v

www.elsevier.nl /locate /g phar

s

E European Journal of Pharmacology 411 (2001) 35-43

ELSE

Involvement of anion exchange in the hypoxia,/reoxygenation-induced
changesin pH, and [Ca®*]. in cardiac myocyte

Hiroshi Kawasaki 2°, Hitomi Otani 2, Katsuyuki Mishima?, Hiroji Imamura®,
Chiyoko Inagaki &~

2 Department of Pharmacology, Kansai Medical University, 10-15 Fumizono-cho, Moriguchi, Osaka 570-8506, Japan
b Department of Thoracic and Cardiovascular Surgery, Kansai Medical University, Moriguchi, Osaka 570-8506, Japan

Received 27 July 2000; received in revised form 10 November 2000; accepted 17 November 2000

Abstract

The involvement of Cl~/HCO3 exchange in hypoxia,/reoxygenation-induced changes in pH,; and Ca?* concentration ((Ca?* ];) was
examined in rat ventricular myocytes. During 10-min hypoxia, the initial pH; (7.21 4+ 0.04) fell to below 6.8. Subsequent reperfusion with
reoxygenated buffer returned this acidic pH; to the neutral range with increases in [Ca2™ ];. These responses were reduced by the removal
of CI~ or HCO3 and by the addition of anion exchange inhibitors, SITS (4-acetamido-4 isothiocyanato-stilbene-2,2' disulfonic acid) and
DIDS (4,4'-diisothiocyano-stilbene-2,2-disulfonic acid), while inhibitors for the Cl~ channel and Na*/K*/2Cl~ cotransport were
without effects. The hypoxia-induced acidification was attenuated by protein kinase C inhibitors, calphostin C and chelerythrine, but not
by a protein kinase A inhibitor, KT5720. Under normoxic condition, protein kinase C activation induced a SITS-sensitive acidification.
Furthermore, in electrically driven rat papillary muscle, SITS and DIDS improved the recovery of developed tension during the
reoxygenation. These results suggest that the hypoxia-induced decrease in pH; is mediated at least in part by anion exchange stimulation
through protein kinase C activation, and this exchange takes part in the reoxygenation-induced Ca?* overload as well as contractile

dysfunction. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Intracellular pH (pH,), an important modulator of car-
diac contraction, is regulated by three well-characterized
ion transport systems, i.e, the Na'/H* exchange,
Na*/HCO; symport, both of which induce an intra-
cellular alkalinization, and the Na'-independent
Cl~/HCO; exchange acts as an acidifying mechanism
through HCO3 extrusion (Dart and Vaughan-Jones, 1992;
Fliegel and Frohlich, 1993; Vaughan-Jones, 1986).

In ischemia/reperfused heart, a large drop in pH; dur-
ing ischemia has been known to be recovered through
Na*/H* exchange, and stimulation of this exchange ac-
tivity secondarily activates the Na'/Ca* exchanger,
leading to intracellular Ca?* ([Ca®"]) overload which
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then causes an irreversible contractile dysfunction (Tani
and Neely, 1989).

Besides cation exchange, anion-related mechanisms may
aso be involved in the cardiac ischemia/reperfusion-in-
duced ionic imbalance. Our preliminary study showed that
the intracellular acidification during hypoxia was less ex-
tensive in Cl~ free hypoxic buffer than in CI~ containing
solution (Kawasaki et al., 1998). Moreover, SITS, which
blocks the CI~/HCO; exchanger and anion channels,
reportedly suppresses ischemia-induced acidification in
guinea pig ventricular papillary muscle (Lai et a., 1996;
Lai and Nishi, 1998) and reperfusion-induced arrhythmia
in perfused rat heart (Ridley and Curtis, 1992). Therefore,
we hypothesized that Cl~ /HCO; exchange contributes to
reperfusion-induced Ca®* overload through the modifica-
tion of acidification during hypoxia.

In the present study, we confirmed the involvement of
anion exchanger in hypoxia-induced acidification and ex-
amined the role of this exchanger on hypoxia/reoxygena-
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tion-induced changesin [Ca?* ]; using rat single ventricular
myocytes loaded with fluorescent pH and Ca2* indicators.
Further, we examined the protective effect of its blockade
on the contractile dysfunction using rat ventricular papil-
lary muscle.

2. Materials and methods
2.1. Preparation of isolated cardiomyocytes

All animals were handled in accordance with “Rules of
the Animal Experimentation Committee, Kansai Medical
University”.

Ventricular myocytes were isolated from adult male
Sprague-Dawley rats (250-300 g) anesthetized with
pentobarbital (2 mg/kg) and ketamine (10 mg/kg). Hearts
were quickly removed and Langendorff-perfused for 10
min with oxygenized normal Tyrode's solution containing
(mmol /1): NaCl 120, KCI 5.4, CaCl, 1.8, MgSO, 1.2,
NaHCO, 5.0, glucose 10.0 and HEPES 20.0, pH 7.4 at
37°C. A brief perfusion with Ca?*-free Tyrode's solution
containing 0.1% bovine serum albumin (Fraction V, Sigma)
followed, after which the hearts were treated with 0.06%
collagenase (Worthington class 2) in the same solution.
After 30-min collagenase treatment, the ventricles were
minced and incubated for 20 min with stirring in albumin-
free Tyrode's solution containing 0.2 mmol /I C&®* and
0.001% trypsin (Type 3, Sigma). The cells obtained by
pipetting were filtered through 120 wm nylon mesh, cen-
trifuged (85—-100 X g for 3 min), and resuspended in the
normal Tyrode's solution. These cells were plated on
round glass coverdlips precoated with an adhesive material,
Cell-Tack (Becton Dickinson Labware), and stored at 10°C
until used. All experiments were finished within 24 h,

2.2. Hypoxia / reoxygenation model

Myocytes were perfused initially with normal Tyrode's
solution equilibrated with a gas mixture of 95% O,-5%
CO, and pH-adjusted to 7.4 at 37°C. To simulate hy-
poxia/reoxygenation, we switched to modified Tyrode's
solution (pH 6.8 at 37°C) without glucose to prevent
glycolysis and aerated the cells with a gas mixture of 95%
N,—5% CO, before treating them with norma Tyrode's
solution. CI~ or HCO; free solution was prepared by
equimolar substitution with gluconate™ or HEPES, respec-
tively. The perfusion rate was fixed at 1.0 ml /min with a
peristaltic pump throughout the experiment, and it took
approximately 30 s to change the perfusion media in the
chamber.

2.3. Loading of BCECF and fluo 3
To measure pH; and [C&"], cardiomyocytes were

loaded with 4 wmol /I BCECF-AM (3-O-acetyl-2',7'-
bis(carboxyethyl)-4 or 5-carboxyfluorescein, diacetoxy-

methyl ester) for 30 min, and 4.4 pmol /I fluo 3-AM
(1-[2-amino-5-(2,7-dichloro- 6 -hydroxy -3- oxy- 9 -xanthe-
nyl)phenoxy] -2- (2-amino - 5-methyl phenoxy)ethane- N, N,
N’, N'-tetraacetic acid, pentaacetoxymeyhyl ester) for 30
min at room temperature, respectively. Fluo 3-AM, dis-
solved at 4.4 mmol /I in dimethyl sulfoxide (DMSO), was
mixed with 4 pl of 20% (w/v) stock solution of the
non-ionic detergent Pluronic F-127 in DM SO immediately
before use (Borin and Siffert, 1990), and then diluted into
the medium to achieve a final concentration of 4.4 WM.
Fina concentration of Pluronic F-127 was 0.02%. After
loading, the cells were washed twice with normal Tyrode's
solution, and cell-attached coverdips were placed inside a
perfusion chamber (2-ml filling volume) with inflow and
outflow tubes.

2.4. Measurement of pH, and [Ca?*],

The perfusion chamber was placed on the temperature
controlled (37°C) stage positioned on light path of an
inverted microscope (IMT-2 with a 50-W xenon lamp;
Olympus, Tokyo, Japan), and then perfused with Tyrode's
solution. The entire experiments to measure pH; and
[Ca?" ] were performed at 37°C. BCECF-loaded myocytes
were aternately excited with 440- and 490-nm wavelength
lights, by changing their filters in a manual fashion. Exci-
tation of fluo 3 was performed at wavelength of 490 nm.
Intensities of emitted light (530 nm for BCECF and fluo 3)
from a 25 X 25-pm area within a single fluorescent cell
were detected by a photomultiplier (C 2741; Hamamatsu
Photonics, Shizuoka, Japan). Autofluorescence from the
cells during hypoxia and reoxygenation was negligible.

In situ calibration of the BCECF ratio signal was per-
formed by the use of a high K* calibration medium as
described by Borzak et al. (1990). This medium contained
(mmol /1): KCI 120, NaCl 25, HEPES 10, EGTA 0.5,
nigericin 10, and a K*—H™ ionophore, adjusted at 37°C
with KOH to various pH values (8.0, 7.5, 7.0, 6.5).

In situ calibration of the fluo 3 fluorescence signal was
performed by the use of the fluo 3 fluorescence—pCa
calibration curve. The calibration medium contained
(mmoal /1): KCI 122.5, NaCl 5.4, MgSO, 1.1, glucose 10,
HEPES 20, EGTA 2 and CaCl , to achieve the desired pCa
(5, 6, 7, 8), and was pH-adjusted to 7.4 at 37°C with
NaOH. This calibration was done at the end of each
experiment and the fluorescence—pCa calibration curve
was amost linear in the range of pCa 5 to 8.

2.5. Measurement of the contractility of electrically driven
papillary muscle

The left ventricular papillary muscles isolated from
male Sprague—Dawley rats (300-350 g) were suspended
in the oxygenized normal Tyrode's solution at 37°C and
loaded with 500 mg. The muscles were driven electrically
by rectangular pulses with a frequency of 1 Hz, a duration
of 10 ms and a voltage ranging 2—4 V, which was twice



H. Kawasaki et al. / European Journal of Pharmacology 411 (2001) 35-43 37

the threshold. After 50 min equilibration, the contractility
was measured by a force displacement transducer (UL-2,
Shinko-Tsushin, Tokyo, Japan) through an amplifier (DS
601B, Shinko-Tsushin) and recorded on a pen-writing
recorder (SS-250F, Seconic, Tokyo, Japan).

2.6. Materials

Fluo 3-AM, BCECF-AM, and HEPES were purchased
from Dojindo Laboratories (Kumamoto, Japan). Albumin,
nigericin, trypsin and PDB (Phorbol-12,13-dibutylate) were
purchased from Sigma (St. Louis, MO, USA), while colla-
genase was from Worthington Biochemical (Malvern, PA,
USA). Cell-Tack adhesive was from Becton Dickinson
Labware (Bedford, MA, USA). Pluronic F-127 was from
Molecular Probes (Eugene, OR, USA). Calphostine C and
KT5720 were from Kyowa Medix (Tokyo, Japan), while
chelerythrine chloride was from Calbiochem—Nova-
biochem (La Jolla, CA). All other chemicals were from
Wako (Osaka, Japan) and were of the highest purity
available.

2.7. Satigtical analysis

Student’s t-test was used for statistical analysis. The
differences between mean values with P values less than
0.05 were considered significant.

3. Results

3.1. Hypoxia / reoxygenation-induced changes in the intra-
cellular pH (pH,)

Fig. 1A shows the typical changes in pH; as measured
by BCECF in single cardiac myocytes during hypoxia and
reoxygenation. The averaged pH; value of unstimulated
cells was 7.21 + 0.04 (n = 40). In normoxically perfused
cells, the initia pH; was maintained for at least 30 min,
and the 490,/440 nm excitation ratio of BCECF, an index
for pH;, was also unchanged within this period, indicating
the stability of the present experimental system. Perfusion
of the cells with hypoxic glucose-free medium (pH 6.8)
decreased the pH; to 6.82 &+ 0.02 rapidly during the first
10 min, and then dowly during the prolonged hypoxic
incubation up to 20 min. Reperfusion with oxygenated
normal medium after 10-min hypoxia increased the pH;
rapidly during the first 3 min and then slowly to near the
prehypoxic level within 10 min. To confirm the involve-
ment of Na*/H* exchange in the pH; recovery as ob-
served in previous reports (Tani and Neely, 1989), we used
MIBA (5-(N-methyl-N-isobutyl) amiloride, an inhibitor of
Na*/H* and Na*/Ca?* exchange with a K; of 14 and
84 wmol /I in cardiac myocytes, respectively (Murata et
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Fig. 1. Hypoxia/reoxygenation-induced changes in pH; in rat single
cardiomyocytes. (A) Changes in pH; under various conditions. Cells were
exposed to normoxic (pH 7.4) or hypoxic (pH 6.8) medium with the
following protocols; 20 min normoxia (@), 20 min hypoxia (), 10 min
hypoxia followed by 10 min reoxygenation (O). (B) Effects of MIBA on
hypoxia/ reoxygenation-induced changes in pH;. Cells were exposed to
hypoxia/reoxygenation medium in the presence (O) or absence (@,
control) of an inhibitor of Na* /H* exchange, 30 wmol /I MIBA. MIBA
was added 2 min before reoxygenation. The pH; of a BCECF-loaded
myocyte was measured by the fluorescence ratio with 490,/440 nm
excitation. In (B), the fluorescence ratio of BCECF was expressed as %
of that just before hypoxia The pH; values on the right ordinate were
calibrated as described in Materials and methods. Data are means+ S.E.
of 4-8 experiments. P <0.05, “ “P < 0.01 vs. control at each time
point.
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al., 1995) (Fig. 1B). When applied at a concentration of 30
pmol /1 2 min before reoxygenation, this agent signifi-
cantly inhibited the pH; recovery during reoxygenation,
suggesting that Na* /H* exchange is mainly involved in
this response. Consequently, 10-min hypoxia followed by
10-min reoxygenation was chosen as the experimental
protocol to simulate ischemia,/reoxygenation.

3.2. Effects of CI = removal, Cl ~ transport inhibitors and
HCO; removal on hypoxia / reoxygenation-induced
changes in pH;

The effect of chloride substitution on hypoxia/re-
oxygenation-induced changes in pH; was studied in my-
ocytes perfused with Cl~ free solution (Fig. 2A). In the
control experiment (norma Cl~), hypoxic stimulation
gradually decreased the pH; (ApH,; —0.36 + 0.04 in 10
min), and this response was followed by a recovery during
the reperfusion with oxygenated medium. Equimolar sub-
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Fig. 2. Effects of anion removal or anion transport inhibitors on the changes in pH; during hypoxia,/reoxygenation. Cells were exposed to control (@) or
experimental (O) hypoxia,/reoxygenation medium. (A) Cl~ free medium (Cl~ was substituted with gluconate™), (B) SITS (100 wmol /1), (C) DIDS (100
pmol /1), (D) 9-AC (1 mmol /1), (E) bumetanide (30 pwmol /1), (F) HCO3 free medium (HCO; was substituted with HEPES). Normoxic HCO3 free
solution for 20 min (m). External HCO3 was removed 10 min before hypoxic stimulation. The pH; index was expressed as % of the fluorescence ratio
observed just before hypoxia. The net changes in pH; (pH;) from the prehypoxic level were determined by a pH;—BCECF fluorescence ratio calibration
curve. Data are means + S.E. of 4—8 experiments. “ P < 0.05, * “ P < 0.01 vs. control at each time point.

dtitution of extracellular CI~ with gluconate™ dlightly
increased the prehypoxic pH; to an almost steady level
approximately in 5 min. When the myocytes were perfused
with CI~ free hypoxic medium, the decrease in the pH,
(ApH;; —0.16 + 0.02 in 10 min) was significantly smaller
than that in the control, and the reoxygenation-induced
recovery of acidic pH; was much faster than that observed
in the presence of Cl~ (Fig. 2A). These results suggest the
involvement of Cl~ transport in the hypoxia-induced acid-
ification.

To estimate the Cl ~ transporters responsible for acidifi-
cation in hypoxia, inhibitors of Cl~ transporters such as
Cl~/HCO; exchanger, CI~ channel or Na*/K*/2CI~
co-transporter, were applied. Pretreatment with
Cl~/HCO; exchange inhibitor SITS (4-acetamido-4 iso-
thiocyanato-stilbene-2,2' disulfonic acid) (100 wmol /1) for

5 min did not affect the prehypoxic level, but it signifi-
cantly reduced the hypoxia-induced fall of pH; (Fig. 2B).
After reoxygenation, the pH; was recovered to the neutral
range faster than that in the control. A similar inhibitory
effect was observed with another ClI~/HCO,; exchange
inhibitor, DIDS (4,4'-diisothiocyano-stilbene-2,2'-dis-
ulfonic acid) (100 wmol /1) (Fig. 2C). In contrast, a Cl~
channel inhibitor, 9-AC, and a Na*/K* /2CI~ co-trans-
port inhibitor, bumetanide, had no effect on these pH;
changes during hypoxia,/reoxygenation at an effective dose
of 1 mmol /I and 30 wmol /I (Fig. 2D,E).

Next, the effects of HCO; removal on hypoxia/re-
oxygenation-induced changes in the pH; were examined
using HCO3 free solution (Fig. 2F). Removal of externa
HCO; aone dlightly increased the basa pH; (ApH;;
approximately 0.08 in 10 min) and this level was main-
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Fig. 3. Hypoxia/reoxygenation-induced changes in [Ca2™]; in rat single cardiomyocytes. The emitted fluorescence of fluo 3 was measured at 530 nm.
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tained at least for additional 10 min. A decrease in pH, condition. These data suggest the involvement of
during hypoxia was significantly suppressed by the HCO; Cl~/HCO; exchange in the hypoxia-induced acidifica
removal, as observed in Cl~ free or SITS/DIDS-treated tion.
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Fig. 4. Effects of anion removal, SITS and DIDS on the changes in [Ca2* ], during hypoxia,/reoxygenation. Cells were exposed to control (@) or
experimental (O) hypoxia,/reoxygenation medium. (A) Cl~ free medium (Cl~ was substituted with gluconate™), (B) SITS (100 wmol /1), (C) DIDS (100
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index was expressed as % of the fluorescence intensity observed just before hypoxia. The net changesin [Ca®" ], (a [Ca2"],) from the prehypoxic level
were determined from a [Ca®* ],—fluo 3 fluorescence calibration curve. Data are means + S.E. of 4—8 experiments. P < 0.1, *P < 0.05, “ “P < 0.01 vs.
control at each time point.
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3.3. Hypoxia / reoxygenation-induced changes in the intra-
cellular Ca?" level

Fig. 3 shows the typical changesin [Ca®"], in myocytes
during hypoxia/reoxygenation. The intensity of the fluo 3
fluorescence in an unstimulated cell incubated in normal
Tyrode's solution was amost stable for at least 30 min.
The basal [Ca?* ], was estimated to be 132 + 10 nmol /I
(n=40) by using the fluo 3 fluorescence—pCa calibration
curve, which was ailmost linear in the range of pCa 5 to 8.

Exposure of myocytes to the hypoxic medium did not
induce any significant changes in [Ca?* ], during 10 min.
After reoxygenation, the [Ca2* ], level was significantly
increased to the level around 500 nmol /I in 10 min.
Application of 30 wM MIBA at 2 min before reoxygena-
tion completely inhibited this increase in [C&?* ];, and the
same effect was observed with 100 wmol /1 MIBA (data
not shown). Since the concentration (30 wM) of MIBA is
enough to inhibit Na*/H™* exchange (K; = 14 nM), but
considerably lower than the K; (84 uM) of Na'/Ca*
exchange for this drug, the treatment with 30 wM MIBA is
thought to inhibit mainly Na*/H* exchange. Next, to
examine whether internal Ca®" release was responsible for
the increase in [Ca?* ], during reoxygenation, we carried
out the experiment in the presence of ryanodine at 1 wM,
known to deplete Ca?* from sarcoplasmic reticulum (SR)
(Wang et al., 1997). Compared with untreated groups,
pretreatment with ryanodine unaffected the [Ca" ] re-
sponse at 10 min reoxygenation (% of prehypoxic fluores-
cence intensity of fluo 3; 235 4+ 23 and 230 + 32 with and
without ryanodine, respectively, n = 4). These results sug-
gest that the reoxygenation-induced increase in [Ca®"],
involves Na* /H* exchange probably followed by stimu-
lation of Na*/Ca?* exchange.

3.4. Effects of Cl~ removal, anion exchange inhibitors
and HCO; removal on the changes in [Ca®*], during
hypoxia / reoxygenation

Since CI~ removal, SITS and DIDS treatments and
HCO; removal attenuated the pH; fall and eventually
hastened the subsequent recovery of pH, (Fig. 2), the
effects of these treatments on the hypoxia/reoxygenation-
induced changes in [Ca®"], were examined. A Cl~ free
medium, SITS (100 wmol /1), DIDS (100 pwmol /1) or a
HCO; free medium almost completely inhibited the re-
oxygenation-induced increase in [Ca®* ], (Fig. 4A,B,C,D).

3.5. Effects of protein kinase inhibitors on the hypoxia-in-
duced pH; decrease

Acute hypoxia stimulates protein kinase C (Goldberg et
al., 1997) and adenylyl cyclase activities (Thandroyen et
al., 1990). Further, anion exchange activity is reportedly
regulated by protein kinase C (Alvaro et a., 1997) and /or

protein kinase A (Camilion de Hurtado et al., 1998).
Therefore, the effects of inhibitors of these kinases on the
hypoxia-induced pH; decrease were examined. Two struc-
turally different protein kinase C inhibitors, calphostin C
(1 wmol /) and chelerythrine (1 wmol /1) attenuated the
pH; fall at 10 min after hypoxic challenge (Fig. 5A,B). In
contrast, a protein kinase A inhibitor, KT5720 (1 pmol /1)
unaffected pH; change during hypoxia (Fig. 5C). These
results suggest a role for protein kinase C activation in the
acidifying process.

Next, we examined the effects of protein kinase C
activation on pH; to test the possibility that protein kinase
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Fig. 5. Effects of protein kinase C inhibitors and a protein kinase A
inhibitor on the changes in pH; during hypoxia Cells were exposed to
hypoxia medium in the presence (O) or absence (@) of 1 wmol /I
calphostin C (A), 1 wmol /I chelerythrine (B) or 1 wmol /I KT5720 (O).
The pH; index was expressed as % of the fluorescence ratio observed just
before hypoxia. The net changes in pH; (a pH;) from the prehypoxic
level were determined from a pH; —~BCECF fluorescence ratio calibration
curve. Data are means+ SEE. of 3-7 experiments. “ P < 0.05 vs. control
at each time point.
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C stimulates Cl~ /HCO; exchange. Under a non-hypoxic
condition in the presence of MIBA (30 wmol /1), a protein
kinase C activator, phorbol 12,13-dibutylate (PDB, 0.1
pwmol /1) decreased the pH;, and this response was inhib-
ited by SITS (100 pmol /1) (ApH; at 15 min from PDB
addition; —0.076 + 0.022, (control: MIBA alone), ~ —
0.18 + 0.04 (MIBA + PDB) and * — 0.044 + 0.024
(MIBA + PDB + SITS), “P < 0.05 vs. MIBA alone, P <
0.05 vs. MIBA + PDB, n=4). 4-Alpha-phorbol, an ana
log functionally inactive in protein kinase C activation,
failed to induce such an acidification (data not shown),
excluding the possibility of non-specific action of phorbol
ester.

3.6. Effects of STSand DIDS on hypoxia / reoxygenation-
induced changes in contractile responses in rat left ven-
tricular papillary muscle

The last experiments were done to know the effects of
anion exchange inhibitors on the contractile responses of
rat papillary muscle to hypoxia/reoxygenation. During
hypoxia, the contractile force of electrically driven papil-
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Fig. 6. Effects of SITS and DIDS on the changes in contractility of
electrically driven rat papillary muscle during hypoxia,/reoxygenation.
Rat left ventricular papillary muscles were exposed to hypoxia/re-
oxygenation medium in the presence (O) or absence (@) of 100 wmol /I
SITS (A) or 100 wmol /I DIDS (B). The changes in contractility were
expressed as % of that immediately before hypoxia. Data are means+ S.E.
of 6-9 experiments. P <0.05, * “P <0.01 vs. control a each time
point.
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lary muscle progressively decreased, being amost 10%
and 0% of the prehypoxic level by 10 and 20 min after
hypoxia, respectively. Reperfusion with oxygenated nor-
mal medium for 30 min recovered the depressed contrac-
tile force only to 25-40% of the basal vaue (Fig. 6A,B).
SITS (100 wmol /1) and DIDS (100 wmol /1) improved the
recovery of contractile force after reoxygenation without
any effects on the reduction in contractile force during
hypoxia (Fig. 6A,B).

4, Discussion

Thefall in pH; during hypoxia/ischemiain mammalian
cardiac myocytes has been reported to be partly due to
mitochondrial ATP hydrolysis, CO, retention, and in-
creases in glycogen and triglyceride turnover (Dennis et
al., 1991), but the entire profile has not been elucidated.
This is the first report to show the relation between anion
exchange and reperfusion injury characterized by Ca*
overload at the single cell level.

The acidification of myocytes under simulated hypoxic
conditions was weakened by CI~ substitution with gluco-
nate” (Fig. 2A), suggesting the participation of Cl~ influx
in this response. Among the Cl~ transport inhibitors tested
(SITS, DIDS, 9-AC and bumetanide), only SITS and DIDS
inhibited the hypoxiainduced acidification (Fig. 2B,C).
These results suggest that during hypoxia, the ClI~ /HCO;
exchanger in normal mode functions as a pH; regulator by
counter-transporting HCO; out of the cells associated
with CI~ influx. However, in Cl~ free and hypoxic condi-
tion, there may be another interpretation for the attenuation
of acidification, i.e., augmentation of Cl~/HCO; ex-
change in reverse mode (Vaughan-Jones, 1986) through an
increase in Cl~ efflux. Further, the weak effect of DIDS
compared to SITS may be explained by the reduction of
pH; viainhibition of Na* /HCO; co-transport, since DIDS
has been reported to act on this co-transport (Dart and
Vaughan-Jones, 1992) as well as anion exchange. Stilbene
derivatives are also known to inhibit Cl~ channels (Tanaka
et a., 1996). However, since HCO; removal, but not a
more potent Cl~ channel inhibitor, 9-AC, mimicked the
effects of SITS/DIDS (Fig. 2), these drugs seemed to act
predominantly on Cl~/HCO; exchanger in our experi-
ments. Supporting this idea, a recent study using the
Cl~-selective microelectrode reported a Cl~ /HCO; ex-
change-mediated elevation of [Cl~]; in guinea pig papil-
lary muscle during ischemia (Lai and Nishi, 1998). Other
Cl~ dependent mechanism such as Cl~/OH~ exchange
(Sun et da., 1996) may be involved in hypoxia-induced
acidification since the inhibition of Cl~ /HCO; exchange
did not completely inhibit the acidification.

Upon reoxygenation, Ca?* overload occasionally asso-
ciated with hypercontracture is mainly induced by an
excessive influx of extracellular Ca?* through Na* /Ca?*
exchange, which is stimulated to extrude Na* accumulated
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within cells (Tani and Neely, 1989). Indeed, in our simu-
lated reoxygenation system, we also observed a marked
increase in [Ca?* ], that was almost completely inhibited by
MIBA at the concentration (30 wM), which inhibits mainly
Na*/H* exchange, i.e. Na* accumulation. This reoxy-
genation-induced increase in [Ca?* ]. was inhibited by Cl~
removal (Fig. 4A), Cl~/HCO; exchange inhibitors (Fig.
4B,C) and HCO; removal (Fig. 4D). A possible mecha
nism for this inhibition is that the Cl~ /HCO; exchange
inhibition suppresses the acidification in hypoxia, which
then diminishes the Na*/H™ exchange activation and
subsequent Na* /Ca®" exchange stimulation during reoxy-
genation, leading to the inhibition of [Ca2™ ], influx. Stil-
bene derivatives such as DIDS have also been reported to
affect Ca?* release from sarcoplasmic reticulum (Sitsape-
san, 1999) and mitochondria (Bernardes et al., 1994). In
our experiment, however, these effects on Ca?* homeosta-
sis appeared to be negligible because both SITS and DIDS
did not increase the prehypoxic [Ca?* ], Furthermore, in-
hibitory effects by these inhibitors were stronger against
[Ca®" ], response than that against pH;. It may be related to
some of their other actions on Ca®* overloading mecha-
nism during reoxygenation.

Recently, the cardiac specific anion exchanger 3 iso-
form has been shown to contain consensus phosphoryla
tion sites for protein kinase C and protein kinase A (Yan-
noukakos et a., 1994) and further, protein kinase C—3
activation has been observed in hypoxic myocytes (Gold-
berg et al., 1997). Therefore, we tested the effects of
protein kinase C inhibitors on the drop in pH; during
hypoxia. Calphostin C and chelerythrine were used as
specific inhibitors for protein kinase C with respective K;
values of 0.05 and 0.66 wmol /I (Herbert et al., 1990;
Kobayashi et al., 1989), and KT5720 was used as a
specific inhibitor for protein kinase A with a K; value of
0.06 wmol /I (Kase et al., 1987). Protein kinase C in-
hibitors, but not the protein kinase A inhibitor, dightly
weakened the acidification, suggesting the participation of
protein kinase C in the anion exchange-mediated pH;
modulation during hypoxia. In addition, even under the
normoxic- and Na*/H* exchange-suppressed condition,
the protein kinase C activator, PDB induced a SITS-sensi-
tive acidification. Thus, hypoxia-induced decrease in pH,
may be mediated by the stimulation of anion exchange
partly through protein kinase C activation. Such a protein
kinase C action has also been found in Angiotensin Il-
stimulated cardiac myocytes (Camilion de Hurtado et 4.,
1998) and Vero cells (Ludt et al., 1991). Further, hypoxia
and ischemia have been reported to translocate, i.e. acti-
vate protein kinase C in cardiac myocytes (Goldberg et al.,
1997; Takeishi et al., 1999). In addition, we considered the
involvement of ATP released during hypoxia on the stimu-
lation of anion exchange, since vanadate-sensitive hydroly-
sis of ATP is reported to stimulate this exchange in the
presence of magnesium (Scamps and Vassort, 1990). We
examined the effect of vanadate on SITS/DIDS in-

hibitable pH; decrease during hypoxia, and found that the
degree of acidification at 10-min hypoxia did not differ
between vanadate (1 mM) containing- and uncontaining
(control) groups (% of prehypoxic fluorescence ratio of
BCECF; 77 + 1% and 80 + 2% with and without vana-
date, respectively, n = 4). Thus, involvement of extracellu-
lar ATP-induced stimulation of CI~ /HCO; exchange was
unlikely under the present experimental condition.

As shown in Fig. 6, reoxygenation induced a contractile
dysfunction of papillary muscle. Such a contractile re-
sponse during reoxygenation is often observed with Ca2*
overload. Further, recent reports by Yang and Steele (2000)
have demonstrated that reduction of cytosolic ATP in-
creases Ca?* release from SR. From this evidence, ATP
level is aso thought to take part in the occurrence of such
a contractile dysfunction by affecting SR function. As
observed in [Ca®"] response, protective effects of SITS
and DIDS were also observed in reoxygenation-induced
decreases in contractility of rat papillary muscle (Fig.
6A,B). In the present study, the effects of SITS/DIDS on
SR function in papillary muscle is undefined. However,
since Ca?* overload associated with pH; recovery through
Na*/H™ exchangeis well known to be involved in such a
depressed recovery, inhibition of hypoxia-induced acidifi-
cation by SITS/DIDS could diminish the Na*/H* ex-
change activity in subsequent reoxygenation, thereby lead-
ing to the inhibition of Ca?* overload. This may result in
the improved recovery of contractility during reoxygena
tion period. Thus, Cl~/HCO; exchange activity during
hypoxia appears to play an important role in the develop-
ment of Ca?* overload and resulting contractile dysfunc-
tion after reoxygenation.

In summary, the present study has shown that the
hypoxia-induced decrease in pH; is at least partly medi-
ated by anion exchange stimulation partly through protein
kinase C activation, and this exchange therefore takes part
in reoxygenation-induced contractile dysfunction as well
as Ca?* overload. The modulation of anion transport
during hypoxia may be a new strategy to prevent cardiac
reoxygenation- or reperfusion-injury.
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