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Changes of Cytosolic Ca’" under Metabolic Inhibition in Isolated Rat
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To characterize cytosolic Ca’" fluctuations under metabolic inhibition, rat ventricular myocytes were
exposed to 200 xM 2,4-dinitrophenol (DNP), and mitochondrial Ca®*", mitochondrial membrane potential
(4% wm), and cytosolic Ca®* were measured, using Rhod-2 AM, TMRE, and Fluo-4 AM fluorescent dyes,
respectively, by Laser Scanning Confocal Microscopy (LSCM). Furthermore, the role of sarcolemmal
Na'/Ca®' exchange (NCX) in cytosolic Ca’' efflux was studied in KB-R7943 and Na'-free normal
Tyrode’s solution (143 mM LiCl ). When DNP was applied to cells loaded with Fluo-4 AM, Fluo-4 AM
fluorescence intensity initially increased by 70 + 10% within 70 +10 s, and later by 400 +200% at 850 +46
s. Fluorescence intensity of both Rhod-2 AM and TMRE were initially decreased by DNP, coincident
with the initial increase of Fluo-4 AM fluorescence intensity. When sarcoplasmic reticulum (SR) Ca®'
was depleted by 1 uM thapsigargin plus 10 uM ryanodine, the initial increase of Fluo-4 AM fluorescence
intensity was unaffected, however, the subsequent progressive increase was abolished. KB-R7943
delayed both the first and the second phases of cytosolic Ca’" overload, while Na—free solution
accelerated the second. The above results suggest that: 1) the initial rise in cytosolic Ca’" under DNP
results from mitochondrial depolarization; 2) the secondary increase is caused by progressive Ca®*

release from SR; 3) NCX plays an important role in transient cytosolic Ca’' shifts under metabolic
inhibition with DNP.

Key Words: Dinitrophenol, Caffeine, Cytosolic Ca®", Laser Scanning Confocal Microscopy, Fluo-4 AM,
Mitochondria, Ventricular myocytes, NCX, KB-R7943, Rhod-2 AM, TMRE

INTRODUCTION

Intracellular Ca®" plays important roles in the regulation
of various cellular functions. They initiate muscle con-
traction, trigger the release of neurotransmitters from
nerve terminals and hormones from secretory cells, re-
gulate gene expression and cell cycle, and mediate cell
death. Disrupted Ca®' homeostasis is accompanied by
pathological conditions in cells. In particular, ischemia or
ischemia/reperfusion injury and cell damage or cell death
are associated with extensive cytosolic Ca®" overload
(Allshire et al, 1987; Steenbergen et al, 1990). Other
authors have shown damage to sarcolemmal structure/
function under calcium overload. High cytosolic Ca®>" con-
centrations cause the loss of sarcolemma’s ability to bind
calcium, leading to calcium deposition in mitochondria.
Mitochondrial calcium overload has been considered as an
indicator of cell injury (Borgers et al, 1986; Borgers et al,
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1987; Ver Donk et al, 1988).

In cardiac myocytes, intracellular Ca’" overload is believ-
ed to result from a transient depolarization of the cell
membrane, allowing Ca®* entry via the T-type Ca®*
channel and leading to limited Ca®" entry (recorded elec-
trically as the L-type Ca®' current (Ic.)), followed by
triggering of Ca® " release from sarcoplasmic reticulum (SR)
(Allan et al, 1994). Sarcolemmal Na*/Ca®* exchange (NCX),
Na'/H" exchange (NHE), L-type calcium channels and
Karp channels play pivotal roles in cytosolic Ca®* regulation
under metabolic inhibition (KEisner et al, 1998; Tang et al,
1998; Karmazyn et al, 2001). The present study was un-
dertaken to mimic the events of ischemia or ischemia/
reperfusion injury and to characterize the mechanisms of
cytosolic Ca®" overload under metabolic inhibition by
2,4-dinitrophenol (DNP). To monitor cytosolic Ca®", tran-
sient fluorescence methods were used with the following:
SR NCX reverse mode inhibitor (KB-R7943); SR Ca®'
trigger (caffeine); SR Ca®" depletor (thapsigargin/ ryano-
dine) and NCX inhibitor (Na™-free Tyrode’s solution).
Finally, the influence of extracellular Ca®" under DNP was

ABBREVIATIONS: DNP, 2,4-dinitrophenol; 4 ¥ m, mitochondrial
inner transmembrane potential; NCX, sarcolemmal Na’/Ca®'
exchange; TMER, tetramethylrhodamine ethyl ester; SR, sar-
coplamic reticulum; [Caz‘]l, intracellular CA®" concentration.
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examined with Ca’"-free Tyrode’s buffer.

Our results indicate that the initial DNP-induced in-
crease of cytosolic Ca®" results from efflux of mitochondrial
Ca®" (by depolarization of the mitochondrial inner trans-
membrane potential (4%w)) and from the influx of ex-
tracellular Ca®" into cytosol (via reverse mode sarcolemmal
Na®/Ca®>" exchange). Our findings also indicate that the
secondary increase of cytosolic Ca®” is due to progressive
Ca®" release from SR, and that Na*/Ca®" exchange (NCX)
plays an important role in regulation of cytosolic Ca**
under metabolic inhibition.

METHODS
Isolation of single ventricular cardiomyocytes

Single ventricular myocytes were isolated from rat heart
as previously described. Briefly, 8-week-old Sprague-
Dawley rats, weighing 280~320 g, were anesthetized by
intraperitoneal injection of a mixture of pentobarbital
sodium (50 mg/kg body weight) and heparin (300 IU/ml).
The heart was rapidly removed by thoracotomy and the
aorta was cannulated. The dissected heart was mounted on
a Lagendorff apparatus and perfused at 37°C with
oxygenated normal Tyrode’s for 5~6 min to flush blood
from the heart; which was followed by Ca®"-free Tyrode’s
solution for 5 min, Ca®"*-free Tyrode’s solution containing
0.01% collagenase (1 mg/10 ml, Yakult) for 25~ 30 min, and
Kraftbruhe (KB) solution for 5~ 10 min. The heart was then
removed from the perfusion apparatus, and the left
ventricle was separated by dissection. Single ventricular
myocytes were isolated by gentle agitation in KB solution,
stored at 4°C, and used within 12 h.

Solutions and drugs

Normal Tyrode’s solution contained (mM): 143 NaCl, 5.4
KCl, 1.8 CaCly, 0.5 MgCl,, 5.5 glucose, and 5 HEPES (pH
7.4) adjusted with KOH. The modified KB solution con-
tained (mM): 25 KCl, 10 KH:PO4, 16 KOH, 80 glutamic
acid, 10 taurine, 14 oxalic acid, 10 HEPES, and 11 glucose
at pH 7.4 adjusted with KOH.

Fluorescent dyes (Fluo-4 AM, Rhod-2 AM, TMRE) were
purchased from Molecular Probes (USA), prepared as 1 mM
stock solutions in dimethyl sulfoxide (DMSQ), and diluted
into test solution before each experiment. The final con-
centration of DMSO was <0.01%.

The following drugs were used: KB-R7943 or 2-[2-[4-
(4-nitrobenzyloxy)phenyl]ethyl]isothiourea methanesulpho-
nate (Oragon), caffeine (Sigma), ryanodine (Sigma), and
thapsigargin (Sigma).

Fluorescence measurements

Experiments were performed with a laser scanning con-
focal microscope (LSM 510 META) coupled to an inverted
microscope (Axiovert 200M, Carl Zeiss, Jena, Germany)
with a 40x water-immersion objective lens, optimal laser
lines and filter. Cells were excited with 514 nm wavelength
argon laser, and images were acquired using a >560 nm
long-pass filter. Fluorescence of Fluo-4 AM, Rhod-2 AM and
TMRE was excited at 488 nm, 560 nm and 564 nm and
emitted at 543 nm, 588 nm and 600 nm, respectively.
Fluorescence was monitored every 3 s, using time-series

image capture. Images were digitized at 8 bits and analyzed
using LSM-510 META software (Carl Zeiss, Jena, Ger-
many).

Cytosolic Ca’" and mitochondrial Ca®"

To monitor cytoplasmic Ca®", the isolated single myocy-
tes were loaded with 3 #M of the acetoxymethyl ester (AM)
form of Fluo-4 for 20 min at room temperature. Myocytes
were then washed twice by centrifugation (500 rpm, for 5
min each time, in KB solution), and they were transferred
into a chamber coated with poly-L-lysine (0.01%) and
excited at 488 nm and 560 nm. Emitted light was measured
at >580 nm in a confocal microscope.

To monitor mitochondrial Ca®", myocytes were loaded
with mitochondrial Ca®'-sensitive dye, Rhod-2 AM. To
adequately load the mitochondria, myocytes were incubated
with 5 #M Rhod-2 AM at 4°C for 120 min and for further
20 min at room temperature. After incubation, the cells
were washed twice by centrifugation. Rhod-2 AM was
excited at 568 nm, and emitted light was measured at
>580 nm.

Mitochondrial membrane potential

The cationic dye tetramethylrhodamine ethyl ester, per-
chlorate (TMRE), was used to monitor time-series changes
in mitochondrial membrane potential. Myocytes were
incubated with TMRE (200 nM) for 20 min and washed
twice by centrifugation. TMRE was excited at 564 nm with
helium-neon laser, and emitted signals were collected
through a 580 nm long-pass filter. Fluorescence was re-
corded every 3 s.

Image processing and statistical analysis

Fluorescent images were processed with LSM-510 META
software (Carl Zeiss, Jena, Germany), and the imaging
systems enabled independent recordings from several cells
in the field of view. To represent changes in fluorescence
intensity over time, interesting regions of the cells were
outlined/highlighted, and the intensity of the chosen region
in the image was calculated. In all cases, fluorescence
intensity was normalized to the initial value (F;) recorded
in normal Tyrode’s solution and compared with the change
of intensity as the relative fluorescence (F/F,).

Data were presented as means® SEM. Statistical sig-
nificance was assessed using unpaired t-tests, and P<0.05
was considered significant.

RESULTS
DNP induces cytosolic Ca’™ overload in two steps

To investigate cytosolic Ca’* overload under metabolic
condition inhibited by DNP, rat ventricular myocytes were
loaded with Fluo-4 AM and monitored in a confocal
microscope after 200 xM DNP was added. Fig. 1A shows
that DNP increased Fluo-4 AM fluorescence intensity in
two phases: Fluorescence intensity was initially increased
by 70+10% within 70+10 s (Fig. 1b), and was sub-
sequently increased by 550+200% within 850+46 s (Fig.
1d). Cell shortening began after 600+16 s and reached
rigor contraction after 64677 s (Fig. 1c).
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Fig. 1. The effect of DNP on cytosolic Ca®' in an isolated rat ven-
tricular myocyte. (A) Record of Fluo-4 AM fluorescence from a
single myocyte loaded with 4 mM Fluo-4 AM under 200 xM DNP
in confocal microscopy. DNP was applied as indicated by the bar.
(B) The confocal image of control, a; phase I, b; beginning of
contraction, ¢; peak point of phase II in the cell. (C) Mean increase
of Fluo-4 AM fluorescence during phase I and phase II from 6 cells.
Phase I and phase II fluorescence were seen at about 30 s (a) and
300 s (b), and increased by about 50% (b) and 400% (d), respectively,
after DNP application. *P<0.05 compared to pre-DNP value (con-
trol, a).

DNP causes mitochondrial depolarization and an
initial increase of cytosolic Ca” "

DNP is a protonophore that can reduce the potential
across inner mitochondrial membrane, and mitochondrial
depolarization could possibly release mitochondrial Ca®*
into cytosol. To investigate the role of mitochondrial Ca®'
in cytosolic Ca®* overload under DNP, isolated myocytes
were loaded with a mitochondrial membrane potential-
sensitive dye (TMRE) and with Fluo-4 AM: Positively-
charged TMRE accumulates in the mitochondrial mem-
brane, which carries a high negative charge, and mitochon-
drial depolarization causes a loss of TMRE intensity. Fig.
2A and B shows that Fluo-4 AM fluorescence (SQR) was
increased by 30+ 5% after 300 s, while TMRE fluorescence
(CIR) was decreased by 90+ 10%, corresponding to mito-
chondrial depolarization and the rise of cytosolic Ca®" after

DNP exposure. Similarly, the mitochondrial Ca®*-sensitive

fluorescent dye, Rhod-2 AM, was used to examine
mitochondrial Ca®" release, and Fig. 2D and E show that
Rhod-2 AM fluorescence (SQR) was decreased by 30+ 7%
within 100 s, remained low until 300 s, thereafter, in-
creased during 330 s and 800 s. This also showed that the
decrease in mitochondrial Ca®*' coincided with mito-
chondrial depolarization and with the initial rise in cyto-
solic Ca®" under DNP. These results suggest that DNP
causes the initial overload of cytosolic Ca®' by mitochon-
drial depolarization.

Depletion of sarcoplasmic reticulum Ca’™" abolishes
the secondary rise in cytosolic Ca®”

To investigate the role of sarcoplasmic reticulum (SR) in
DNP-induced cytosolic Ca®* overload, cells loaded with
Fluo-4 AM were superfused for 10 min with Ca®'-free
Tyrode’s solution containing ryanodine (10 M) and thap-
sigargin (1 M) to block the effect of SR Ca®'. After
ryanodine/thapsigargin pretreatment, cells were perfused
with normal Tyrode’s solution containing DNP (200 ,M).
Fig. 3A and B shows that fluorescence was initially
increased by 10+ 7% within 300 s and decreased by 10+5%
after 300 s. These results indicate that the secondary rise
of cytosolic Ca®* under DNP is due to release of SR Ca®'.

Cytosolic Ca’” fluctuations during metabolic inhi-
bition by DNP

To probe the regulation of cytosolic Ca®* under metabolic
inhibition by DNP, caffeine (10 mM) and DNP were added
to the cells loaded with Fluo-4 AM. Continuous perfusion
with caffeine caused cytosolic Ca®' overload via SR Ca®'
release and inhibition of Ca®" reuptake by SR. Cells were
continuously perfused with normal Tyrode’s containing
caffeine, either without (Fig. 4A) or with (Fig. 4D) DNP.
Fluorescence was increased by 180+ 20% (Fig. 4A, B) after
application of DNP and caffeine. After cytosolic Ca®"
overload, fluorescence was decreased by 40:-10% (Fig. 4A,
B) and 50+7% (Fig. 4D, E), respectively, within 1,200 s.
Cytosolic Ca®" fluctuation is shown in Fig. 4D. These
results suggest that metabolic inhibition under DNP in-
hibits cytosolic Ca** efflux, possibly by inhibiting of reverse
phase NCX or other mechanisms.

Sarcolemmal Na '/Ca’” exchange regulates cytosolic
Ca’ " overload under DNP

To investigate the role of sarcolemmal Na® /Ca®' ex-
change (NCX) under metabolic inhibition by DNP, an inhi-
bitor of reverse mode NCX (KB-R7943) or Na'-free
Tyrode’s solution (143 mM LiCl) was applied to myocytes
loaded with Fluo-4 AM. Before DNP application in normal
Tyrode’s solution, cells were superfused for 10 min with
either normal Tyrode’s solution that contained KB-R7943
(10 mM) or with Na " -free Tyrode’s solution (143 mM LiCl).
Figure 5A shows that, under DNP, KB-R7943 delayed
phases I and II of cytosolic Ca®" overload by 2000+ 100 s
and 3000+ 200 s, respectively. However, Fig. 5B shows that
pretreatment with Na*-free Tyrode’s solution accelerated
phase II of cytosolic Ca** overload under DNP by 50+ 10
s. This suggests that reverse mode NCX causes the initial
overload of cytosolic Ca®" and triggers Ca®" release from
SR under metabolic inhibition by DNP.
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Fig. 2. The role of mitochondria on the rise of cytosolic Ca®’ after DNP. Cells
were loaded with both 3 M Fluo-4 AM (SQR) and 200 nM TMRE (CIR) (A, B,
C) or with 4 xM Rhod-2 AM (SQR) (D, E, F). Fluorescence changes in the presence
of DNP were monitored by confocal microscopy. (A) Record of fluorescence changes
in a myocyte loaded with both Fluo-4 AM and TMRE under DNP. (B) Mean
fluorescence change in both Fluo-4 AM and TMRE during phase I (a: control of
Fluo-4 AM fluorescence, b: phase I of Fluo-4 AM fluorescence was increased by
30%, *P<0.05 vs a, c: control of TMRE fluorescence, d: phase 1 of TMRE
fluorescence), **P<0.05 vs c. (C) Confocal image of Fluo-4 AM and TMRE. (D)
Record of Rhod-2 AM fluorescence. (E) Mean change of Rhod-2 AM fluorescence
after DNP application in confocal microscopy (a: control of Rhod-2 AM, b: phase
1 of Rhod-2 AM fluorescence was decreased by 30%, *P<0.05 vs a, c: phase 2
of Rhod-2 AM fluorescence change). (F) Confocal image of Rhod-2 AM loaded

myocytes.

Fig. 3. SR Ca®" depletion abolishes the phase II cytosolic Ca®* rise under DNP.
(A) After SR Ca®" depletion by pretreatment with 10 #M ryanodine and 1M
thapsigargin, Fluo-4 AM fluorescence under DNP was recorded in a single myocyte
loaded with Fluo-4 AM. (B) Mean change of Fluo-4 AM fluorescence (a: control,
b: Fluo-4 AM fluorescence change during phase I, ¢c: Mean fluorescence change
in phase II) (*P<0.05 vs a: control).
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Fig. 4. Cytosolic Ca®" removal after SR Ca™’
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release by 10 mM caffeine in the

absence of DNP (A: fluorescence recording, B: summarized data, C: confocal image)
or in the presence of DNP (D: fluorescence recording, E: summarized data, F:
confocal image). (A) Record of Fluo-4 AM fluorescence from a single myocyte loaded
with Fluo-4 AM (a: control, b: increased fluorescence with caffeine, ¢: the removed
fluorescence) in confocal microscopy. (B) Fluorescence of Fluo-4 AM increased by
100% (Bb, Eb), and, in the absence and presence of DNP, the increase of
fluorescence was reduced by about 100% and 50%, respectively. *P<0.05 vs

control.

2+ 2+

Extracellular Ca” " affects secondary cytosolic Ca
overload under DNP

To examine the effect of extracellular Ca®* on the rise
of cytosolic Ca®* under DNP, the myocytes loaded with
Fluo-4 AM were superfused for 3 min with Ca®"-free
Tyrode’s solution, and were then exposed to DNP. Figure
5C shows that fluorescence intensity initially fluctuated
slightly within 20+5%, until 2400 s. And, following an
abrupt increase of 450+100%, fluorescence intensity de-
creased to basehne at 3200 s. These findings indicate that
extracellular Ca®" also plays a role in the initial Ca®*
overload under DNP.

DISCUSSION

In this study, we investigated the mechanisms of
cytosolic Ca®’ overload under metabolic condition inhibited
by DNP. Our results show that DNP caused a two-phase
increase of cytosolic Ca®" in isolated rat ventricular
myocytes. DNP caused an initial cytosolic Ca®" overload,
seen as an increase of about 30% in the fluorescence
intensity of Fluo-4 AM (a cytosolic Ca®"-specific fluorescent
dye), which was followed later by a greater increase of
cytosolic Ca®". Fluo-4 AM and a mitochondrial Ca®’-

specific fluorescent dye (Rhod-2 AM) were used to examine
these rises of cytosolic Ca®*. The initial increase of Fluo-4
AM fluorescence intensity under DNP coincided with the
loss of Rhod-2 AM fluorescence intensity. To investigate the
correlation between the mitochondrial inner transmem-
brane potential (A4¥%yw) and cytosolic Ca®" under metabolic
inhibition, myocytes were loaded simultaneously with
TMRE and Fluo-4 AM, and then exposed to DNP. DNP
caused a loss of TMRE fluorescence intensity, which coin-
cided with increased intracellular Fluo-4 AM fluorescence
intensity. These findings suggest that DNP can cause efflux
of mitochondrial Ca®" into the cytosol by depolarization of
the A%, coincident with an increase of cytosolic Ca*"
Montero et al (2001) recently demonstrated that when ¥,
was depolarized, the Ca®' uniporter functions in reverse
and releases mitochondrial Ca®* into the cytosol.

Opening and closing of the mitochondrial permeability
transition pore (mPTP) are regulated by multiple factors
such as reactive oxygen radicals, and matrix pH, [Ca’"|n,
and A¥n. mPTP opening allow nonselective ion perme-
ability of a mitochondrial Ca®" flux that depends on the
gradient of Ca”" concentration between the cytosplasm and
the mitochondria. It should be noted, however, that the
nonselective pore could leak the fluorescent probe from the
mitochondria (Crompton et al, 1999; Halestrap et al, 2000;
Masao et al, 2005).
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Fig. 5. The role of sarcolemmal NCX in cytosolic Ca®" efflux. Fluo-4 AM loaded
cells were treated with sarcolemmal NCX inhibitor, (A) 10 mM KB-R7943 and
(B) Na ' -free Tyrode’s, respectively, and (C) Ca®*-free Tyrode’s before and during

DNP addition. (D) Summarized data of Ca®'

overload (phase 1, phase 2) was

monitored using Fluo-4 AM (conl and con2 indicate b and d, respectively in Fig.
1, a: phase 1 of A, b: phase 2 of A, c: phase 1 of B, d: phase 2 of B, e: phase
1 of C, f: phase 2 of C). *P<0.05 compared to conl and **P<0.05 vs con2.

During ischemia, anaerobic glycolysis and ATP degra-
dation induce H" that activate the Na"/H" (Cross HR et
al, 1996). Exchanger (NHE) causes Na™ influx, because the
Na*/K* ATPase is inhibited under ischemia (Cross HR et
al, 1995), and Na " efflux decreases, leading to intracellular
Na® rise. This intracellular Na* rise under ischemia is
accompanied by cytosolic Ca®" overload (Weiss RG et al,
1990; Murphy E et al, 1991).

Mitochondrial NCX (mitoNCX) is also a well known
primary pathway of Ca’" efflux in cardiomyocytes. Even
though mitoNCX activity is impaired when A%, is dis-
sipated, mitoNCX effluxes mitochondrial Ca®* into cytosol
even after A%, dissipation (Saotome et al, 2005). We also
investigated the role of extracellular Ca** and sarcolemmal
NCX in the initial increase of cytosolic Ca®* under DNP.
When DNP was applied, to cells loaded with Fluo-4 AM
in the absence of extracellular Ca®", both the initial and
the secondary Ca®" overload were delayed by 1800 s: Cyto-
solic Ca”>" overload under DNP was more accelerated and
delayed, respectively, when myocytes loaded with Fluo-4
AM were challenged with Na* free Tyrode’s solution and
the reverse mode sarcolemmal NCX inhibitor, KB-R7943.
Therefore, we postulate that extracellular Ca®" and reverse
mode sarcolemmal NCX are involved in the first and the
second phases of cytosolic Ca>" overload under DNP. KB-

R7943 potently inhibits NCX-mediated Ca®" overload and
membrane currents in cardiac myocytes and that the ECso
for the inhibition of reverse mode of NCX was 3~10 M
(Iwamoto et al, 2001).

In contrast, Hudman et al (2002) found that both the first
and the second phases of cytosolic Ca®* overload under
DNP were uninfluenced by extracellular Ca®". Further-
more, an active form of DNP has been known as K* channel
opening drugs, inducing Karp channel via not only pH
(Forestier et al, 1994; Decking et al, 1995; Terzic et al,
1995), but also ATP-dependent mechanisms. DNP-induced
opening of Karp channels was associated with suppression
of Na* and Ca®>" current, which is known to be sensitive
to metabolic stress (Terzic et al, 1994B).

The second phase of cytosolic Ca®' overload was in-
vestigated by abolishing SR with thapsigargin plus
ryanodine. In this case, the initial increase of cytosolic Ca?*
was still seen, but the secondary increase disappeared. This
suggests that the second phase was caused by release of
Ca”" from the SR. Subsequent work showed that the subce-
llular mechanism for Ca®’-induced release of calcium
(CICR) was a Ca®"-dependent opening probability of the
SR Ca®" release (Rousseau et al, 1986). L-type Ca®"
channel and sarcolemmal NCX trigger for SR Ca”" release
(Levi et al, 1993; Kohmoto et al, 1994; Eisner et al, 1998).
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In particular, an increase of local Na™ concentration ini-
tiates Ca®" entry via Na'/Ca®" exchange, and depolari-
zation may lead directly to Ca®" entry via the exchange
(Leblanc et al, 1990).

Sarcolemmal depolarization is thought to produce a
conformational change in the dihydropyridine receptor and
to induce the release of Ca”" from the SR (Rios & Piaxarro,
1991; Rios et al, 1993; Schneider, 1994). Chronic inhibition
of the L-type calcium channel, but not of the T-type chan-
nel, may enhance the Ca®" release mediated by the ryano-
dine receptor. This may explain the development of toler-
ance to the inhibitory effects on K'-induced increases in
[Ca®"]; caused by nifedipine and verapamil (Czarnowska et
al, 1998). Recently, it has been shown that mitochondrial
membrane potential enhances Ca®" entry into mitochon-
drial matrix via Ca®" uniporter, thereafter, depolarization
of mitochondrial membrane potential cause increase of
cytosolic Ca*" (Delcamp TJ et al, 1998).

Even though DNP is used as a metabolic inhibitor, it has
been administered as a preconditioning factor for cardiac
ischemia, similar to cyclosporin A, adenosine, and trime-
tazidine. Karp channel openers increase cell viability and
protect cells by reducing mitochondrial Ca®* under con-
ditions such as ischemia, ischemia/reperfusion or hypo-
xia/reoxygenation (Veitch et al, 1995; Elimadi et al, 1997;
Holmuhamedov et al, 1998; Minners et al, 2000).

In summary, these studies suggest that: 1) reverse mode
sarcolemmal Na®/Ca®" exchange and extracellular Ca®'
are associated with the first phase of cytosolic Ca®"
overload under DNP, and 2) DNP also causes mitochondrial
Ca®" efflux into the cytosol by depolarizing the A¥,,. This
first phase of cytosolic Ca®" overload might trigger SR Ca**
release and elicit the second phase.
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