels inversely 

Figure 3 NCX1 isoform-specificity of anti-miR-103-1 treatment evaluated by western blotting 24 hours after ischemia induction. (a–c) 
Expression levels of NCX1 (a), NCX2 (b), and NCX3 (c) in brain cortex (left side) and striatum (right side) of ischemic rats treated with negative con-
trol (Neg CTL) or anti-miR-103-1 9 μg/kg (AntimiRNA) evaluated 24 hours after ischemia. *P < 0.05 versus sham-operated group; **P < 0.05 versus 
sham-operated group and Neg CTL group. Each column represents the mean ± SEM. n = 5 animals per group. Data were normalized on the basis of 
α-tubulin levels and expressed as percentage of sham-operated controls (Sham).
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correlated with NCX1 expression. Indeed, miR-103-1 expression 
levels were dramatically increased by 300% 24 hours after stroke 
induction (Figure 4a). Conversely, NCX1 expression was reduced 
by 30% (Figure 4b).

Anti-miR-103-1, icv infused, prevented NCX1 reduction 
induced by stroke in the ipsilateral cortex and strongly increased 
NCX1 protein levels compared both to ischemic animals treated 
with negative control miRNA and to sham-operated animals 
(Figure 4c).

Notably, the effect on NCX1 protein expression was mir-
rored by the levels of NCX1 mRNA. Indeed, anti-miR-103-1, icv 
infused, increased NCX1 mRNA levels (Figure 4d).

To further demonstrate the similarities between miR-103 
and miR-107, the same experiments were repeated with miR-107 
and the effects observed were replicated also with this miRNA 
(Supplementary Figure S2).

Anti-miR-103-1 exerts a strong neuroprotective effect 
on ischemic damage
To investigate the effect of miR-103-1 on brain damage induced 
by tMCAO, anti-miR-103-1 was icv infused in rats subjected to 

ischemia. Anti-miR-103-1 icv infused, 24 hours before stroke onset 
reduced the extent of brain ischemia by ~60% (19.1 ± 3.4) com-
pared to rats subjected to 100 minutes of tMCAO and treated with 
vehicle (51.0 ± 6.3) or with negative control (59.5 ± 7.9) (Figure 
5a). Interestingly, the reduction in the ischemic volume induced 
by anti-miR-103-1 was mirrored by amelioration in general and 
focal scores (Figure 5b). Notably, a similar neuroprotective effect 
was observed when anti-miR-103-1 infusion started after stroke 
onset and rats were euthanized 48 hours later. Indeed, anti-
miR-103-1, icv infused for 48 hours (9 µg/kg), starting 20’ after 
transient ischemia induction, reduced the extent of brain ischemia 
by ~60% (24.6 ± 6.4) compared to rats subjected to 100 minutes of 
tMCAO and treated with negative control (59.3 ± 2.1) (Figure 6a). 
Also, in this case, the reduction in the ischemic volume induced 
by anti-miR-103-1 was mirrored by amelioration in general and 
focal scores (Figure 6b).

Among the behavioral tests that were improved by anti-
miR-103-1 treatment, it was observed an amelioration in body 
symmetry maintenance and in movement coordination, a 
reduction in the tendency of making compulsive circles, and an 
improvement of spontaneous activity.

Figure 4 Time-course of miR-103-1, NCX1 protein, and NCX1 mRNA in rat ischemic brain cortex; identification of effective anti-miR-103-1 
dose. (a) Time-course of miR-103-1 expression levels in cerebral cortex samples harvested from rats subjected to 100’ tMCAO and sacrificed at 6, 
24, and 72 hours. Results are expressed as fold changes of expression of miR-103-1 compared to sham. (b) Time-course NCX1 expression levels in 
cerebral cortex samples harvested from rats subjected to 100’ tMCAO and sacrificed at 6, 24, and 72 hours. Results are expressed as fold changes 
of expression of NCX1 compared to sham and normalized for α-tubulin. n = 3–4 animals per group. *P < 0.05 versus sham-operated group in 
both expression profiles. Each point of the graphic line represents the mean ± SEM. (c) A quantitative analysis of NCX1 protein expression levels in 
ipsilateral damaged brain area of rats subjected to tMCAO and treated with negative control (Neg CTL), anti-miR-103-1 2 µg/kg, and anti-miR-103-1 
9 µg/kg. A representative western blotting is included on the top of panel (c). (d) Changes in expression levels of ncx1 mRNA from ischemic brain 
cortex samples of rats subjected to tMCAO and treated with negative control (NegCTL), and anti-miR-103-1 9 µg/kg (anti-miR-103-1 9) compared to 
ncx1 mRNA expression in sham-operated animals. n = 5 per group. Data were normalized on the basis of α-tubulin levels and expressed as percent-
age of sham-operated controls (Sham). *P < 0.05 versus sham-operated group; **P < 0.05 versus negative control group and versus sham-operated 
group. mRNA levels are expressed as percentage of sham-operated controls (Sham). Each column represents the mean ± SEM.
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DISCUSSION
In the present paper, we identified a family of microRNA known 
as miRNA-103/107 as a brain miRNA able to selectively modulate 
NCX1 expression. In particular, we found that these microRNAs, 
by reducing NCX1 expression, worsened ischemic damage induced 
by tMCAO. More interestingly, anti-miR-103-1, by sequestering 
miR-103-1, induced an upregulation of NCX1 protein expression, 
thus exerting a remarkable neuroprotective effect in stroke even 

when administered after stroke onset. Interestingly, this action 
was accompanied by a marked improvement in general and focal 
neurological scores of animals subjected to stroke.

Notable, anti-miR-103-1 exerted a neuroprotective effect 
through NCX1 activation without affecting the expression of the 
other two NCX brain isoforms, NCX2 and NCX3, both of which 
are also involved in brain ischemia.21,22

The explanation of the neuroprotective role exerted by NCX1 
and observed in the present study lies on our previous in vivo and 
in vitro studies. Indeed, in in vivo studies we have shown that brain 
damage worsens in ischemic rats in which NCX1 is either down-
regulated by antisense strategy17 or pharmacologically blocked.3 
The neuroprotective action of NCX1 is further highlighted by 
our ischemic preconditioning experiments, in which an endog-
enous intervention causes neuroprotection by eliciting an increase 
in NCX1 expression and activity under in vivo and in vitro 
conditions.18,24 In addition, the protection elicited by ischemic pre-
conditioning is remarkably reduced by NCX1 silencing. Several 
other findings obtained in in vivo models of stroke with drugs 
modulating NCX activity, further corroborate NCX1 neuropro-
tective role.15 However, these data have often been questioned by 
the lack of selectivity toward the different NCX isoforms, thereby 
hampering the conclusions drawn by these pharmacological 
tools.3,15,17,18 Furthermore, several papers suggested a neurodetri-
mental role for NCX1. In fact, it has been shown that pharma-
cological inhibition of NCX activity protects the brain against 
stroke30,31 and a smaller infarct volume was observed in ischemic 
C57BL/6J mice heterozygous for ncx131. However, it has also been 
demonstrated that these drugs are not selective for NCX,32 and 
that the heterozygous genetic ablation of ncx1 does not influence 
infarct volume in 129/SV background mice subjected to 90 min-
utes of tMCAo and 24 hours of reperfusion.33

At the cellular level, we demonstrated that in cortical neurons 
exposed to oxygen and glucose deprivation,23,24 the antiporter 
NCX1, working in the reverse mode, promotes Ca2+-influx and 
favors Ca2+-refilling into the endoplasmic reticulum, which is 
depleted under these anoxic conditions, thus allowing neurons to 
delay the apoptotic process.23 Moreover, under these conditions, 

Figure 5 Quantification of infarct volume after 100 minutes of 
tMCAO and administration of Anti-miR-103-1 coupled with perfor-
mance of general and focal neurological deficits after anti-miR drug 
treatment in ischemic rats. (a) Effect of anti-miR-103-1 9 µg/kg on 
infarct volume of rats subjected to 100’ tMCAO compared to ischemic 
rats treated with vehicle or with negative control (Neg CTL). On the 
top side are reported representative coronal brain slices indicating the 
extension of the infarct area (circled area). (b) Effect of anti-miR-103-1 9 
µg/kg (Anti-miRNA 103-1) on general and focal scores evaluated when 
rats were euthanized 24 hours after tMCAO (horizontal line indicates 
the mean neurological scores). *P < 0.05 versus 100 minutes of MCAO 
(vehicle) and versus ischemic rats treated with negative control. n = 5–6 
animals per group. Each column represents the mean ± SEM.
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Figure 6 Quantification of infarct volume after 100 minutes of tMCAO and administration of Anti-miR-103-1, started 20’ after ischemia 
induction coupled with performance of general and focal neurological deficits after Anti-miR drug treatment in ischemic rats. (a) Effect of 
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NCX1 also contributes to counteracting [Na+]i overload, which 
causes cell swelling and neuronal death.25

Another molecular event that explains the neuroprotective 
effect exerted by anti-miR-103-1 on NCX1 is that this isoform is 
the target of the prosurvival pathways PI3K/AKT and MAPK26,27 
and that the NCX1 promoter is activated by transcriptional factors, 
which are activated during stroke, such as HIF-1 and REST.28,29

In this scenario, anti-miR-103-1 emerged in our study as the 
first compound capable of selectively increasing NCX1 expression 
in the brain.

Another aspect of the present study is that the correlation 
between miR-103-1 and NCX1 levels of expression was manifest 
only at one time point. In particular, we observed a clear inverse 
correlation between miR-103-1 and NCX1 levels of expression 
in the brain 24 hours after the ischemic insult, whereas no such 
correlation was detected at earlier time intervals and actually dis-
appeared at later time intervals. A possible explanation for this 
discrepancy is that cerebral ischemia is a complex pathological 
phenomenon that implies the intervention of other molecular 
pathways such as caspase cascade and calpain activation. Therefore 
a verisimilar hypothesis is that although miR-103-1 represents an 
important NCX1 regulator, the expression of this antiporter is 
also influenced by other transductional and transcriptional fac-
tors, including REST,29 HIF,28 and calpains.34 On the other hand, 
although a single miRNA may effectively repress the expression 
of a single messenger RNA, such as the ncx1 gene, it may also 
repress the production of several other proteins. In particular, 
miR-103-1, identified in the present study as an NCX1 modula-
tor, is an intronic miRNA contained in three PANK (pantothe-
nate kinase) loci of the human genome. Recently, Martello and his 
colleagues demonstrated that the miR-103/107 family is able to 
target Dicer, a key component of the miRNA processing machin-
ery, thus causing a global reduction in miRNA abundance in the 
cytoplasm.19,35–37 Accordingly, our working hypothesis is that the 
increasing levels of endogenous miR-103-1 occurring 24 hours 
after ischemia onset trigger a general reduction in miRNA global 
abundance. This effect might dramatically influence stroke pro-
gression by increasing the expression of proteins normally down-
regulated by those miRNAs that are no longer synthesized. In the 
present study, the increased expression of miR-103-1 reduced 
NCX1, thus worsening ischemic outcome. On the contrary, anti-
miR was able to counteract ischemic brain damage by preventing 
stroke-induced downregulation of NCX1 expression.

Besides miR-103-1, two other miRNAs, miR-145 and miR-
214, have been reported to regulate NCX1 expression.38,39 
However, their activity appears to be cardiac-tissue specific, being 
restricted within the heart. Indeed, we did not find a direct cor-
relation between the expression levels of these two miRNAs and 
NCX1 in the brain (data not shown).

Besides the obvious potential therapeutic perspectives for 
the use of anti-miR-103-1 in the development of future ischemic 
stroke treatments, the identification of a specific cerebral miRNA, 
related to stroke progression, can also represent a useful strategy 
to identify peripheral biomarkers for stroke patients. Indeed, the 
availability of a biomarker easily detectable in the blood and tem-
porarily related to the pathophysiological process of stroke might 
be a useful probe to follow the evolution of stroke lesions as well 

as to evaluate the clinical efficacy of drugs which ameliorate isch-
emic brain damage through NCX1 activation.

Overall, the identification of a microRNA able to selectively 
regulate cerebral NCX1 clarifies a new important molecular mecha-
nism involved in NCX1 regulation in the brain. Indeed, our results 
may pave the way for the development of new diagnostic tools and 
more promising and effective therapeutic strategies for stroke.

MATERIALS AND METHODS
Specific miRNA identification. HOCTAR database was used to identify a 
list of miRNAs potentially able to interact with NCX1 sequence. In brief, 
this database allows predictions of miRNA-RNA interactions on the basis 
of an inverse relationship between a miRNA and its mRNA target. This 
database has been developed for sequence-based human miRNA target 
recognition, but the high degree of sequence homology between mRNA 
of NCX1 in homo sapiens and in rattus norvegicus allowed us to use it for 
the recognition of putative microRNA interactors. This resource is based 
on the assumption that intronic microRNAs (60–70% of total miRNAs in a 
cell) are part of a single transcriptional unit within confining genes; there-
fore, monitoring the expression of a neighboring gene is possible to obtain 
an indication of the expression of the embedded miRNA.40 Inverse cor-
relation information between all host genes and target genes of embedded 
miRNAs derives from experimental evidence on miRNA-mRNA interac-
tions previously validated by microarray experiments. This procedure sug-
gests that the miRNAs contained in their host gene directly modulate the 
inversely correlated target genes.

Thus, in the present study, using HOCTAR database, we were able 
to predict the existence of a strict complementarity between NCX1 and 
miR-103-1. Such prediction was based on the Watson-Crick annealing 
between the “seed sequence” of the miRNA of interest and the target 
sequence on NCX1 mRNA. This was tested by pairing software IBM RNA 
22 (http://cbcsrv.watson.ibm.com/rna22.html).41

Drugs and chemicals. miRIDIAN microRNA hsa-miR-103a-3p mim-
ics (C-300522-03-0005 5 nmol) corresponding to the mirbase accession 
(MIMAT0000101 and miRIDIAN Mimic Transfection Control with 
Dy547 (Cp-004500-01-05 5nmol)) were purchased from Thermo Fisher 
Scientific (Waltham, MA). Locked nucleic acids (LNA) anti-miR-103-1 
(414336-00 predesigned miRCURY LNA microRNA Inhibitor, 5 nmol) 
and negative control anti-miR (199004-00, microRNA miRCURY LNA 
Power Antisense Control A, 5 nmol) were purchased from Exiqon 
(Vedbaek, Denmark).

Cell cultures. Baby hamster kidney (BHK) cells stably transfected with 
canine cardiac NCX1, containing two miRNA 103-1 binding sites (site 1 
756–761 and site 2 2812–2818), rat pheochromocytoma cells (PC-12 cells), 
and cortical neurons from brains of 14-day-old rat embryos were prepared 
as previously described.14,24,42,43

Transfection of BHK cells, PC12, and cortical neurons. PC12 cells and 
BHK were transfected with 10, 50, 100, and 150 nmol/l of hsa-mir-103-1 
Mimic and with 10, 50, 100, and 150 nmol/l of microRNA Mimic 
Trasfection Control according to the manufacturer’s protocol (Applied 
Biosystems, Carlsbad, CA). After 5 hours of incubation, the medium was 
replaced, and 24, 48, and 72 hours after transfection, cells were harvested 
and used for western blot or polymerase chain reaction (PCR) real-time 
analysis. Conversely, rat cortical neurons were transfected with 150 nmol/l 
of hsa-mir-103-1 for 72 hours.27,44

Western blot analysis. PC12 cells, BHK cells, rat cortical neurons, and rat 
brain samples were homogenized in a lysis buffer (50 mmol/l Tris–HCl, pH 
7.5, 100 mmol/l NaCl, 1% Triton X-100) containing protease and phospha-
tase inhibitors. After centrifugation at 12,000 g at 4 °C for 5 minutes, the 
supernatants were collected. Protein concentration was estimated using 
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the Bradford reagent. Then, 50 μg of protein was mixed with a Laemmli 
sample buffer and boiled at 95 °C for 5 minutes. The samples were resolved 
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes. Blots were probed with 
antibodies to NCX1 (1:1,000, Swant, Marly, Switzerland), NCX2 (1:1,000, 
Alpha Diagnostic, San Antonio, TX), and NCX3 (1:2,000, a kind gift from 
Prof Philipson and Prof Nicoll, UCLA, Los Angeles, CA), and α-tubulin 
(1:2,000; Abcam, MA) diluted in Tris-buffered saline (TBS-T) 1% bovine 
serum albumin overnight (4 °C).

Analysis by real-time PCR. Total RNA was extracted from cells with 
TRIZOL according to the manufacturer’s protocol (Invitrogen, Monza 
Italy). The cDNA was synthesized from 5 µg of total RNA extracted from 
cells using reverse transcriptase MultiScribe for the retrotranscription 
polymerase reaction. The semiquantitative polymerase reaction was per-
formed as previously described.28 The pairs of oligonucleotides used were 
5′-ACCACCAAGACTACAGTGCG-3′ and 5′-TTGGAAGCTGGTCTG 
TCTCC-3′ for NCX1; 5′-CCTGCTGGATTACATTAAAGCACTG-3′ and 
5′-CCTGAAGTACTCATTATAGTCAAG-3′ for the HPRT gene. The dif-
ferences in mRNA content between groups were calculated as previously 
described.45 The microRNA extraction from brain samples of cerebral 
cortex and striatum was achieved using Mirvana miRNA Isolation Kit 
according to manufacturer’s protocol (Applied Biosystems). Rodents were 
euthanized up to 6, 24, and 72 hours after ischemia induction, and samples 
were collected. The amplification and the normalization of the microRNA 
of interest was performed by real-time PCR (qRT-PCR). TaqMan probes 
were used (Life Technologies, Monza, Italy). miRNA assay for rno-
miR-103-1 (batch ID 4427975 miRNA mature sequence detection), 
miRNA assay for rno-miR-107 (batch ID 4427975), and miRNA assay for 
rno-miR 4.5S (H) as endogenous control (batch ID 001716) were carried 
out. For both miRNAs of interest, a primer for reverse transcription of 
cDNA from RNA extraction (TaqMan MicroRNA Reverse Transcription 
Kit, Applied Biosystems) and a pair of PCR primers (forward and reverse), 
optimized for the detection and sensitive amplification of specific miRNAs 
by RT-PCR, were provided.

Luciferase assay for miR-103-1. To construct the luciferase reporter plas-
mids ncx1 3′-UTR FL (genomic coordinates chr6: 4420046-4421221), 
ncx1 3′-UTR site 1, and ncx1 3′-UTR site 2&3, each 3′-UTR sequence 
of NCX1 was amplified from rat genomic DNA by PCR and ligated 
into pCR 2.01 vector (Invitrogen) according to the directional TOPO 
cloning kit (Invitrogen) protocol, and subsequently cloned into Nhe1 
and XhoI site of the pmirGlo plasmid (Promega, Madison,WI). The 
sequences of primers used in the aforementioned construction were ncx1 
3′-UTR FL FW 5′-GCTGATGGAATCCAGCTTCAAG-3′, RV 5′-GC 
TTCTTAGAAGTGAGCGTGCAG-3′, ncx1 3′-UTR site 1 FW 5′-CCATCA 
TCTCCCATCATCGAG-3′, RV 5′-CGATCCCGAATCCACTCACC-3′, 
ncx1 3′-UTR site 2&3 FW 5′-GCAGCAGGATGATTAACC-3′, RV 
5′-CTCACTTATGTCTTCAATGTCC-3′ FW. The correct sequences and  
orientation of all constructs were verified by sequencing (Primm, Milan, 
Italy). Transient transfections of PC12 cells were performed using 
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. For the luciferase assay, cells were plated at a density of 2 × 105 cells/
well in 24-well plates and cotransfected after 24 hours with 0.2 μg pGL3 
reporter plasmid and 0.002 μg renilla plasmid (Promega) or 0.1 μg pmir-
GLO reporter plasmid (Promega), as well as 100 and 150 nmol/l miRNA 
mimics per well. Luciferase activities were measured 24 hours after trans-
fection using the Dual luciferase reporter assay system (Promega) and a 
GloMax Luminometer (Promega). All experiments were performed in 
triplicate with data averaged from at least three independent experiments.

In vivo experimental groups. One hundred and three Sprague–Dawley 
male rats (Charles River Laboratories, Calco, Varese, Italy) weighing 250 
to 300 g were housed under diurnal lighting conditions (12-hour darkness/

light). Experiments were performed according to the international guide-
lines for animal research. The experimental protocol was approved by the 
Animal Care Committee of the “Federico II” University of Naples.

Transient focal ischemia and anti-miR administration. Transient focal 
ischemia was induced, as previously described46 by individuals who did 
not implant osmotic pumps in animals. In brief, suture occlusion of the 
middle cerebral artery (MCA) was performed in male rats anesthetized 
with 1.5% sevofluorane, 70% N2O, and 28.5% O2. Ischemia was induced 
surgically as follows. A 5-O surgical monofilament nylon suture (Doccol, 
Sharon, MA) was inserted from the external carotid artery into the inter-
nal carotid artery and advanced into the circle of Willis up to the branch-
ing point of the MCA, thereby occluding the MCA.47 Achievement of 
ischemia was confirmed by monitoring regional cerebral blood flow in 
the area of the right MCA. Cerebral blood flow was monitored through 
a disposable microtip fiber optic probe (diameter 0.5 mm) connected 
through a Master Probe to a laser Doppler computerized main unit 
(PF5001; Perimed, Järfälla, Sweden) and analyzed using PSW Perisoft 
2.5.46 Animals not showing a cerebral blood flow reduction of at least 
70% were excluded from the experimental group, as well as animals that 
died after ischemia induction (Supplementary Table S1). Rectal tem-
perature was maintained at 37 ± 0.5 °C with a thermostatically controlled 
heating pad and lamp. All surgical procedures were performed under an 
operating stereomicroscope.

Rats were divided into three experimental groups: (i) sham-operated 
rats receiving icv infusion of vehicle, (ii) ischemic rats receiving icv 
infusion of anti-miR-103-1 at different dosages, and (iii) ischemic rats 
receiving icv infusion of negative control anti-miR. All animals were 
killed 24 hours or 48 hours after the 100 minutes tMCAO by an overdose 
of sevoflurane, to evaluate either the infarct volume or protein expression.

The continuous release of anti-miR-103-1 into brain lateral ventricle 
was achieved by using osmotic pumps (Alzet, Palo Alto, CA). The osmotic 
pumps were prefilled with anti-miR-103-1, anti-miR-107 or negative control 
anti-miR in a blinded manner by individuals who did not performe tMCAO 
surgery on animals. Implantation of the osmotic pump frame was carried out 
in rats positioned on a stereotaxic apparatus 24 hours before the induction 
of transient ischemia.17 The osmotic pump was connected to a brain 
infusion kit (Alzet, n° 0004760) made of a stainless steel cannula that was 
implanted into the right lateral ventricle using the stereotaxic coordinates 
from the bregma: 0.4 mm caudal, 2 mm lateral, and 2 mm below the dura 
and secured to the skull with dental cement.46,48,49 The pump was placed in 
the skin fold on the neck of the rat. The 48-hour anti-miR infusion allowed 
us to overcome problems related to the short half-life of miRNA (ca. 1–3,5 
hours). Anti-miR-103-1 and the negative control anti-miR were diluted to 
the final concentration in saline solution (0.9% NaCl g/l) previously filtered 
(Microglass filters). The anti-miR was icv administered at the concentrations 
of 3 µmol/l (2 µg/kg body weight) and 8 µmol/l (9 µg/kg body weight) starting 
either 24 hours before ischemia induction or 20 minutes after ischemia 
onset. In both cases, the release of anti-miR by the osmotic pump within the 
rat cerebral ventricle was set up at a speed of 1 µl/hour. Rectal temperature 
was maintained at 37 ± 0.5 °C with a thermostatically controlled heating pad 
during the whole surgical procedure. In the animals, a catheter was inserted 
into the femoral artery to measure arterial blood gases before and after 
ischemia (Rapid Laboratory 860; Chiron Diagnostic, Emeryville, CA). All 
surgical procedures were performed under an operating stereomicroscope.

Evaluation of the infarct volume and of neurological deficit scores. 
Animals were killed with sevoflurane overdose 24 or 48 hours after isch-
emia. Brains were quickly removed, sectioned coronally at 1 mm intervals, 
and stained by immersion in the vital dye (2%) 2,3,5-triphenyltetrazolium 
hydrochloride. The infarct volume was calculated by summing the infarc-
tion areas of all sections and by multiplying the total by slice thickness. To 
avoid that edema could affect the infarct volume value, we expressed infarct 
volume as percentage of the infarct by dividing the infarct volume by the 
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total ipsilateral hemispheric volume.10,17 Neurological scores were evalu-
ated 24 or 48 hours after reperfusion according to the following two scales: 
a general neurological scale and a focal neurological scale. In the general 
score, the following six general neurological functions were evaluated: 
(i) hair conditions (0–2), (ii) position of ears (0–2), (iii) eyes conditions 
(0–4), (iv) posture (0–4), (v) spontaneous activity (0–4), and (vi) epileptic 
behavior (0–12). For each of the six general functions measured, animals 
received a score depending on the severity of the symptoms, higher is the 
score worse is the rat condition. The scores of investigated items were then 
summed to provide a total general score ranging from 0 to 28. In the focal 
score, the following seven areas were assessed: (i) body symmetry, (ii) gait, 
(iii) climbing, (iv) circling behavior, (v) front limb symmetry, (vi) compul-
sory circling, and (vii) whisker response. For each of these items, animals 
were rated between 0 and 4 depending on the severity. The seven items 
were then summed to give a total focal score ranging between 0 and 28.50 
Infarct volumes and neurological scores were evaluated in a blinded man-
ner by individuals who did not perform the surgical procedures.

Statistical analysis. The data were evaluated as means ± SEM. Statistically 
significant differences among means were determined by analysis of vari-
ance followed by Student–Newman–Keuls test. The threshold for statistical 
significance data was set at P < 0.05.

The data related to focal and general neurological deficits, being 
nonparametric data, were analyzed using the nonparametric Kruskal–
Wallis test, followed by the Nemenyi test for the nonparametric multiple 
comparison. Statistical significance was accepted at the 95% confidence 
level (P < 0.05).

SUPPLEMENTARY MATERIAL
Figure  S1.  Effect of miRNA-107 on NCX1 expression in PC12 cells.
Figure  S2.  Effect of anti-miRNA-107 on NCX1 expression in brain 
samples harvested from ischemic rats.
Table  S1.  Number of animals included in the different experimental 
groups or excluded because died or because cerebral blood flow (CBF) 
did not reach values less than 70% compared to pre-stroke condition.
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