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We tested here the hypothesis that the pharmacological modulation of the mitochondrial Na*/Ca®*
exchanger (mNCX) could be a new neuroprotective strategy to rescue stressed vulnerable neurons from
death. We used rat hippocampal slices incubated with veratridine to cause neuronal death through a
mechanism involving Na* and Ca?* overload. CGP37157 (CGP), an inhibitor of the mNCX, rescued verat-
ridine vulnerable neurons from death, showing an ECsq of 5 M. This neuroprotection was associated to
mitigation of veratridine-elicited overproduction of free radicals and to inhibition of the p38 MAPK-
linked apoptotic pathway. These results suggest that the mNCX could become a new target to develop
compounds with potential therapeutic neuroprotective actions in neurodegenerative diseases.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Mitochondrial dysfunction and alterations of Ca?* homeostasis
has long been implicated in the pathogenesis of neurodegenerative
illnesses such as Alzheimer’s disease [1], Parkinson’s disease [2], or
amyotrophic lateral sclerosis [3,4]. The evidence linking mitochon-
drial dysfunction and neurodegeneration is particularly relevant in
Huntington’s disease [5-7]. Mitochondrial Ca?* uptake via the uni-
porter and its ensuing release into the cytosol through the mito-
chondrial Na*/Ca?* exchanger (mNCX), so-called mitochondrial
Ca%* cycling (mCC), couple neuronal activity to ATP production;
this is achieved through activation of Ca**-dependent dehydrogen-
ases of the Krebs cycle [8,9]. Furthermore, modulation of mCC rate
serves as a mechanism that damps the brisk changes of cytosolic
Ca%* concentrations ([Ca®*].) occurring during neuronal activity,
thus maintaining the [Ca®*]. within a physiological critical point
[10,11]; beyond this point, chronic elevations of [Ca®*]. become
neurotoxic [12,13]. In this context, it is understandable that alter-
ations of mCC could lead to activation of the apoptotic cascade,
particularly in some specific more vulnerable neurons carrying a
mutation that affects some of the mechanisms involved in the
modulation of Ca%* homeostasis [14-17].
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Evidence suggesting that mitochondria can efflux Ca%* jons in
exchange for Na* ions was reported by Carafoli et al. [18] in iso-
lated heart mitochondria; later on, these authors suggested that
this mNCX mechanism could serve to regulate the mCC [19,20].
The discovery of the benzothiazepine derivative CGP37157 (CGP)
as a blocker of the mNCX constituted a breakthrough for the func-
tional characterization of the mNCX [21]. CGP causes a sustained
elevation of the mitochondrial Ca?* concentration ([Ca®*].), there-
by causing the augmentation of Ca?*-dependent activity of dehy-
drogenases, ATP synthesis, and heart contraction [22,23]. Based
on this early observation, we raised the supposition that CGP could
rescue from death the chromaffin cells subjected to a veratridine
stress, a model of neuronal death linked to Na* and Ca®* overload
[24]. This model was later on adapted in our laboratory to test neu-
roprotection by drugs targeting Ca®>* homeostatic mechanisms in
primary cultures of bovine adrenal chromaffin cells [25]. In this
model we recently found that CGP causes an efficient cytoprotec-
tive action against veratridine stress [26]. Here we report that
CGP causes neuroprotection in rat hippocampal slices stressed
with veratridine; we attribute such an effect to blockade of the
mNCX, that could therefore become a new target for development
of neuroprotective drugs with therapeutic potential in neurode-
generative diseases.

2. Materials and methods

Experiments were performed in hippocampal slices prepared
from brains of 2-month-old Sprague-Dawley rats (275-325¢g
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weight). They were carried out following the European Union
Council Directive issued for these purposes and were approved
by the Ethics Committee of the Facultad de Medicina, Universidad
Auténoma de Madrid, Spain. All efforts were made to minimize the
number of animals and their suffering. To prepare the slices we re-
coursed to the protocol and solutions regularly used in our labora-
tory [27].

To perform the experiments, we followed the protocols shown
on top of the figures and briefly described in their legends. At the
end of the different incubation periods, neuronal viability in con-
trol or veratridine-treated slices was tested with MTT, a colorimet-
ric method based in the capacity of mitochondria of intact viable
neurons to reduce MTT [28]. The production of reactive oxygen
species (ROS) was measured with the fluorescent probe CM-
H,DCFDA [29] as previously described [30]. The tissue content of
p38 was assayed by Western blot [31].

The following materials and solutions were used: 7-chloro-5-(2-
chlorophenyl)-1,5-dihydro-4,1-benzothiazepin-2(3H)-one ~ (CGP
37157,CGP) and TTX were purchased from Tocris (Biogen Cientifica,
Spain). Methylthiazolyldiphenyl-tetrazolium bromide, MTT, and
veratridine were obtained from Sigma, Madrid, Spain. w-Conotoxin
GVIA (GVIA), w-agatoxin IVA (IVA), and w-conotoxin MVIIC (MVIIC)
were purchased from Peptide Institute, INC. Japan. Immobilon-P
membrane for Western blot was purchased from Millipore Corp.,
Madrid, Spain. Phospho-p38 MAPK and p38 MAPK antibody were
obtained from Cell Signaling, Izasa-Barcelona, Spain. All other chem-
icals to prepare saline solutions, buffers and so on were reagent
grade.

To prepare stock solutions of the various reagents, veratridine,
CGP, and nimodipine were dissolved in dimethylsulfoxide (DMSO)
at the concentration of 1072 M. GVIA, IVA, and MVIIC were pre-
pared in Millipore water at the concentration of 104 M. All solu-
tions were stored in aliquots at —20°C. Once defrosted for a
given experiment, the aliquot was discarded. The final concentra-
tions of DMSO used (always <0.1%) did not cause neuronal toxicity.

Data on cell viability were expressed as percentage of MTT
reduction, taking the maximum control tissue capability in each
individual experiment as 100%. In some figures, data underwent
a transformation to determine the percentage of protection affor-
ded by a given treatment; for instance, a 50% decrease of MTT
reduction means 50% cell death; a decrease of 25% cell death by
a given treatment means 50% neuroprotection. Statistical differ-
ences between groups of data were assayed using one-way ANOVA
followed by a Newman-Keuls test. The level of significance was
established at p < 0.05.

3. Results and discussion

We first performed an experiment to delineate the neurotoxic
effects of veratridine in rat hippocampal slices [24]. Fig. 1A shows
the protocol followed to estimate the neuronal damage elicited by
slice incubation during 4 h with veratridine that caused 15-45%
loss of MTT reduction at 1-100 puM. The threshold toxic concentra-
tion was at 1 pM and the ECs, to cause neuronal death was 2 uM
(Fig. 1C). To have an adequate window of opportunity to test drug
elicited neuroprotection, we selected 30 uM veratridine that reli-
ably produced about 40% of neuronal damage during a 3.5-h incu-
bation period.

To test the action of CGP on veratridine neurotoxicity, slices
were preincubated first with increasing concentrations of the com-
pound for a 30-min period, to allow its equilibration with the neu-
ronal biophase; thereafter, slices continued in the presence of CGP
plus veratridine, for an additional 3.5-h period (Fig. 2A). As ex-
pected from the results of Fig. 1B, in this series of experiments
veratridine caused 39% diminution of MTT reduction; this neuronal
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Fig. 1. Neurotoxic effects of veratridine (Ver) in rat hippocampal slices. (A)
Experimental protocol consisting of two sequential incubation periods to equili-
brate the tissue with oxygenated Krebs-bicarbonate solutions (see Section 2) and to
study the effects of Ver on neuronal viability and death. (B) MTT reduction by the
slices, in the absence (control) and the presence of increasing concentrations of Ver,
after 4 h incubation, an indicator of neuronal viability, normalized as % of control.
(C) Transformation of MTT reduction data into neuronal death by subtraction of
values obtained in slices treated with Ver from those obtained in control slices. Data
are means + S.E. of seven quadruplicate experiments performed in seven different
animals. ""p < 0.001 with respect to control (ANOVA).

lesion was gradually counteracted by increasing concentrations of
CGP (Fig. 2B) that caused neuroprotection with an ECsy of 5 uM
(Fig. 2C).

CGP is being widely used to selectively inhibit the mNCX, at con-
centrations of 10 uM in neuronal cultures [32,33] and at 15 uM in
brain slices [34]. In chromaffin cells transfected with aequorins,
20 uM CGP slows down the mitochondrial Ca®* efflux into the cyto-
sol without inhibiting the K*-evoked [Ca®*]. transient [35]. In con-
trast, in rat dorsal root ganglion cells, CGP blocks the K*-elicited
[Ca?']. transients with an ICso of 4 uM [36]. Furthermore, 1 uM
CGP does not affect I, in isolated neonatal rat ventricular myocytes,
while it causes mNCX inhibition in isolated heart mitochondria
with an ICso of 0.36 uM [22]. However, in rat atrial myocytes the
compound inhibits Ic, with an ICso of 0.27 uM [37]. In bovine
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Fig. 2. CGP37157 (CGP) protected hippocampal slices against the neurotoxic effects
of veratridine (Ver). (A) Experimental protocol consisting of two 30-min equilibra-
tion periods at 34 °C and 37 °C, followed by a 30-min preincubation period with
CGP at the concentrations indicated in the abscissa, and by a 3.5-h co-incubation
period with CGP and Ver. (B) MTT reduction by slices subjected to the different CGP
concentrations, as an indicator of neuronal survival, expressed in the ordinate as %
of control. (C) Transformation of MTT reduction data into neuronal protection by
normalizing to 100% the damage caused by Ver in the absence of CGP (i.e., 40%
inhibition of MTT reduction) as a window of opportunity for neuroprotection
afforded by CGP. A calculated ECso value of 5 pM to induce neuroprotection was
found. Data are means +S.E. of seven quadruplicate experiments performed in
seven different rats. ***p < 0.05 with respect to control; “p < 0.05, “*p < 0.001 with
respect to Ver-elicited neuronal damage.

chromaffin cells CGP causes 18% inhibition of I, at 10 uM and 60%
blockade at 30 uM. In the light of these variable data we tested
whether supramaximal concentrations of selective blockers of
VDCCs were mimicking the neuroprotective effects of CGP.

In the experiments of Fig. 3A, slices run in parallel were
preincubated during 30 min with concentrations known to cause
a maximal blockade of specific VDCC subtypes, i.e., 3 puM nimodi-
pine (L-type, Cav1.3), 1 uM GVIA (N-type, Cav 2.2), 1 uM MVIIC
(N- and PQ-type, Cav2.1), or 1 uM IVA (PQ-type). Veratridine pro-
duced 37.2% decrease of MTT reduction, a figure similar to that
of previous experiments; none of the VDCC blockers either given
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Fig. 3. Effects of ion channel blockers on veratridine (Ver)-elicited neuronal
damage. (A) Protocol consisted in four successive periods of incubation of
hippocampal slices in Krebs-bicarbonate solution that was bubbled continuously
with carbogen; the first two periods allowed tissue equilibration; during the third
period tissues were incubated with blockers of VDCCs of 1-(nimodipine), N-(®-
conotoxin GVIA (GVIA)), P/Q (w-agatoxin IVA (IVA)), a mixture of the three blockers,
or tetrodotoxin (TTX), at the concentrations indicated at the abscissa of panel B;
during the fourth period, media were exchanged with fresh solution containing the
blockers plus 30 uM Ver, and slices were further incubated for a 3.5-h period.
Control slices had no blockers nor Ver; an additional group of slices were treated
with Ver alone in order to determine the reference neuronal lesion in each
individual experiment. (B) MTT reduction capability (ordinate) of slices subjected to
the different treatments, expressed as % of control. (C) This experiment was made
following the same protocol but with higher concentrations of the blockers, as
indicated in the abscissa. Data are meanstS.E. of quadruplicate experiments
performed in different animals, as indicated in parentheses. **#p < 0.001 compared
with control; *"p < 0.001 compared with reference Ver.

alone or in combination, mitigated this neuronal damage. As a po-
sitive control we included a variable with tetrodotoxin (TTX, 1 pM)
that by neutralizing the veratridine action on Na* channels, affor-
ded full protection (Fig. 3B). In another experiment we doubled
the blocker concentrations, but only IVA reduced the veratridine
damage by 39.5%. Slice incubation with 2 M each of GVIA and
IVA plus 30uM nimodipine elicited 50% neuroprotection
(Fig. 3C). This nimodipine concentration is at least 10-fold higher
that required to block L channels [38-40]. At these high concentra-
tions, other 1,4-dihydropyridine (DHP) derivatives such as nitren-
dipine and isradipine blocks the mNCX [41,42]. It is therefore
plausible that at 30 uM, the DHP derivative nimodipine is also
inhibiting the mNCX to afford such neuroprotective action.
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Fig. 4. Inhibition by CGP37157 (CGP) of veratridine (Ver)-elicited production of
reactive oxygen species (ROS) in hippocampal slices. (A) Experimental protocol
consisting in four sequential incubation periods of slices in Krebs-bicarbonate
solutions continuously bubbled with carbogen. After stabilisation, slices were
incubated with TTX or CGP during 30 min at the indicated concentrations and
subsequently with the same concentrations of the compounds plus 30 uM Ver
during a further 3.5 h period. Control slices were incubated in solutions containing
no drugs. (B) ROS production by slices at the end of each treatment, measured with
the fluorescent probe CM-H,DCFDA (Arbitrary Fluorescence Units - AFU -
ordinate). ROS production by control slices incubated for 3.5 h in the absence of
drugs, and expressed in AFU was normalized to 100% and the values of drugs
treated slices were expressed as % of control. Data are means+S.E. of five
quadruplicate experiments done in five different animals. *##p < 0.001 with respect
to control; *"p < 0.001 with respect to Ver. (C) CGP blocks the phosphorylation of
p38 induced by veratridine in rat hippocampal slices. Western blot analysis for p38
obtained from protein extracts of rat hippocampal slices maintained in control
solution or subjected to 3.5 h veratridine in the absence or presence of 30 uM CGP
or 1uM TTX. The top part shows representative blots and the bottom part
represents the means * S.E. of three experiments. **#p < 0.001 with respect to basal
and "p <0.01 with respect to veratridine-stressed slices.

How CGP produces neuroprotection could be explained in the
context of the ionic pathway leading to neuronal death in veratri-
dine-treated slices. This pathway sequence commences with slow-
ing down of Na* channel inactivation elicited by veratridine [43]
that causes Na* accumulation in the cytosol [44,45]. This produces
cell depolarization [46], leading to VDCC opening and increased
[Ca?*]. [25,26,46]. This will cause mitochondrial Ca%* overload

and activation by enhanced [Na*]. of the mNCX, thereby producing
a futile mCC with a concomitant excessive production of ROS; this
could be the signal to initiate the process of neuronal death and
neurodegeneration [47]. By slowing down such futile mCC, CGP
could contribute to mitigate the excessive ROS generation. This
was tested in the following experiment. Slices were subjected to
the protocol shown in Fig. 4A. At the end of the 3.5-h incubation
period with veratridine, the tissues contained 2.5-fold higher ROS
concentration, compared with the control tissue. TTX reduced
veratridine-elicited ROS production by 73% while CGP caused a
77.1% reduction.

To further inquire into the intracellular death pathway involved
in veratridine neurotoxicity and in the neuroprotective effects of
CGP we measured p38 MAPK activation, a pathway linked to cell
death [48,49]. In fact, inhibition of p38 MAPK has been investigated
as a potential target for neuroprotection in different human dis-
eases [50,51]. As Fig. 4C shows, veratridine elicited near 3-fold in-
crease of p38 phosphorylation, compared to basal hippocampal
slices. CGP significantly reduced veratridine-elicited p38 phos-
phorylation by 70%; this reduction was similar to that obtained
with TTX.

At first sight it seems paradoxical that CGP-elicited mNCX block-
ade could lead to neuroprotection. In fact, a recent elegant experi-
ment from Duchen’s laboratory suggests the opposite: a mutation
of the mitochondrial protein PINK1, encoded by a gene believed
to be involved in Parkinson’s disease, caused a decrease of mNCX
activity; this results in mitochondrial Ca?* overload that sensitizes
the mitochondria permeability transition pore (mPTP) opening,
thereby impairing respiration and rendering neurons vulnerable
to Ca®*-dependent cell death [17]. However, there is an opposite
view that considers the high Ca?" buffering capacity of mitochon-
dria as a mechanism to remove excess Ca* from the cytosol during
a stressful stimulus, leading to neuroprotection [52,53]. This fits
well in the hypothesis that, beyond a critical physiological range,
the [Ca?*]. elevations become neurotoxic [12]. In this context, a
mild inhibition of the mNCX by CGP could slow down the rate of
delivery of Ca%* into the cytosol to maintain the [Ca%*]. within a
physiological range. Furthermore, mitigation of mNCX activity by
CGP enhances dehydrogenase activity and ATP synthesis [22] and
augments histamine-elicited ATP production in Hela cells [54]. This
is in the line with the concept that the high-capacity mitochondrial
Ca?* uptake pathway provides a mechanism that couples energy
demand to increased ATP production through the Ca?*-dependent
up-regulation of mitochondrial enzyme activity [55]. This pharma-
cological strategy may be particularly useful to rescue from death
the vulnerable neurons of neurodegenerative diseases that have
an alteration of Ca?* homeostatic mechanisms [2,3,14,15].

In conclusion, we have shown here for the first time that CGP
causes neuroprotection in rat hippocampal slices stressed with
veratridine. Although an action of CGP on VDCCs cannot be com-
pletely discarded, neuroprotection is likely linked to blockade of
the mNCX. Data suggest that the pharmacological modulation of
the mNCX may become a novel and efficacious strategy to mitigate
the Ca?*-dependent death of vulnerable neurons occurring in neu-
rodegenerative diseases.
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