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Buffering Contribution of Mitochondria to the [Ca®]; Increase by
Ca™ Influx through Background Nonselective Cation Channels in
Rabbit Aortic Endothelial Cells
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Seoul National University College of Medicine, Seoul 110—799, Korea

To prove the buffering contribution of mitochondria to the increase of intracellular Ca”™ level (JCa”))
via background nonselective cation channel (background NSCC), we examined whether inhibition of mito-
chondria by protonophore carbonylcyanide m-chlorophenylhydrazone (CCCP) affects endothelial Ca® entr;
and Ca® buffering in freshly isolated rabbit aortic endothelial cells (RAECs). The ratio of fluorescence
by fura-2 AM (Rsso3s0) was measured in RAECs. Biological state was checked by application of acetylcholine
(ACh) and ACh (10 M) increased Rssosso by 1.1+0.15 (mean + S.E., n=6). When the external Na was totally
replaced by NMDG", Rsss0 was increased by 1.19+0.17 in a reversible manner (n=27). NMDG"-induced
[Caz‘]i increase was followed by oscillatory decay after [Ca2+]i reached the peak level. The increase of [Ca2+]i
by NMDG" was completely suppressed by replacement with Cs'. When 1 zM CCCP was applied to bath
solution, the ratio of [Ca®"]; was increased by 0.4 +0.06 (n=31). When 1 zM CCCP was used for pretreatment
before application of NMDG", oscillatory decay of [Ca’"]; by NMDG" was significantly inhibited compared
to the control (p<0.05). In addition, NMDG™-induced increase of [Ca®']; was highly enhanced by pre-
treatment with 24M CCCP by 320+93.7%, compared to the control (mean+S.E., n=12). From these
results, it is concluded that mitochondria might have buffering contribution to the [Ca2+] i increase through
regulation of the background NSCC in RAECs.
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INTRODUCTION

The regulation of endothelial [Ca®"); is composed of acti-
vating mechanisms that supply Ca®* to the cytoplasm and
homeostatic mechanisms that maintain a low level of [Ca®];
by removing cytoplasmic free Ca®" after chemical or physi-
cal stimulation. The [Ca®™]; of endothelial cells can be in-
creased by several mechanisms such as Ca®" release from
endoplasmic reticulum (ER) through D-myo-inositol 1,4,5-
trisphosphate [Ins (1,4,5) Ps]-sensitive Ca®" channels acti-
vated by plasmalemmal receptors coupled to phospholipase
C (PLC) and Ca*-dependent cation channels which is acti-
vated by a rise in [Ca™}; (Derian & Moskowitz, 1986;
Lambert et al, 1986; Carter & Ogden, 1992; Lesh et al,
1993; Wang et al, 1995). It can also be increased by Ca*
entry across the plasmalemma through nonselective Ca™
leak pathway (Demirel et al, 1993), receptor-operated cati-
on channels (ROCs) (Adams et al, 1989), “capacitative Ca*
entry” (Putney, 1986; Putney, 1990) and stretch-activated
channels (SACs) (Lansman et al, 1987).

To date, however, many studies on endothelial cells have
been focused to elucidate Ca®* entry pathways compared
to Ca®" removal mechanism. Therefore, only a few studies
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on Ca®' removal in endothelial cells are reported (Goto et
al, 1996; Sedova & Blatter, 1996). [Ca%]i can be decreased
primarily by Ca®**-ATPase located on the plasmalemmal
and ER membrane to pump toward the extracellular space
(Hagiwara et al, 1983). In addition, the Na"-Ca®" exchanger
(NCX) on the plasmalemmal membrane may also possibly
influence Ca® homeostasis (Li & Breemen, 1995). Since
Ca? removal as well as Ca** entry are also important, un-
derlying mechanism of Ca® extrusion and relation between
influx and removal of Ca” should delicately be studied
(Skarsgard et al, 2000). As a Ca®' removing apparatus, mi-
tochondria have also been known to regulate intracellular
Ca® content in many types of cells, including endothelial
cells (Ichas et al, 1997). Previously, it was assumed that
mitochondria could participate only in Ca® sequestration,
when intracellular Ca®" concentrations approached cyto-
toxic levels (Gunter & Pfeiffer, 1990). However, mitochond-
ria play a functional role as excitable organelles capable
of generating and conveying Ca” signal (Ichas et al, 1997,
Ward et al, 2000).

We earlier reported that background NSCC plays a cru-
cial role in the regulation of membrane potential of RAECs
(Park et al, 2000). Since the membrane potential of endo-
thelium contributes to the driving force for Ca® entry

ABBREVIATIONS: NSCC, nonselective cation channel; RAECs, rab-
bit aortic endothelial cells; CCCP, carbonylcyanide-m-chlorophenyl-
hydrazone; NCX, Na'-Ca*' exchanger; CPA, cyclopiazonic acid.
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(Busse. et al, 1993), further study on the relationship be-
tween background NSCC and regulation of [Ca®}; was
needed. From these reasons, this study was designed to i-
dentify background NSCC and mitochondria as a Ca®* reg-
ulating pathway and Ca®" removing mechanism in RAECs.

METHODS
Preparation of cells

Rabbits of either sex (1~1.2 kg) were anaesthetized with
ear vein injections of pentobarbital (50 mg/kg) and heparin
(1,000 wkg). A 3 cm-long segment of the aorta was isolated
and placed in Ca®-free normal solution (composition given
below). The connective tissue and fat layer were carefully
removed under a dissecting microscope. Aorta was cut into
small segment (3~4 mm) and transferred to 1 ml of Ca™.
free normal solution containing 0.2% collagenase (Worth-
ington type 1). After incubation at 37°C for 15 min in this
solution,. single endothelial cells were dispersed by gentle
agitation of the digested segments with a wide-bore glass
pipette. Freshly isolated endothelial cells were kept in KB
storage solution at 4°C until use. All experiments were car-
ried out within 12 h of harvesting cells. The freshly isolated
rabbit aorta endothelial cells were spherical or oval with
a characteristic granular surface.

Solutions and drugs

The normal physiological salt solution (PSS) contained
(mM): 150 NaCl, 6 KCl, 1 MgCl,, 1.5 CaCly, 10 glucose,
and 10 HEPES (pH=7.4, titrated with NaOH). For high-K*
solution (120 mM K*), Na* was replaced by the correspond-
ing amount of K™ (pH=7.4, titrated with KOH). In all ex-
periments recording nonselective cationic currents, the ex-
ternal cations were completely substituted with 160 mM
Cs', Na', Li", NMDG", or 100 mM Ca” ions. For changing
chloride concentration, aspartic acid was used as a substi-
tute for C1. The composition of the K internal solution was
(mM): 95 K-aspartate, 45 KCl, 10 HEPES (pH=7.2, titrated
with KOH). The composition of the Cs™ internal solution
was (mM): 95 Cs-aspartate, 45 CsCl, 10 HEPES (pH = 7.2,
titrated with CsOH), and 140 CsOH, 10 HEPES (pH = 7.2,
titrated with CsOH). The NCX inhibitor, 2-[2-[4-(4- nitro-
benzyloxy)phenyl]ethyl]isothiourea (KB-R7943), was kindly
donated from Kanebo Inc (Japan), and was dissolved in
DMSO as a stock solution (10 mM) and diluted in the final
experimental solution. The fluorescence indicator fura 2-
AM was purchased from Molecular Probes, Inc (USA) and
all other chemicals and drugs used in this study were pur-
chased from Sigma Chemical Co. (USA).

Electrophysiological recordings

Nystatin-perforated patch clamp technique was used to
measure membrane potentials and membrane currents.
The patch pipettes with a resistance of 3~4MQ2 were used
to make a gigaseal. pCLAMP v6.0.3, and Digidata-1200 (all
from Axon Instruments) were used for the acquisition of
data and applying command pulse. Whole-cell currents
were recorded with a patch-clamp amplifier (RK-300, Bio-
logic). The Ag/AgCl reference electrode was connected to the
bath solution by a 3M KCl agar bridge. The liquid junction
potential was corrected. Whole-cell current-voltage (I-V)

relations were measured by applying either square or ramp
pulses from a holding potential of —30 mV. The step pulse
was 500 or 800 msec lasting with a range from —120 to
80 mV and sampled at a rate of 1 kHz. The ramp pulse
was ascending from —120 to 80 mV during 3.0 sec and
sampled at a rate of 250 Hz. Membrane potentials were
continuously recorded in current-clamp mode. The compen-
sation circuit of the amplifier indicated cell capacitance.
The slope conductance and reversal potential were deter-
mined by calculating a regression line over an appropriate
short segment of the I~V curve.

Fura-2 loading and [Ca®]; measurement

Isolated single cells were loaded with acetoxymethyl
ester form of fura-2 (2 xM diluted from 1 mM stock in di-
methyl sulfoxide) in Ca®'-free normal solution for 15 min
at room temperature. After then, the cell suspension was
briefly centrifuged (800 r.p.m., 2min) and washed twice
with Ca®*-free normal solution. Fura-2 loaded cells were
stored at 4°C until use. Experiments were done within 8
hours after isolation of cells. And all experiments were done
at 32°C for better response from cells, including mitochon-
dria. And to rule out Ca®" release from ER by CCCP and
NMDG", the cells were pretreated with cyclopiazonic acid
(CPA, 10 zM) which is known as ER Ca®"-ATPase blocker
15 min before application of CCCP and NMDG". In this
condition, ACh (10 M) was applied to bath solution re-
petitively to deplete Ca®" from ER during 15 min pre-
treatment with CPA (10 zM). After confirming depletion of
ER, CCCP and NMDG" were applied to bath solution in
the presence of CPA.

The recording of [Ca®]; was performed with a microfluo-
rometric system consisting of an inverted fluorescence mi-
croscope (Diaphot 300, Nikon, Japan) with a dry-type fluo-
rescence objective lens (X40, NA0.85), a photomultiplier
tube (type R 1527, Hamamatsu, Japan) and PTI-Deltascan
illuminator (Photon Technology International Inc. USA).
One drop of cell suspension was placed on a superfusion
chamber (100 x]1). Cells were allowed to settle down, there-
after, superfused at a constant flow of 2 ml/min. Light was
provided by a 75 W xenon lamp (Ushino, Japan) and, to
control excitation frequency, a chopper wheel alternated the
light path to monochromators (340 and 380 nm) with a fre-
quency of 5 or 10 Hz. A short-pass dichroic mirror passed
emission light of < 570 nm onto the photomultiplier tube,
and intensity at 510 nm was measured. A mechanical im-
age mask was placed in the emission path, thus limiting
measurement to a single cell. Both data acquisition and
control of light application were done by using a computer
software (Felix v. 1.1, PTI). Because of uncertainties in cali-
brating the fura-2 signals in intact cells, no attempt was
made to calibrate [Ca™];, and all results were instead re-
ported as changes in the 340 nm/380 nm signal ratio.

Statistics

Data are expressed as means+ S.E.M., n=the number of
cells tested.
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Fig. 1. Background nonselective cationic current in rabbit aortic endothelial cells (RAECs). The pipette solution contained
140 mM Cs” to suppress K* current. Ba®" (100 mM) was applied to the bath to block the Ba®"-sensitive K™ current, when
the K conductance was examined. Averaged 1-V curve which was obtained from the same cells is shown in A. B, Changes
in resting membrane potential induced by totally substituting extracellular cations with NMDG", Cs*, Li", Na* and K.

RESULTS

Background nonselective cationic current in rabbit
aortac endothelial cell (RAEC)

In our previous study, we recorded background nonse-
lective cationic current by total replacement of extracel-
lular cations (Park et al, 2000). The intracellular solution
contained 140 mM Cs”~ to suppress K' current. Ba®" (100
mM) was applied to the bath to block the possible Ba*-
sensitive K’ currents, when the K* conductance was exam-
ined. Producing the inward currents in response to the
ramp pulses (Fig. 1A) were 160 mM Li", Na', Cs' or K.
The currents in each cation solution were compared with
the current recorded in 160 mM NMDG" solution. The re-
versal potentials of each cationic current were —32.7+0.8
(Li*, n=17), —22.8+0.6 (Na*, n=17), —2.8+0.8 (Cs*, n=17),
and 0.84+0.6 mV (K', n=17). To confirm the role of the
cation conductance for the regulation of resting membrane
potentials, membrane potentials were recorded in a current-
clamp mode. During the recording of membrane potential,
extracellular cations were entirely replaced by each ion.
NMDG", Li, Na’, Cs" and K* (160 mM each) sequentially
depolarized the membrane potential (Fig. 1B). Resting
membrane potential (RMP) was —23.3+1.1 mV (n=19).
And membrane potential was hyperpolarized and depolar-
ized by total replacement of NMDG" and Cs* for Na to —74
+2.9 mV and —5+1.7 mV, respectively (n=3).

Ca®* entry through regulation of background NSCC
in RAECs

The contribution of background NSCC to the change of
[Ca®™}; was studied using photometry system. The flucres-
cence ratio of fura-2 AM (Rsasso) was measured in RAECs.
In endothelium, Ca®* plays an essential role in the release
of biological substance such as NO, and ACh is well known
agonist which provokes increase of [Ca®'}; from ER in
RAECs (Mayer et al, 1989; Wang et al, 1995). Therefore,
the effect of acetylcholine (ACh) was studied to check the
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Fig. 2. The role of background NSCC in the change of [Ca®™; in
RAECs. When the external Na* was totally replaced by NMDG",
Rssoase was increased by 1.19+£0.17 (n=27). And NMDG"-induced
increase of [Ca®"]; was suppressed by substituting Cs” for NMDG".

functional biological state of RAECs. Although not shown,
the ratio of [Ca™]i (Raswmse) Wwas increased by 1.1+0.15
(mean+S.E., n=6), when 10 «M ACh was applied to bath
solution. In next step, the change in [Ca®]; by regulation
of background NSC channels was studied. When the exter-
nal Na® was totally replaced by NMDG', Rasosso was in-
creased in a reversible manner by 1.19+0.17 (n=27).
NMDG*-induced increase in [Ca®7; was followed by slow
oscillatory decay after [Ca®]; reached peak level. NMDG™-
induced increase in [Ca”"]; was suppressed by total replace-
ment of NMDG" by Cs' in a reversible manner (1.1+0.15
of the maximum ratio by NMDG" replacement, Fig. 2, n=6).
Although not shown, possible involvement of NCX in the
increase of [Ca®']; during NMDG" replacement was studied
using KB-R7943. KB-R7943 (10 M) did not produce any
significant change of Rassso in PSS (p>0.05). And NMDG"
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Fig. 3. The effects of CPA and CCCP on the change in [Ca®"]; of RAECs. (A) CPA (5 #M) increased Rasosso by 0.3£0.05
in a reversible manner (n=7). (B) When 1 #M CCCP was applied to bath solution, Rassso was increased by 0.40.06
(n=31) in a reversible manner. Pretreatment with 5 M CPA did not affect the CCCP- induced [Ca®]; increase.
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Fig. 4. The role of mitochondria in the regulation of [Ca®; increase through background NSCC in RAECs. (A) Total
replacement of extracellular Na* by NMDG" increased [Ca%]i which was followed by repetitive oscillatory decay. (B) The
characteristic oscillatory decay was significantly suppressed by the pretreatment with 1 uM CCCP before the application
of NMDG" (p<0.05). (C) In the case of transient [Ca’]i increase by NMDG®, the pretreatment with 2 M CCCP
significantly reduced pattern of the [Ca®']; decay after it reached peak level. (D) The pretreatment with 2 uM CCCP
highly enhanced the NMDG"-induced [Caz*]i increase to 320+93.7%, compared to control (n=12).
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replacement increased Rasgsso by 0.8+0.1 and 0.75+0.1 in
the absence and presence of KB-R7943 in RAECs, respec-
tively (n=3, data not shown, p>>0.05). Since there was no
significant difference between the two groups tested (p>
0.05), NCX in this condition seemed not to significantly
participate in the regulation of [Ca®"]; in RAECs. Increasing
effect of NMDG" on the regulation of [Ca®']; was dependent
on the external concentration of Ca®*. The increase in [Ca*');
by NMDG" was not observed in the absence of external Ca**
(data not shown, n=3).

The roles of mitochondria and endoplasmic reticulum
in the regulation of [Ca”™]; in RAECs

The effect of protonophore carbonylcyanide m-chloro-
phenylhydrazone (CCCP) in the regulation of [Ca™]; was
studied. Application of CCCP (1 #M) to bath solution in-
creased Raaosso by 0.4+ 0.06 in a reversible manner (n=31,
Fig. 3B). Since intracellular Ca®™ store in freshly isolated
RAECs has already been reported, the change of mito-
chondrial [Ca™); by CCCP was monitored using CPA. As
shown in Fig. 3A, application of CPA (54M) increased
[Ca®™]; repetitively in a reversible manner. CPA (5 M) in-
creased ratio of [Ca®]; by 0.3+0.05 (n=7). In Fig. 3B, pos-
sible contribution of mitochondria to buffer increased level
of [Ca®}; from SR was studied. For this study, we focused
to study whether the effect of CCCP on [Ca®']; in the pres-
ence of CPA was significantly enhanced, compared to that
of CCCP. Therefore, CCCP was applied to bath solution
during the recording of peak level of increase in [Ca®*}; by
application of CPA. As shown in Fig. 3B, repetitive appli-
cation of CCCP increased [Ca®'].. However, the effect of
CCCP during the application of CPA did not change, com-
pared to control (p>0.05), implying that increase of intra-
cellular Ca* from ER by blocking Ca®-ATPase may not be
captured as Ca® clearance by mitochondria in RAECs.

The buffering contribution of mitochondria to the in
crease of [Ca™]; through regulation of background
NSCC

In RAECs, background NSCC is a major determinant for
resting membrane potential and Ca® entry is also very
dependent on driving force through these channels (Park
et al, 2000). Therefore, next step of study was designed to
verify whether mitochondria functionally regulate [Ca™];
which was increased via regulation of this channel. As
shown in Fig. 4A, total replacement of NMDG" repetitively
produced increase of [Ca®™}; which was followed by oscilla-
tory decay. Although not shown, the effect of CPA on
NMDG "-induced rise in [Ca®*]; was studied to rule out in-
volvement of [Ca®]; increase from ER during application
of NMDG". ACh (10 M) was repetitively applied to bath
solution to deplete Ca® from ER during 15 min pretreat-
ment with CPA (10 zM). CPA increased Rasoss0 by 0.2+ 0.06
(n=3). In the presence of CPA, second application of ACh
(10 M) produced negligible [Ca®]; increase by 0.08+0.25
(n=3). In this condition, however, NMDG"-induced rise in
[Ca®]; was not affected and Rasss0 was increased by 0.75
+0.1 in the presence of CPA (n=3, p>0.05). NMDG"- in-
duced increase of [Ca®]); and following oscillatory decay
were further studied using pretreatment of CCCP. This
phenomenon was significantly suppressed by the pretreat-
ment with CCCP (1 M) before the application of NMDG*
(Fig. 4B). NMDG"-induced [Ca®]; increase was normalized

against peak value of [Ca®"}; and compared. In the absence
and presence of CCCP (1 xM), normalized Rasosso at 500 sec
after NMDG" replacement were 0.6::0.06 and 0.9+0.03,
respectively (n=6, p<0.05). In some cases, transient Ca®*
increase by NMDG" replacement was recorded as shown
in Fig. 4C (n=4). In this case, decay of Ca® after reaching
peak level by NMDG" replacement was changed to slow
decay pattern by CCCP. In the absence and presence of
CCCP (2 M), normalized Rasosso at 300 sec after NMDG™
replacement were 0.07 0.02 and 0.6 0.05, respeetively (n=4,
p<0.05). And, further NMDG-induced increase of [Ca”";
was also highly enhanced to 320+93.7 % by the pretreat-
ment with 2 xM CCCP, compared to control (n=12, Fig. 4D).

DISCUSSION

Based on the results in this study, we suggest that mito-
chondria play an important role in the clearance of [Ca™];
in RAECs. Particularly, this is the first report that mito-
chondria had functional link for buffering [Ca®**}; which was
increased via regulation of background NSCC in resting
RAECs.

In endothelial cells, rise in [Ca2+]i is a critical event in
the regulation of cell function, including many Ca*-depen-
dent processes for producing and releasing biological sub-
stances (Busse et al, 1993). Owing to the absence of volt-
age-dependent calcium channel (VDCC) and the key role
of the membrane potential in the Ca® entry in endothelial
cells, passive Ca®" entry pathways have been considered as
an important Ca® source. In our previous study, we sug-
gested that background NSCC plays an important role in
the regulation of membrane potential in RAEC (Park et al,
2000). The conductance of background NSCC in RAECs also
showed Ca®" permeable characteristic. In addition, the
change of this conductance was very well associated with
membrane potential changes which are dependent on
cation permeabilities (Pg : Pgs - Png - Pri=1:0.87 : 0.40 :
0.27). As we suggested in results, RMP was ~23.3+1.1in
normal condition, but it was hyperpolarized to —74+2.9
mV by total replacement of Na* by NMDG". That implies
more cation permeability and more depolarization in
RAECs. From this aspect, changes of membrane potential
by the regulation of background NSCC can be a candidate
for the driving force of Ca” influx in RAEC. This hypothesis
was verified by ion replacing experiments under the re-
cording of [Ca®]; in RAEC using photometry system. As
shown in Fig. 2, [Ca®"); in RAEC was increased by NMDG"
replacement for Na'. That implies that driving force via
background NSCC might be one of important factors for
influx of Ca?" in RAECs. Although we suggested that Ca®*
increase was produced by regulation of background NSCC
in RAECs, there is a possibility that NCX and ER might
be involved in [Ca™]; increase by Na' removal (Li &
Breemen, 1995; Wang et al, 1995). Therefore, we studied
these possibilities using KB-R7943 (10 M) and CPA (10
M) as described in results. However, we could not find sig-
nificant difference in KB-R7943 (10 M) and CPA (10 «M)
treated groups compared to control (p>0.05). Therefore,
these findings suggest that increase of [Ca™]; by NMDG®
replacement in RAECs might be the result from regulation
of membrane potential via background NSCC, but not from
regulation of NCX and ER.

And, for [Ca®}; homeostasis and production of biological
substances, regulation of RMP and related resting level of
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[Ca®); in RAECs should be considered important. There-
fore, relation between regulation of background NSCC and
biological substance should be studied in the future. Similar
to the effect of hyperpolarization by NMDG" replacement
on [Ca™]; in RAEC, agonists such as ACh and ATP in
endothelial cells are well known to increase [Ca®]; from
hyperpolarization combined activation of outward current
(Busse et al, 1988, Suh et al, 1999), In RAECs, ACh also
increased [Ca®'};, but this study was focused on [NMDG Jext-
induced increase of [Ca™]; related to background NSCC.
Therefore, mechanism of regulation of [Ca*']; by ACh was
not studied here.

Isolated mitochondria accumulate Ca** via Ca® unipor-
ters that are driven by the large (—150 to — 180 mV) neg-
ative potential across their inner membrane (Gunter &
Pfeiffer, 1990). Protonophore such as CCCP, a mitochond-
rial uncoupler that abolishes mitochondrial Ca® uptake,
dissipates the mitochondrial Ca®™ gradient by releasing
accumulated Ca® and stopping further accumulation. In
Fig. 3B, CCCP repetitively produced rise of [Ca®];, but
there was a possibility that Ca® might have come from ER,
since Ca®" release through intracellular Ca®" store (SR) has
already been established in cultured and freshly isolated
endothelial cells (Lambert et al, 1986; Carter & Ogden,
1992; Wang et al, 1995). To rule out possible Ca®>" release
from ER, the effect of CCCP on [Ca®']; was also studied
in RAECs pretreated with CPA for 15 min (data not shown).
CPA (10 #M) increased Raaosso by 0.2+0.06, and ACh (10 x«
M) was repetitively applied to deplete Ca®* from ER. In the
presence of CPA, second application of ACh (10 mM) negli-
gibly increased [Ca®]; by 0.09+0.03 (n=3). In this condi-
tion, additive application of CCCP in the presence of CPA
increased [Ca®™]; by 0.4%0.05 (n=3). This means that the
source of [Ca®"); increased by CCCP might be mitochondria,
but not ER. Therefore, we suggest that some fractions of
Ca® in RAECs are already captured by mitochondria for
the Ca®* buffering in normal condition. For their wide dis-
tribution and large volume, mitochondria have already
been suggested as a Ca® buffering system located just be-
neath the membrane (Budd et al, 1996; Herrington et al,
1996; Babcock et al, 1997). In addition to pathophysiologi-
cal role, physiological participation of Ca® uptake was also
reported in mitochondria (Miyata et al, 1991; Rizzuto et
al, 1992; Werth & Thayer, 1994). Especially, Ca®> decay
after Ca® intrusion in rat adrenal chromaffin cells was
markedly delayed by CCCP (Herrington et al, 1996). In
ferret ventricular muscles, mitochondria were also regar-
ded as a Ca® removal system, when [Ca®']; was increased
in a slower time course (Tanaka & Kurihara, 1997). As
shown in the results, we also found similar Ca®* buffering
function of mitochondria using CCCP(Fig. 4B, C & D), sug-
gesting that mitochondrial Ca® uptake might play an im-
portant role in Ca®* removal in RAECs.

In this study, protonophore such as CCCP was used for
the study of functional role of mitochondria. There is an-
other protonophore, carbonylcyanide p-triflucromethoxy-
phenyl hydrazone (FCCP). However, FCCP is known to
activate ionic currents and depolarization, which are stron-
gly dependent on the plasmalemmal proton gradient and
are likely to be mediated by both H" and Na* currents a-
cross the plasma membrane, as reported in bovine endo-
thelial cells (Park KS et al, 2002). Protonophores-induced
Ca®™ influx through VDCC has also been reported. How-
ever, endothelial cells do not express VDCC. There might
be a possibility that CCCP activates some inward current,

similar to the report with bovine endothelial cells. If CCCP
activated some inward currents, that will produce mem-
brane depolarization and reduce [Ca®™]; increase. However,
CCCP increased basal [Ca™]; and enhanced NMDG"-in-
duced [Caz+]i increase in RAECs. In addition, CCCP did not
induce ionic currents such as NSCC in RAECs (data not
shown, n=2). Therefore, the effects of CCCP in RAECs are
very likely due to the release of mitochondrial [Ca™ .

ACKNOWLEDGEMENT

This study was supported by the research grants from
the Korea Science and Engineering Foundation (97-0403-
1301-5) and the Korea Health 21 R&D Project, the Ministry
of Health & Welfare (HMP-98-M-3-0043).

REFERENCES

Adams DJ, Barakeh J, Laskey R, Van Breemen C. Ion channels
and regulation of intracellular calcium in vascular endothelial
cells. FASEP J 3. 2389—2400, 1989

Babcock DF, Herrington J, Goodwin PC, Park YB, Hille B. Mito-
chondrial participation in the intracellular Ca® network. J Biol
Chem 136: 833—844, 1997

Budd SL, Nicholls DG. A Reevaluation of the role of mitochondria
in neuronal Ca?" homeostasis. J Neurochem 66: 403—411, 1996

Busse R, Fichtner H, Luckhoff A, Kohlhardt M. Hyperpolarization
and increased free calcium in acetylcholine-stimulated endo-
thelial cells. Am J Physiol 255. H965— 969, 1998

Busse R, Mulsch A, Flemming I, Hecker M. Mechanisms of nitric
oxide release from the vascular endothelium. Circulation 87
Suppl V: V18—-25, 1993

Carter TD, Ogden D. Kinetics of intracellular calcium release by
inositol 1,4,5-trisphosphate and extracellular ATP in porcine
cultured aortic endothelial cells. Proc R Soc Lond B Biol Sci 250:
235—241, 1992

Demirel E, Laskey RE, Purkerson S, van Breemen C. The passive
calcium leak in cultured porcine aortic endothelial cells. Bio-
chem Biophys Res Commun 191: 1197-1203, 1993

Derian CK, Moskowitz MA. Polyphosphoinositide hydrolysis in en-
dothelial cells and carotid artery segments (bradykinin-2 re-
ceptor stimulation is calcium independent). J Biol Chem 261:
38313837, 1986

Goto Y, Miura M, Iijima T. Extrusion mechanisms of intracellular
Ca¥ in human aortic endothelial cells. Eur J Pharmacol 314:
185-—-192, 1996

Gunter TE, Pfeiffer DR. Mechanisms by which mitochondria
transport calcium. Am J Physiol 258: C755~1786, 1996

Hagiwara H, Ohtsu Y, Shimonaka M, Inada Y. Ca? or Mg®*- depen-
dent ATPase in plasm membrane of cultured endothelial cells
from bovine carotid artery. Biochem Biophys Acta 734: 133—136,
1983

Herrington J, Park YB, Babcock DF, Hille B. Dominant role of mito-
chondria in clearance of large Ca®" loads from rat adrenal chro-
maffin cells. Neuron 16: 219—228, 1996

Ichas F, Jouaville LS, Mazat JP. Mitochondria are excitable organ-
‘elles capable of generating and conveying electrical and calcium
signals. Cell 89: 1145-1153, 1997

Lambert TL, Kent RS, Whorton AR. Bradykinin stimulation of ino-
sitol polyphosphate production in porcine aortic endothelial cells.
J Biol Chem 261: 15288—15293, 1986

Lansman JB, Hallam TJ, Rink TJ. Single stretch-activated ion
channels in vascular endothelial cells as mechano-transducers.
Nature 325: 811—813, 1987

Lesh RE, Marks AR, Somlyo AV, Fleischer S, Somlyo AP. Anti-
ryanodine receptor antibody binding sites in vascular and endo-
cardial endotheliaum. Circ Res 72: 481 —488, 1993



Contribution of Mitochondria to the [Ca®]; Increase by Ca®" Influx through Background NSCC in RAECs 35

Li L, van Breemen C. Na™-Ca® exchange in intact endothelium of
rabbit cardiac valve. Circ Res 76: 396— 340, 1995

Mayer B, Schmidt K, Humbert P, Bochme E. Biosynthesis of endo-
thelium-derived relaxing factor: a cytosolic enzyme in porcine
aortic endothelial cells Ca*-dependently converts L-arginine in-
to an activator of soluble guanylyl cyclase. Biochem Biophys Res
Commun 164: 678—685, 1989

Miyata H, Silverman HS, Sollott SJ, Lakatta EG, Stern MD,
Handford RG. Measurement of mitochondrial free Ca** concen-
tration in living single rat cardiac myocytes. Am J Physiol 261:
H1123-1134, 1991

Park KS, Jo I, Pak YK, Bae SW, Rhim HW, Suh SH, Park SJ,
Zhu MH, So I, Kim KW. FCCP depolarizes plasma membrane
potential by activating proton and Na' currents in bovine aortic
endothelial cells. Pfiilgers Arch-Eur J Physiol 443; 344 —352, 2002

Park SJ, Kim YC, Suh SH, Rhim H, Sim JH, Kim SJ, So I, Kim
KW. Background nonselective cationic current and the resting
membrane potential in rabbit aorta endothelial cells. Jpn J Phy-
stol 50: 635—643, 2000

Putney JW Jr. A model for receptor-regulated calcium entry. Cell
Calcium 7: 1—12, 1986

Putney, JW Jr. Capacitative calcium entry revisited. Cell Calcium
11: 611—624, 1990

Rizzuto R, Simpson AWM, Brini M, Pozzan T. Rapid changes of
mitochondrial Ca® revealed by specifically targeted recombinant
aequorin. Nature 358: 325—327, 1992

Sedova M, Blatter LA. Dynamic regulation of [Ca®}; by plasma
membrane Ca’’ATPase and Na'/Ca® exchange during capaci-
tative Ca® entry in bovine vascular endothelial cells. Cell Cal

cium 25: 333—343, 1999

Skarsgard PL,Wang X, McDonald P, Lui AH, Lam EK, McManus
BM, van Nreemen C, Laher 1. Profound inhibition of myogenic
tone in rt cardiac allografts is due to eNOS- and iNOS-based
nitric oxide and an intrinsic defect in vascular smooth muscle
contraction. Circulation 101: 1303—1310, 2000

Singer HA, Peach MJ. Calcium- and endothelial- mediated vascular
smooth muscle relaxation in rabbit aorta. Hypertension Dallas
4: 19—25, 1982

Suh SH, Vennekens R, Manolopoulos VG, Freichel M, Schweig U,
Prenen J, Flockerzi V, Droogmans G, Nilius B. Characterization
of explanted endothelial cells from mouse aorta: electrophy-
siology and Ca® signalling. Pfliigers Arch 438: 612—620, 1999

Tanaka E, Kurihara S. Contribution of mitochondria to the removal
of intracellular Ca®" induced by caffeine and rapid cooling at low
temperatures in ferret ventricular muscles. Jnp J Physiol 47:
251262, 1997

Wang XW, Lau FL, Li L, Yoshikawa A, van Breemen C. Acetyl-
choline-sensitive intracellular Ca®" store in fresh endothelial
cells and evidence for ryanodine receptors. Circ Res 77: 3742,
1995

Ward SM, Ordog T, Koh SD, Baker SA, Jun JY, Amberg G,
Monaghan K, Sanders KM. Pacemaking in interstitial cells of
Cajal depends upon calcium handling by endoplasmic reticulum
and mitochondria. J Physiol 525: 355—361, 2000.

Werth JL, Stanley A. Mitochondria buffer physiological calcium
loads in cultured rat dorsal root ganglion neurons. J Neurosci
14: 348 —-356, 1994




