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ABSTRACT: The Na'/Ca®* exchanger (NCX), a 10-transmembrane
domain protein mainly involved in the regulation of intracellular Ca®*
homeostasis, plays a crucial role in cerebral ischemia. In the present paper,
we characterized the effect of the newly synthesized compound S-amino-N-
butyl-2-(4-ethoxyphenoxy)-benzamide hydrochloride (BED) on the activity PlIFluorescein
of the three NCX isoforms and on the evolution of cerebral ischemia. BED
inhibited NCX isoform 3 (NCX3) activity (ICsy = 1.9 nM) recorded with the
help of single-cell microflorimetry, **Ca®* radiotracer fluxes, and patch-clamp
in whole-cell configuration. Furthermore, this drug displayed negligible effect
on NCX2, the other isoform expressed within the CNS, and it failed to
modulate the ubiquitously expressed NCXI1 isoform. Concerning the
molecular site of action, the use of chimera strategy and deletion mutagenesis
showed that al and a2 repeats of NCX3 represented relevant molecular
determinants for BED inhibitory action, whereas the intracellular regulatory f-
loop was not involved. At 10 nM, BED worsened the damage induced by oxygen/glucose deprivation (OGD) followed by
reoxygenation in cortical neurons through a dysregulation of [Ca**];. Furthermore, at the same concentration, BED significantly
enhanced cell death in CA3 subregion of hippocampal organotypic slices exposed to OGD and aggravated infarct injury after
transient middle cerebral artery occlusion in mice. These results showed that the newly synthesized S-amino-N-butyl-2-(4-
ethoxyphenoxy)-benzamide hydrochloride is one of the most potent inhibitor of NCX3 so far identified, representing an useful
tool to dissect the role played by NCX3 in the control of Ca** homeostasis under physiological and pathological conditions.
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great deal of interest has been devoted to the discovery of identified in mammals. All these three isoforms share the same
clinically effective drugs against cerebral ischemia, and of topology with the amino terminus located in the extracellular
pharmacological tools able to identify potential drugable targets space, and the carboxyl terminus located in the intracellular
in this relevant and frequently observed neurological disease. space. The 10-transmembrane segments can be divided into an

Interestingly, the modulation of the Na'/Ca® exchanger
(NCX)"* seems to modify the course of the disease. In fact,
either the specific knock-down or gene ablation of ncx leads to

f brain d d logical deficits induced
?nwn(iicszzn;?l% Oratsrzll)l; e;pnzlgri:riallr;f e?;zlfcgel; foch Cllscs:hl:mlll:g 4 hydrophilic intracellular loop of 550 amino acids, named f loop’

NCX is a 10-transmembrane domain protein® that couples the that is not implicated in Na* and Ca®' translocation, but is
efflux of Ca?" to the influx of Na* into the cell or viceversa by responsible for the regulation of NCX activity. Interestingly,
operating in a bidirectional way. NCX family belongs to a
Cation/Calcium Exchanger Superfamily that includes four Received: January 30, 2015
other families. Three different genes codmg for the three Revised:  April 14, 2015
different NCX1,° NCX2,” and NCX3® proteins have been Published: May S, 2015

N-terminal hydrophobic domain and into a C-terminal
hydrophobic domain, each composed of S TMSs. Each group
of S TMSs is separated from the other through a large
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Figure 1. Dose—response curves of the effects of BED on NCX working in the reverse and forward mode of operation in BHK cells expressing
distinctly the three NCX isoforms. Top: Chemical structure of BED. (A) BED was applied for 30 min on BHK cells stably transfected with NCX1,
NCX2, or NCX3, and then Na*-dependent **Ca** uptake was evaluated. Data obtained in BHK cells stably transfected with NCX1, NCX2, or NCX3
are presented as percentage of the control values obtained in the absence of the drug (control). Data of Na*-dependent **Ca** uptake in BHK-Wt
was also reported. Values represent means + SEM (n = 4 experimental sessions). *p < 0.05 versus its respective control; ***¥*p < 0.0S versus
previous concentrations; Ap < 0.0S versus its respective control; A’\,’\Mp < 0.05 versus previous concentrations and the same concentration on NCX2.
(B) BED was applied for 10 min on BHK cells stably transfected with NCX1, NCX2, or NCX3, and then Na*-dependent **Ca?* efflux was evaluated.
Data obtained in BHK cells stably transfected with NCX1, NCX2, or NCX3 are presented as percentage of the control values obtained in the
absence of the drug (control). Data of Na*-dependent **Ca®* efflux in BHK-Wt was also reported. Values represent means + SEM (n = 4
experimental sessions). *p < 0.05 versus its control and the same concentration on NCX1 and NCX2. *%*, *¥¥p < 0.05 versus previous
concentrations.

this function is elicited by several cytoplasmic messengers and with an approach already published."> In particular, we
transductional mechanisms, such as Ca>* and Na' ions, nitric examined the effect of this compound on the activity of NCX
oxide (NO),"° phosphatydilinositol 4,5-bisphosphate (PIP2), isoforms and on the evolution of cerebral ischemia
protein kinase C (PKC), protein kinase A (PKA), phosphoar- experimentally modeled in vitro and in vivo, a complex
ginine (PA), and adenosine trisphosphate (ATP).” After the pathological process which requires a tight control of Ca** and

discovery of NCX activity in 1969, studies have reported that Na" homeostasis through NCX.
some compounds can interfere with this antiporter.'”'> In the
last 35 years, in fact, several inorganic and organic compounds B RESULTS

have been reported to activate or block the NCX activity. Effect of BED on NCX1, NCX2, and NCX3 Activity
However, the selectivity of this action has often been Evaluated as Na*-Dependent [Ca2+]i Increase, Nag'-

questioned.” Since then, in an attempt to evaluate NCX Dependent “5Ca?* Efflux, Na,-Dependent **Ca?* Uptake
P . . ’ 1

activity, a;nllorlde has been used as a probe to block NCX and by Patch-Clamp Technique in Stably Transfected

function.'* However, two major drawbacks have limited its use. BHK-NCX1, BHK-NCX2, and BHK-NCX3 Cells. In order to

First, millimolar concentrations are required for its NCX evaluate the effect on each isoform of the exchanger of BED,

%nhi.bi.tory activity; seccl)nd, .it lacks+speciﬁcity, since i.t can also whose structure has been reported at the top of Figure 1, NCX
inhibit both the epithelial Na* channel at micromolar activity was assessed as Na,’-dependent *Ca* uptake and

concentrations and the Na*/H* exchanger in the millimolar Na,"-dependent 45022 efflux in stably transfected BHK-NCX1,
range. Later on, in order to overcome the lack of selectivity and BHK-NCX2 and BHK-NCX3 cells in the presence of different
to increase the potency of this drug, additional compounds concentrations of the biphenyl ether derivative and in BHK
belonging to ethoxyanilines, quinazolinone, thiazolidine, Wild type (BHK-Wt) (Figure 1). As a matter of course, Na*-
phenoxypyridine, ylacetamide, benzofuran, and imidazoline free solution failed to produce Na,*-dependent **Ca* uptake in
derivatives were produced by conventional chemical synthesis. BHK-Wt cells (Figure 1A). However, in stably transfected
However, these newly synthesized compounds although BHK-NCX1, BHK-NCX2, and BHK-NCX3 cells, the effect of
provided with a higher potency did not display the expected BED was evaluated on the maximum rate of NCX activation
selectivity on the mode of operation of the antiporter and on (100%) elicited by Na*-free. BED was able to reduce the
the different isoforms and splicing variants. In the present paper reverse mode of operation of NCX2 and NCX3, but not of
we characterize the molecular mechanism of the new NCX1, in a dose-dependent manner with the following ICq,:

compound S-amino-N-butyl-2-(4-ethoxyphenoxy)-benzamide 3.49 nM for NCX2 and 1.89 nM for NCX3 (Figure 1A). The
hydrochloride (BED), whose synthesis has been conducted ability of BED to reduce **Ca’* efflux was also studied by using
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Figure 2. Effect of BED on Na'-free-induced [Ca®*]; increase in BHK-Wt, BHK-NCX1, BHK-NCX2, and BHK-NCX3 cells. Top: Typical
superimposed traces representing the effect of Na*-free on [Ca®*]; in BHK-Wt and in the absence or presence of the drug in (A) BHK-NCX1, (B)
BHK-NCX2, and (C) BHK-NCX3 cells. Bottom: (D) Dose—response curve of the effect of BED on Na'-free- induced NCX activity. BED, at the
indicated concentrations, was added 10 min before Na'-free application. Values represent means + SEM of three different experiments. The
percentage of [Ca]; increase after Na'-free perfusion was calculated as A% of plateau/basal value. For each of the three experiments, 10—20
individual cells were monitored. *p < 0.0S versus its control group; **p < 0.0 versus its previous concentrations and control; "p < 0.0 versus its
control group; Mp < 0.0S versus its previous concentrations, control, and the same concentration on NCX2.

Ca’*-free-Na* containing solution plus 2 mM EGTA, as
reported in Methods. Cells were exposed to the above-
mentioned solution for 10 s, a time in which no efflux was
detected in BHK Wild type cells (Figure 1B). Interestingly,
only the forward mode of NCX3 was reduced by the drug in a
dose-dependent manner with an ICy, of 2.24 nM (Figure 1B).
Furthermore, NCXs activity was also studied by Fura-2AM
video-imaging on single-cell as Na* gradient-dependent [Ca*'];
increase elicited by a single pulse of Na'-deficient NMDG"
medium (Na*-free). To dissect [Ca®*]; increase due to NCX
component from the other contributors, cells were treated with
thapsigargin, a specific and irreversible inhibitor of the
sarco(endo)plasmic reticulum ATPase SERCA. Before perfu-
sion, cells were exposed for 10 min to thapsigargin (1 4uM) in
order to deplete the endoplasmic reticulum (ER) and to
prevent Ca®" refilling into ER upon Na'-free administration.
With this protocol, thapsigargin did not interfere with Na'-free-
induced NCX activation (data not shown). In BHK-NCX3 and
BHK-NCX2 cells, Na*-free perfusion caused a rapid rise in
[Ca®*]; through the reverse mode of operation that was reduced
by BED in dose dependent way (0.00001—10 pM) with the
ICsy’s of 1 nM for NCX3 and 9 nM for NCX2, respectively
(Figure 2). As a matter of course, Na*-free solution failed to
elicit [Ca*"]; rise in wild-type BHK cells (BHK-Wt) (Figure 2),
which lacked all three NCX isoforms.'* Furthermore, the effect
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of BED on NCX1, NCX2, and NCX3 activity was more directly
assessed by the patch-clamp technique in whole cell
configuration in stably transfected BHK cells. The whole-cell
current was measured at +60 and —120 mV using the ramp-
clamp protocol (see Methods). To isolate NCX currents
(Incy), cells were recorded for S min with the well-known NCX
inhibitor NiCl, (5 mM). The Ni**-sensitive component,
representing the isolated Iycy, was obtained as previously
reported.’® No current corresponding to Iycx was recorded in
BHK-Wt cells (Figure 3). The incubation with BED strongly
inhibited both the outward (reverse mode) and inward
(forward mode) direction of Iycy; in dose-dependent way
with the following ICs,: 0.62 nM for NCX3 reverse mode and
1.01 nM for NCX3 forward mode. However, only the reverse
mode of operation of NCX2 was affected by the drug with an
ICs, of 1.08 nM (Figure 3). The IC;, of BED on NCX3 reverse
and forward modes of operation were compared with those of
3-amino-6-chloro-$-[(4-chloro-benzyl)amino]-N-[[(2,4-
dimethylbenzyl)amino]iminomethyl]-pyrazinecarboxamide
(CB-DMB) (Table 1). BED, in the same experimental
conditions, showed a higher potency than CB-DMB in
inhibiting NCX3 activity (Table 1). Furthermore, BED
inhibited also TTX-sensitive Na* currents recorded in GH3
cells with an ICy, of 8.1 uM while CB-DMB inhibited TTX-
sensitive Na* currents with an ICy, of 1.6 ﬂM.ls
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Figure 3. Effect of BED on Iycx recorded in the reverse mode of operation in BHK-Wt and BHK cells stably transfected with NCX1, NCX2, or
NCX3. Iycx was recorded from BHK-Wt, BHK-NCX1, BHK-NCX2, and BHK-NCX3 cells by the patch-clamp technique in whole-cell
configuration. Currents were recorded as reported in Methods. Iycx superimposed traces recorded from (A) BHK-NCX1, (B) BHK-NCX2, and (C)
BHK-NCX3 cells under control conditions (black trace) and after 10 min preincubation with the drug (gray trace, 10 nM). (D) quantification of
Incx in the presence of BED reported as percent of current inhibition. For each experiment, 4—10 individual cells were monitored. *p < 0.05 versus

each respective control.

Table 1. Effect of BED on NCX Reverse and Forward Mode
of Operation, Comparison with the Previously Characterized
NCX Inhibitor CB-DMB

BED (ICy, nM) CB-DMB (ICy,, nM)*®

reverse forward reverse forward
Fura-2AM 1 177
Ca? 1.89 2,24 420 600
patch-clamp 0.62 1,01 230 260

Effect of BED in NCX1, NCX2, and NCX3 Mutants
Lacking “f-loop” or NCX1/NCX3 Chimeras Assessed by
Na*-Dependent [Ca®*']; Increase and Na;"-Dependent
45Ca?* Uptake in Stably Transfected BHK Cells. To
investigate the molecular determinants of BED on the
molecular structure of NCX3 isoform, the intracellular f-loop,
a region mainly involved in the regulation of NCX function,
was deleted in NCX3 cDNA (NCX3Af) (Figure 4A).
Interestingly, Fura 2-AM single-cell video-imaging experiments
revealed that the elimination of the f-loop did not produce any
change in the action profile exerted by the biphenyl ether
derivative on NCX3 activity (Figure 4B). In fact, Na*-free
perfusion caused a rapid rise in [Ca®*]; that was reduced in the
presence of BED by the same extent in both NCX3Af and in
NCX3 wild type (Figure 4). These data suggested the existence
of an inhibitory site located outside the intracellular f-loop of
NCX3 structure. To establish the site responsible for BED-
mediated down-regulation of NCX3 activity, we generated four
chimeras between NCX3 and NCXI1 taking advantage on their
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different sensitivity to BED. Particularly, the effect of BED was
studied in N3-227/469 and N3-707/776 chimeras obtained by
substituting the BED-insensitive NCX1 regions 227/469 and
707/776 with the homologous segments in NCX3 structure.
Fura-2 microfluorimetry showed that the activity in the reverse
mode of these two chimeras was inhibited by BED (10 nM) in
the same extent as NCX3 Wt (Figure 4C,D). In fact, Na'-free
perfusion caused a rapid rise in [Ca®*]; that was reduced in the
presence of BED (10 nM) in both in N3-227/469 and N3-707/
776 chimeras as well as in NCX3 wild type (Figure 4G).
Finally, we substituted the NCX3 region corresponding to the
al repeat with the homologous 143—167 segment of NCXI,
thus producing the chimera named N3-143/167 (Figure 4E).
Furthermore, a chimera between NCX3 and NCXI1, named
N3-777/818, was produced by introducing in the NCX3
region, corresponding to the a, repeat, the homologous NCX1
sequence 777/818 (Figure 4F). Fura-2 microfluorimetry
showed that the activity of these two chimeras was not affected
by BED (10 nM) (Figure 4G). In fact, Na*-free perfusion
caused a rapid rise in [Ca®"]; that remained unchanged in the
presence of BED (10 nM) in both N3-143/167 and N3-777/
818 chimeras (Figure 4E—G). The effect of BED on NCX
activity was also determined in the previous described mutant
and chimeras by means of Na*-dependent *Ca”* uptake in the
presence of 10 nM of the biphenyl ether derivative (Figure
4H). BED was able to significantly inhibit Na'-dependent
#Ca”" uptake in NCX3Af and in N3-227/469 and N3-707/776
chimeras as well as in NCX3 Wt, while it failed to change Na*-
dependent e uptake in N3-143/167 and N3-777/818
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Figure 4. Effect of BED on NCX3/NCX1 chimera and NCX3Afmutant. (B—F) typical superimposed traces representing the effect of Na*-free alone
and Na*-free + BED (10 nM) on [Ca*"]; in N3-227/469, N3-707/776, N3143/167, and N3-777/818 chimeras and in NCX3Af mutant, whose
structure derives from NCX1 and NCX3 (A). (G) Quantification of the effect of the drug (10 nM) on [Ca?"]; increase induced by Na*-Free in BHK-
NCX3 and BHK-NCX1 wild type (Wt) cells, in the above-mentioned mutants. Each bar represents the mean (+SEM) of the values obtained in
three independent experimental sessions. For each experiment, 40—65 individual cells were monitored. *p < 0.05 versus its respective control. (H)
Quantification of the effect of the drug (10 nM) on Na'-dependent **Ca®* uptake in the same experimental conditions depicted in (A). Each bar
represents the mean (+SEM) of the values obtained in four independent experimental sessions. *p < 0.0S versus its control.

chimeras (Figure 4H). This suggested that both the a; and a, reoxygenation alone (Figure 6A) and vehicle treated group.
regions of NCX3 were involved in the inhibitory efficacy of the Furthermore, the addition of 10 nM BED enhanced cell death
biphenyl ether derivative. induced by 2 h OGD followed by 24 h reoxygenation (Figure

Effect of BED on Neuronal Survival in Organotypic 6B). On the other hand time-course experiments, evaluating
Hippocampal Cultures Exposed to Oxygen/Glucose basal toxicity of BED on BHK-NCX3 cells, showed that this
Deprivation (OGD). The exposure of hippocampal organo- drug did not induce any toxicity even at 100 yM (data not
typic slices to OGD in the presence of 0.01 yM BED shown). Moreover, BED icv administered (1 uL) at a
significantly enhanced cell death in CA3 subregion compared to concentration of 500 nM dramatically increased the extent of
OGD itself, as demonstrated by the increase in PI uptake the ischemic lesion in C57/BL6 male mice subjected to 60 min

(Figure SA—D). However, no significant effect of BED of MCAO followed by 24 h of reperfusion as compared to
vehicle administered mice (percent of ischemic damage was

21.0 = 0.8 in the vehicle treated group and 39.1 + 1.6 in the
BED treated group, respectively) (Figure 6C). Particularly, the
enlargement of the ischemic core in these mice was particularly
evident in the more peripheral temporoparietal cortex (9.36 +
0.9 vs 28.36 + 1.6) (Figure 6C).

exposure was observed in CAl and DG hippocampal
subregions exposed to OGD (Figure SB,C). The more severe
cell death observed in CA3 subregion as compared to CAl and
DG upon BED exposure might be due to the blockade of
NCX3 in that regions where this exchanger isoform is greater
expressed.”'® The presence of higher BED concentration (10
uM) in the incubation media per se did not affect neuronal
viability in this preparation (Figure SB—D). B DISCUSSION

Effect of BED on [Ca”**]; and Cell Survival of Cortical In the present study, we report the characterization of the
Neurons Exposed to OGD Plus Reoxygenation and on newly synthesized compound 5-amino-N-butyl-2-(4-ethoxyphe-
Infarct Volume in Mice Subjected to tMCAo. Primary noxy)-benzamide hydrochloride, named BED, as a new

cortical neurons treated with 10 nM BED and exposed to 2 h selective NCX3 inhibitor. Furthermore, the effect of BED on
OGD followed by 24 h reoxygenation displayed a significant the neuronal damage induced by in vitro and in vivo cerebral
increase in [Ca®*]; as compared to OGD followed by ischemia was also examined. As concerns the chemical structure

1365 DOI: 10.1021/acschemneuro.5b00043

ACS Chem. Neurosci. 2015, 6, 1361—1370


http://dx.doi.org/10.1021/acschemneuro.5b00043

ACS Chemical Neuroscience

Research Article

| DG REGION
E 800y en
c Il oGD
S 600
k)
R 400
(]
-
s 200
o
=1
o 0.
CTL 10 uM OGD OGD +0.01 uM
BED BED

| CA1 REGION |
?_,‘ 1200 e
€ Il ocD
8
w 800
o
)
£ 400
8
g
E _
U ctL 1oum  0OGD OGD +0.01 M
BED BED
| CA3 REGION

?1600 et *

€ Il oGD

0 1200

o

-

o

< 800

$

T 400

g

T 0 | —

CTL 10 uM OGD OGD +0.01 pM

BED BED

Figure S. Effect of BED on cell death in CAl, CA3, and DG subregions of organotypic hippocampal cultures exposed to hypoxic conditions. (A) PI
fluorescence staining pattern observed in a representative organotypic hippocampal cultures (OHSCs) exposed to 25 min of OGD followed by 24 h
of reoxygenation. (B—D) quantification of the cell damage in selected hippocampal subregions, CAl, DG, and CA3 evaluated by densitometric
analysis of PI fluorescence. PI fluorescence intensity recorded in each hippocampal subfield was normalized to that recorded in the respective
subregion of untreated OHSCs. All the values of the experimental groups were expressed as percentage of PI fluorescence. Each data point is the
mean = SEM of the data obtained from 20—24 OHSCs in three separate experiments. Scale bar in (A): 400 um. *p < 0.0S versus all the other

groups.

of the newly synthesized compound, BED was drawn taking
into consideration the chemical structure of a well-known NCX
inhibitor, SEA0400."” In particular, compared with the
SEA0400 structure, the biphenyl ether moiety was maintained
unaltered. In addition, two new groups, an amino group and an
amide group, were inserted on one of the two benzene rings.
These chemical modifications have produced dramatic changes
in the biological activity of this compound, determining a high
NCX3 isoform selectivity and potency never found in any other
NCX inhibitor so far described. In fact, the potency of BED
(ie, ICs = 1 nM) is significantly higher than that of the
amiloride derivative 3-amino-6-chloro-5-[ (4-chloro-benzyl)-
amino]-N-[[(2,4-dimethylbenzyl)amino Jiminomethyl]-pyrazi-
necarboxamide (CB-DMB)"® used as reference drug in the
present study and of the new isothyourea derivative YM-
244769 which is the most potent available NCX3 inhibitor
working in the nanomolar range.18 However, YM-244769
inhibits NCX3 only in the reverse mode of operation, whereas
BED inhibits NCX3 when it acts bidirectionally. Interestingly,
the substitution on the amino group with an acetamide group
abolishes the effect on NCX (data not shown), thus showing
that the amino group plays an important role in the inhibitory
effect exerted by the newly synthesized drug. The use of
deletion mutagenesis showed that the intracellular f-loop of
NCX3, which is involved in the activity regulation of the
antiporter,”'® is not involved in BED inhibitory action. In
contrast, the use of NCX1/NCX3 chimeras revealed that both
the a; and a, repeats were mainly involved in BED inhibitory
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action. Interestingly, these regions represent common molec-
ular determinants required for nitric oxide to downregulate
NCX3 activity,9 for neurounina-1 to increase’® NCX1, and for
KB-R7943, SEA0400, and SN-6 to block®' NCX1. Accordingly,
the substitution of these BED-sensitive regions of NCX3 with
the corresponding BED-insensitive regions of NCX1 prevented
the inhibitory effect exerted by the drug on NCX3. This
suggests that the molecular determinant of NCX3 was found
outside the f-loop, at the level of both the a; and a, repeats. As
concerns the selectivity of BED against other channels, our
results showed that this drug inhibited TTX-sensitive Na®
currents with an ICsy of 8.1 yM that was significantly larger
than that recorded for NCX3 blockade. However, the inhibition
of voltage-gated Na* channels should prevent instead of worsen
hypoxia-induced neuronal injury, thus suggesting that the
detrimental effects of the drug on neuronal viability may be
ascribe to the most prominent blockade of NCX3 activity. In
this respect, we have previously demonstrated that either the
specific knock-down or gene ablation of ncx3 leads to a
worsening of brain damage and neurological deficits induced in
mice and rats by experimentally induced focal ischemia.** The
present results obtained with BED on ischemic brain volumes
was in line with the above-mentioned results and with those
obtained in primary neurons derived from ncx3”/” mice
subjected to OGD.* In the present study, the administration of
the drug during the OGD phase rendered cortical neurons
more vulnerable to the reoxygenation phase as occurs for
ncx3 ™/~ cortical neurons compared with ncx3*/* neurons when
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Figure 6. Effect of BED on [Ca’]; and cell survival of primary cortical neurons exposed to oxygen and glucose deprivation (OGD) plus
reoxygenation and evaluation of infarct volume induced by tMCAo in C57/BL6 male treated with BED. (A) [Ca®*]; in cortical neurons (7—10 DIV
(days in vitro)) under normoxic conditions, pretreated with 10 nM BED and then exposed to 24 h normoxia, exposed to 2 h OGD followed by 24 h
reoxygenation, or pretreated with 10 nM BED and then exposed to 2 h OGD followed by 24 h reoxygenation. Values represent means + SEM of
three different experiments. For each of the experiments, 11—25 individual cells were monitored. *p < 0.0S versus control group; **p < 0.05 versus
all. (B) Cell death quantification was performed by PI and fluorescein dyes in 7—10 DIV cortical neurons exposed to 24 h normoxia, pretreated with
10 nM BED and then exposed to 24 h normoxia, exposed to 2 h OGD followed by 24 h reoxygenation, or pretreated with 10 nM BED and then
exposed to 2 h OGD followed by 24 h reoxygenation. At the end of the experiments, cells were stained with PI and fluorescein and images were
acquired as reported in Methods. Each bar represents the mean + SEM of three different experimental values studied in three independent
experimental sessions. The data are reported as percent of cell death occurring in each group as compared with their respective normoxic cells. *p <
0.05 versus normoxia and normoxia+BED; **p < 0.0S versus all. (C) Effect of the drug on infarct volume evaluated by 2,3,5-triphenyl tetrazolium
chloride (TTC) staining in C57/BL6 male mice subjected to tMCAo. Each column represents the mean + SEM of the percent of the infarct volume
compared to the ipsilateral hemisphere (n = 9 animals for each group). Ischemic mice were euthanized 24 h after tMCAo. *p < 0.0S versus control.

exposed to the hypoxic conditions. This effect was possibly due more, in the same experimental conditions, BHK cells singly
to the increased [Ca®']; recorded in the reoxygenation phase in transfected with NCX3 show a greater resistance to hypoxia
the presence of BED in comparison to the reoxygenation phase plus reoxygenation, maintaining the ability to buffer intra-
alone, thus reinforcing the importance of NCX3 in buffering cellular Ca®* overload.'* This property might be correlated with
[Ca®*]; under hypoxic conditions. Accordingly, the damage of the ability of NCX3 to operate, unlike the other two NCX
CA3 area in organotypic cultures was particularly exacerbated isoforms expressed in the brain, NCX1 and NCX2, even when

during OGD in the presence of BED. However, no significant ATP levels are reduced.'* As matter of fact, the three NCX
effect of the drug was observed in CAl and DG hippocampal isoforms display a different sensitivity to ATP levels.”” In
sub regions exposed to OGD. This different vulnerability of particular, during ATP depletion, NCX1 and NCX2 isoform
CA3 region to NCX3 inhibition exerted by BED might be activity is reduced, whereas NCX3 is still operative.”” In

ascribed to the greater expression of this isoform in CA3 agreement with this specific function proposed for NCX3, our
compared with CAl and DG sub regions.>'® Furthermore, previous experiments in vivo, entailing the induction of
BED, icv administered, dramatically increased the extent of the permanent middle cerebral artery occlusion in rats, have
ischemic lesion in rats after MCAO followed by reperfusion, demonstrated that NCX3 mRNA is upregulated 24 h after the
thus producing the impairment of several functions. Accord- injury in brain regions belonging to the periinfarct area.”® This
ingly, mice lacking ncx3 gene exhibit reduced motor activity, NCX3 upregulation, as opposed to NCX2 downregulation, has
weakness of forelimb muscles, and fatigability in comparison been interpreted as a compensatory mechanism that counter-
with ncx3*/* mice.”” Furthermore, ncx3—/— mice exhibit balances the reduced activity of NCX2 protein, thus counter-
hypomyelination that is accompanied by a reduction of spinal acting the dysregulation of [Ca®']; homeostasis in the surviving
cord size®>** and displays an impairment in hippocampal long- neurons of the penumbra zone.”® This suggests a crucial role of
term potentiation and spatial learning and memory.”> At the neuronal NCX3 isoform in modulating [Ca®"]; homeostasis
cellular level, NCX3 extrudes Ca?* from mitochondria, thus under hypoxic conditions. Collectively, the results obtained in
protecting neurons exposed to hypoxic conditions.”® Further- the present research work indicate that BED is the most potent
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and selective inhibitor of NCX3 so far identified, and suggest
that this compound may represent a useful tool to dissect the
differential role played by NCX3 isoform in all those diseases
that require a tight control of Ca®* homeostasis through NCX3
function.

B METHODS

Cell Culture, Cortical Neurons, and Organotypic Hippo-
campal Slice Cultures. Stably transfected Baby Hamster Kidney
(BHK) cells with canine cardiac NCX1, rat brain NCX2, or NCX3
were grown on plastic dishes in a mix of DMEM and Ham’s F12 media
(1:1) (Invitrogen, MI, Italy) supplemented with 5% fetal bovine
serum, 100 U/mL penicillin, and 100 pg/mL streptomycin (Sigma, St.
Louis, MO)."* Cortical neurons were prepared from brains of 16-day-
old Wistar rat embryos (Charles River) as previously reported”*** and
used at 7—10 days in vitro. Cells were cultured in a humidified 5%
CO, atmosphere, and the culture medium was changed every 2 days.
For microfluorimetric and electrophysiological studies, cells were
seeded on glass coverslips (Fisher, Springfield, NJ) coated with poly-L-
lysine (30 ug/mL) (Sigma, St. Louis, MO) and used at least 12 h after
seeding. Organotypic hippocamgal slice cultures (OHSCs) were
prepared as previously described.*® Briefly, 400 ym thick coronal brain
slices from PS—P7 mouse pups were used. To increase the
reproducibility of the data, two consecutive slices from the two
hippocampi of the same animal were always dissected at the same level
in all the experimental groups. Slices were grown on semi permeable
filter inserts (Millipore, GIBCO, Italy) in six-well plates containing
culture medium (50% minimum essential medium, 25% Hank’s
balanced salt solution, 25% heat inactivated horse serum, S mg/mL
glucose, 1 mM glutamine, 1% Fungizone). The culture period was 14
days in vitro.

Generation and Stable Expression of Wild-Type and Mutant
Exchangers. BHK cell lines, expressing dog heart NCX1.1, rat brain
NCX2.1 and NCX3.3 were generous gift from Dr. Kenneth Philipson
(UCLA, Los Angeles, CA). Deletion mutant NCX3, NCX3Af, was
obtained deleting amino acidic region 292—708 of rat brain NCX3
cDNA by means of quikchange site-directed mutagenesis kit
(Stratagene, Italy). cDNA of NCX1/NCX3 chimeras were obtained
from Dr. Takahiro Iwamoto (Fukuoka University, Japan). To stably
express chimeric and mutant exchangers, pPKCRH or pCEFL plasmids
carrying exchanger cDNAs were transfected in the presence of
Lipofectamine 2000 (Invitrogen, Italy) into wild-type BHK cell line.
Cell clones highly expressing Na*/Ca** exchange activity were selected
by a Ca**killing procedure with the Ca** ionophore Ionomycin. In the
presence of this ionophore, cells not expressing the exchanger died for
Ca®* overload.*!

[Ca**]; Measurement. [Ca®*]; was measured by single cell
computer-assisted video imaging as previously shown.'* Briefly, BHK
cells, grown on glass coverslips, were loaded with 6 yM Fura-2
acetoxymethyl ester (Fura-2AM) for 30 min at 37 °C in normal Krebs
solution containing the following (in mM): 5.5 KCl, 160 NaCl, 1.2
MgCl,, 1.5 CaCl,, 10 glucose, and 10 Hepes-NaOH, pH 7.4. At the
end of the Fura-2AM loading period, the coverslips were placed into a
perfusion chamber (Medical System, Co. Greenvale, NY) mounted
onto the stage of an inverted Zeiss Axiovert 200 microscope (Carl
Zeiss, Germany) equipped with a FLUAR 40X oil objective lens. The
experiments were carried out with a digital imaging system composed
of a MicroMax 512BFT cooled CCD camera (Princeton Instruments,
Trenton, NJ, USA), LAMBDA 10-2 filter wheeler (Sutter Instruments,
Novato, CA), and Meta-Morph/MetaFluor Imaging System software
(Universal Imaging, West Chester, PA). After loading, cells were
alternatively illuminated at wavelengths of 340 and 380 nm by a xenon
lamp. The emitted light was passed through a 512 nm barrier filter.
Fura-2 fluorescence intensity was measured every 3 s. Forty to sixty-
five individual cells were selected and monitored simultaneously from
each coverslip. All the results are presented as cytosolic Ca**
concentration. Assuming that the KD for FURA-2 was 224 nM, the
equation of Grynkiewicz®> was used for calibration. NCX activity,
shown NCX reverse mode was determined by switching the normal
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Krebs medium to Na*-deficient NMDG' medium (Na'-free) (in
mM): 5.5 KCl, 147 N-methyl glucamine, 1.2 MgCl,, 1.5 CaCl,, 10
glucose, and 10 Hepes-NaOH (pH 7.4).'*%

Measurement of Na*-Dependent #*Ca?* Uptake and **Ca?*
Efflux. **Ca’** influx into the cells was measured by the method
previously described.'* After treatments, cells cultured in 24-well
dishes were incubated in normal Krebs (in mM): 5.5 KCl, 145 NaCl,
1.2 MgCl,, 1.5 CaCl,, 10 glucose, and 10 Hepes-NaOH, pH 7.4
containing 1 mM ouabain and 10 M monensin at 37 °C for 10 min.
Then, “Ca’" uptake was initiated by switching the normal Krebs
medium to Na'-free NMDG (in mM): $.5 KCl, 147 N-methyl p-
glucamine (NMDG), 1.2 MgCl,, 1.5 CaCl,, 10 glucose, and 10 Hepes-
NaOH (pH 7.4) containing 10 4uM “Ca®* (74 KBq/mL) and 1 mM
ouabain. After 30 s incubation, cells were washed with an ice-cold
solution containing 2 mM La* to stop **Ca** uptake. Cells were
subsequently solubilized with 0.1 N NaOH and aliquots were taken to
determine radioactivity and protein content>* To measure *Ca?*
efflux, cells were loaded with 1 uM *Ca** (74 KBq/mL) together with
1 uM ionomycin for 60 s in normal Krebs. Next, cells were exposed
either to a Ca**- and Na*-free solution (a condition that blocks both
intracellular ¥*Ca*" efflux and extracellular Ca®* influx) or to a Ca**-
free plus 2 mM EGTA containing 145 mM Na' (a condition that
promotes “*Ca?* efflux). Thapsigargin at 1 uM was present in both
solutions. “Ca?* efflux was started by using Ca**-free-Na* containing
solution plus 2 mM EGTA. Cells were exposed to this solution, which
promotes *Ca®" efflux, for 10 s. At the time chosen (10 s), no efflux
was detected in BHK-Wilde cells. Nay*-dependent **Ca®* efflux was
estimated by subtracting “*Ca®* efflux in Ca**- and Na*-free from that
in Ca’*-free solution. Cells were subsequently solubilized with 0.1 N
NaOH,, and aliquots were taken to determine radioactivity and protein
content by Bradford method.**

Electrophysiology. All currents were recorded by patch-clamp
technique in whole-cell configuration using a Digidata 1322A interface
(Molecular Devices). Data were acquired and analyzed using the
pClamp software (version 9.0, Molecular Devices). The currents were
recorded by fire-polished borosilicate electrodes with a final resistance
of 2.5—4 MQ filled with a specific internal solution. Iycx filtered at S
kHz was recorded from BHK wild type (Wt) and BHK-NCXI,
-NCX2, and -NCX3 stably transfected cells.'O'* Briefly, Iycx was
recorded starting from a holding potential of —60 mV up to a short-
step depolarization at +60 mV (60 ms).>* Then, a descending voltage
ramp from +60 to —120 mV was applied. The current recorded in the
descending portion of the ramp (from +60 to —120 mV) was used to
plot the current—voltage (I-V) relation curve. The magnitudes of Iycx
were measured at the end of +60 mV (reverse mode) and at the end of
—120 mV (forward mode), respectively. The Ni**-insensitive
components were subtracted from total currents to isolate Iycy.
External Ringer solution contained (in mM): 126 NaCl, 1.2 NaHPO,,
2.4 KCl, 2.4 CaCl,, 1.2 MgCl,, 10 glucose and 18 NaHCO;, 20 TEA,
10 nM TTX, and 10 yM nimodipine (pH 7.4). The dialysing pipet
solution contained (mM): 100 K-gluconate, 10 tetraethylammonium
(TEA), 20 NaCl, 1 Mg-ATP, and 0.1 CaCl,, 2 MgCl,, 0.75 EGTA,
Hepes 10, adjusted to pH 7.2 with CsOH. TEA (20 mM) and Cs were
included to block delayed outward rectifier K" components,
nimodipine (10 M) and TTX (50 nM) were added to external
solution to block L-type Ca-channels and TTX-sensitive Na*-channels,
respectively. Iycx values were normalized for membrane capacitance.
TTX-sensitive Na* currents were recorded in pituitary GH; cells as
previously shown.'® For TTX-sensitive Na® channel recordings,
pituitary GHj; cells were perfused with an extracellular Ringer solution
containing 20 mM TEA and S yM nimodipine. The pipettes were
filled with (in mM): 110 CsCl, 10 TEA, 2 MgCl,, 10 EGTA, 8 glucose,
2 Mg-ATP, 0.25 cAMP, and 10 HEPES, pH 7.3. TTX-sensitive Na*-
currents were recorded by applying, from an holding potential of —70
mV, depolarizing voltage steps of 50 ms duration in 10 mV from —100
to +50 mV elicited at 0.066 Hz frequency (1 pulse every 1S s). The
current—voltage relationship of Na* currents were obtained normal-
izing the peak value for the membrane voltage imposed during the
step.
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Oxygen and Glucose Deprivation. Hypoxic conditions were
induced by exposing hippocampal cultures to oxygen- and glucose-free
medium in a humidified atmosphere containing 95% nitrogen and 5%
CO,.*® After 25 min of OGD followed by 24 h of reoxygenation, cell
injury was assessed using the fluorescent dye propidium iodide (PI)
(Invitrogen). Its uptake was recorded with a digital camera (Media
Cybernetics, Silver Springs, MD) mounted on a Nikon Eclipse 400
fluorescence microscope (Nikon Instruments, Florence, Italy). For
densitometric measurements, the digital photos were analyzed with the
Image Pro-Plus software (Media Cybernetics), after freehand outlining
of the CAl, CA3, and dentate gyrus (DG) neuronal layers was
performed as previously described.*” Densitometric data were
obtained by an integrated algorithm that considers the mean of
optical density.*® In primary cortical neurons, cell injury was assessed
after 3 h of OGD followed by 21 h of reoxygenation. PI (7 uM) and
fluorescein diacetate (FDA; 36 uM) positive cells were counted in
three representative high-power fields of independent cultures, and cell
death was determined by the ratio of the number of PI-positive cells/
PI FDA positive cells.

Experimental Groups for in Vivo Studies. C57/BL6 mice
(Charles River, Italy) aged between 6 and 8 weeks and weighing 27—
30 g were housed under diurnal lighting conditions. Experiments were
performed according to the international guidelines for animal
research and approved by the Animal Care Committee of “Federico
II”, University of Naples, Italy.

Transient Middle-Cerebral Artery Occlusion Model (tMCAo0).
Mice were subjected to tMCAo as previously described.*® A 5-0 nylon
filament was inserted through the external carotid artery stump and
advanced into the left internal carotid artery until it blocked the origin
of the middle cerebral artery (MCA). After 60 min MCA occlusion,
the filament was withdrawn to restore blood flow.

Monitoring of Blood Gas Concentration and Cerebral Blood
Flow (CBF) with Laser-Doppler Flowmetry. A catheter was
inserted into the femoral artery to measure arterial blood gases before
and after ischemia (Rapid lab 860; Chiron Diagnostic). CBF was
monitored in the cerebral cortex ipsilateral to the occluded MCA with
a laser-Doppler flowmeter (Periflux system, S000). Once a stable CBF
signal was obtained, the MCA was occluded. CBF monitoring was
continued up to 30 min after the end of the surgical procedure, when
the occurred reperfusion was verified.

Evaluation of the Ischemic Volume. Mice were sacrificed 24 h
after ischemia. Ischemic volume was evaluated by 2,3,5-triphenyl
tetrazolium chloride (TTC) staining.39 The infarct area was calculated
with image analysis software (Image-Pro Plus).> The total infarct
volume was expressed as percentage of the volume of the hemisphere
ipsilateral to the lesion.® Ischemic volumes were evaluated in a blind
manner.

Drugs, Statistical Analysis, and Determination of 1C;y's. BED
was solubilized in dimethyl sulfoxide at concentrations of 1 mM, and
stock solutions were kept at —20 °C. Appropriate drug dilutions were
prepared daily. Statistical analysis was performed with 2-way ANOVA,
followed by Newman-Keuel’s test. Statistical significance was accepted
at the 95% confidence level (p < 0.05). Values are expressed as means
+ SEM. To obtain ICy’s of BED, all data were fitted to the following
binding isotherm: y max/(11X/ICs)n, where X is the drug
concentration and n is the Hill coefficient.
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