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Intracellular Acidosis Decreases the Outward
Nat-Ca?* Exchange Current in Guinea Pig
Ventricular Myocytes

Ek Ho Lee, So Ra Park, *Kwang Se Paik and Chang Kook Suh

The Na*-Ca* exchange transport operating in outward mode has been suggested to cause Ca**
entry during reperfusion or reoxygenation, exchanging edracellular Ca** for intracellular Na* that
has accumulated during ischemia or cardiodegia. During cardioplegia, however, an increase in Ca**
entry via this mechanism can be decreased due to increased intracellular H* activity and a decrease
in cellular ATP content. In this study giant excised cardiac sarcolemmal membrane patch cdamp
technique was emploved to investigate the effect of cytosolic pH change on the Na*-Ca** exchanger,
excluding the effect of ATP, in guinea pig cardiac myocytes. The outward Na*-dependent current,
which has a characteristics of Hill equation, was decreased as pH was decreased in the range of 75
~6.5. The current density genmerated by the Na*-Ca** exchange transport was 56.6+44 DPA/DF
(Mean+SEM,) at pH 7.2 and decreased to 42.9+30 pA/pF at pH 6.9. These results imply that Na*
C&** exchange transport, operating in a reverse mode during cardioplegia, decreases due to in-
creased intracellular H*, and further suggest that consequent intracellular Na* accumulation is one

of aggravating factors for Ca&** influx during reoxygenation or reperfusion.
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Free calcium (Ca**) entry during reperfusion
or reoxygenation has been considered as one
of the causes of cardiac injury (calcium para-
dox) after cardioplegia (Shen & Jennings, 1972;
Hearse, 1977; Hearse ¢t al 1978, Nayler 1981).
Among the various pathways, the Na*-Ca**
exchange transport operating in reverse mode
is suggested as one of main mechanisms for
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Ca** influx (Renlund et al, 1984; Murphy ¢ al.
1988; Tani, 1990; Tani & Neely, 1990a; Weiss et
al. 1990).

During the ischemic cardiac arrest, intracel-
lular Na* activity increases (Grinwald, 1982;
Jennings et al. 1985; Lazdunski e al. 1985
Fiolet ot al. 1986; Pike et al. 1990; Tani &
Neely, 1990a; Kim et al. 1993), and increased
Na* activity provides the driving force for Na*
-Ca’* exchanger to transport extracellular Ca**
into the sarcoplasm (Renlund et al. 1984; Mur-
phy o al. 1988; Weiss ¢ al. 1990; Tani &
Neely, 1990a,b). These reports provide evidenc-
es that intracellular Na* accumulation during
ischemic cardiac arrest is one of main factors
for the calcium paradox (Tani, 1990; Kim et al.
1993). Possible factors of increasing intracellu-
lar Na* activity with sustained depolarization
include Na* background current, Na*-H* ex-
change transport, and Na*-Ca’* exchange
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" transport (Mullins, 1981; Ahn et ol 1987;
Hagiwara et al. 1992; Kiyosue et al. 1992). How-
ever, the mechanism of intracellular Na* ac-
cumulation is not clearly understood.

Intracellular H* activity increases due to
anaerobic glycolysis and ATP consumption
during ischemic cardiac arrest (Mullins, 1977;
Philipson et al. 1982; Haworth et al. 1987). And
decreased intracellular pH could have effects
on transmembrane ionic movements including
the Na*-Ca® exchanger and the Na*-H* ex-
changer. Impairment of the Na*-Ca* exchang-
er (in reverse mode) would certainly enhance
intracellular Na* accumulation.

There have been some studies on the effect
of pH on Na*-Ca’* exchange using cardiac
sarcolemmal vesicles (Philipson et /. 1982) and
whole cell patch clamp with internal dialysis
(Earm & Irisawa, 1986). However, there were
some limitations in interpreting the results of
these studies (Reeves & Philipson, 1989). Re-
cently, a method called giant excised cardiac
sarcolemmal membrane patch technique
(Hilgemann, 1989) was developed, which is be-
lieved to minimize experimental limitations
and very useful in studying Na*-Ca®* ex-
change transport.

Thus, to investigate the effect of intracellu-
lar acidosis on the Na*-Ca** exchange trans-
port during ischemic cardiac arrest, giant ex-
cised cardiac sarcolemmal membrane patch
technique was employed to measure the effect
of pH on the currents generated by the Na*-
Ca’* exchanger.

METHODS

Giant excised cardiac sarcolemmal mem-
brane patch method (Hilgemann, 1989) was
used to measure the effect of pH on the Na*-
Ca’™ exchange current. Guinea pig ventricular
myocytes were isolated by a standard retro-
grade Langendorff perfusion method, recircu-
lating low Ca** Tyrode s?lution (120 mM NaCl,
54mM KCl, 5mM nitrilotriacetic ,acid, 5mM
pyruvate, 20mM glucose, 20mM taurine,
10mM N-[2-hydroxyethyl] piperazine-N-[2-
ethanesulfonic acid] (HEPES), 12 uM) free Ca**,
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pH 70) and 0.04mg/ml collagenase (Sigma
type I) solution (same as low Ca’* Tyrode so-
lution differing only in free Ca?* concentra-
tion: 50 M) for 5 and 20 minutes, respectively.
Estimation of free Ca’* concentrations in the
solutions was made according to Fabiato
(1981).

The isolated cells were then incubated in
high KCl/zero calcium solution to induce sepa-
ration of the surface membrane from the un-
derlying structure. After about 3 hours of in-
cubation, “blebs” in diameter of 10~30m
were formed on cells with little or no cell
shortening. Glass electrodes (Metex capillary
tubes 150X13mm ID, wall 02mm, Mercer
glass works, INC) with a tip diameter of 5~9
pm were prepared with a two-stage pipette
puller (List Electronic, L/M-3P-A) and were
fire polished with a microforge (Narishige,
MF-83). The prepared glass electrode was at-
tached on the “bleb” to make a seal. And in-
side-out patch was formed after a short peri-
od of air exposure. Solutions of various ion
concentrations were perfused at room temper-
ature and the resulting currents were record-
ed using an amplifier (Axopatch 200, Axon In-
struments) on a chart recorder (Harvard, Uni-
versal Oscillograph). In order to transform the
detected currents into current densities, capac-
itance compensation method was used to mea-
sure patch membrane capacitance.

Electrode pipettes were filled with a solu-
tion containing 25 mM CsCl, 25 mM tetraethyl
ammonium (TEA), 1mM 4-aminopyridine, |
mM BaCl, 10#M verapamil, 254M ouabain,
5mM CaCl, 5mM KCl, 100mM N-me-
thylglucamine (NMG) at pH 7.2. Experimental
bath, staged on inverted microscope, was per-
fused with solutions containing 25mM CsCl,
25mM TEA, 5mM KCl, 25mM HEPES,
20mM ethyleneglycol-bis-[f-aminoethyl ether]
N, N, N’ N’-tetraacetic acid (EGTA), 6mM
CaCO,, I1mM MgCl, and various concentra-
tions of NaCl and LiCl added to make the
total concentration of 100mM at pH 7.2. To
measure pH effect on the outward currents,
the experimental bath was perfused with so-
lutions containing 25mM CsCl, 25mM TEA,
5mM KCl, 25mM HEPES, 20mM EGTA,
6mM CaCO;, 1mM MgCl,, 100mM NaCl, and
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Fig. 1. Measurements of Na*-C@* exchange current using the giant excised cardiac sarcolemmal ‘membrane patch
technique. A: Typical recordings of the Na*-Ca®* exchange current while the bath was perfused with solutions
containing 100 mM NaCl (100 Na), 50 mM NaCl and 50 mM LiCl (50 Na), 100 mM LiCl (Li,*) or 100 mM
CsCl (Cs), B: blockage of the Na*-Ca** exchange current when perfused with solutions containing Cod* 2mM
(Co) or Ni** 5 mM (Ni) in the presence of NaCl 100 mM. )

the pH of solutions were titrated to 7.5, 7.2,
6.9, and 6.5 with NMG.

RESULTS

Fig. 1 shows evidences of the Na*-Ca* ex-
change curreht operating in reverse mode,
after blocking Na*-K* pump activity and the
jonic currents through K* channel and Ca*
channel (see METHODS for detailed solution
content) at a 0mV holding potential. When
perfused with solutions containing 100 mM Na*
on the cytoplasmic side of the excised patch,
in the presence of Ca** on the extracellular
side, an outward current was recorded. This
outward current was not detected when Na*
was replaced with Li* or Cs* (Fig. 1-A). After
restoring the outward current with perfusion
of 100mM Na* solution, the patch was per-
fused with 50mM Na* solution and the out-
ward current was decreased. This Na*-depen-
dent outward current was partially blocked by
1 mM Co?* or 5mM Ni?*, inhibitors of Na*
-Ca** exchanger (Fig. 1-B).

The recorded currents were transformed
into current densities to normalize Na*-Ca*
exchange currents meagured from the differ-
ent patch sizes. The average of ;26 measure-
ments at 100mM ENa*]l and 30nM [Ca**]o
was 61.2+87 pA/pF (Mean+SEM.) at pH 7.2.
As Na* concentration was reduced to 75, 50,
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Fig. 2. Na*-dependency of the Na*-Ca** exchange cur-
rent. Curvents are transformed into current
densities after measuring patch membrane ca-
pacitance. Line fitted with Fig P. (BIOSOFT®,
Cambridge, UK) has a Hill coefficient of 2.0
and a half saturation of 52mM.

and 25mM, the current density was decreased
to 59.5+28.1 pA/pF (n=5), 3791146 (n=6) pA/
pF, and 164+38 (n=2) pA/pF. The acquired
data were curve-fitted, using a software (Fig.
P version 6.0, BIOSOFT®), and showed the
characteristics of Hill equation with a Hill
number of 2.0, which is in the range of previ-
ously reported values of 1.6 (Gadsby et al,
1988), 2.6 (Hilgemann, 1989) and 2.9 (Kimura et

. al., 1987). And the Km value of the half satu-

ration of fitted curve was 51.8+15.7mM.
After confirming the Na‘-dependent out-
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ward current as a current generated by Na*-
Ca** exchanger, the pH-dependency of the Na*
-Ca’* exchange current was investigated.
When pH in the perfusing solution was
changed from 7.2 to 6.9, 6.5, and 7.5, the out-
ward currents were decreased as the pH was
lowered to 69 and 65, and increased as pH
was raised to 7.5 (Fig. 3-A). The current densi-
ties were 769+103 pA/pF (n=2) at pH 7.5,
56.6+4.4 pA/pF (n=13) at pH 7.2, 429+3.0 pA/
pF (n=4) at pH 6.9, 36.7+2.2 pA/pF (n=7) at
pH 6.5, as shown in Fig. 3-B. The current den-
sity at pH 6.9 was 25% decremented compared
to the current density at pH 7.2.

)
DISCUSSION .

It is generally believed that cytosolic free

4
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Fig. 8. pH-dependency of Na*-Ca** exchange current.

A: Recording of Na*-Cad** exchange current
when perfused with various pH solutions [Na
and Li (%) represent perfusing solution com-
taining 100mM NaCl and 100mM LiCl,
respectively], B: pH-dependency of Na*-Ca®* ex-
change curvent. Current demsity at pH 7.2
(100 mM [Na*]) was 612+87 pA/pF (Mean
+SEM., n=26) and at pH 6.9 it decreased to
43.0+30 pA/bF (Mean+S.EM., n=4).

calcium rises after periods of ischemia or
hypoxia and that it is associated with
postischemic cardiac damage (Renlund e dl.
1984; Murphy et al. 1988; Tani 1990; Tani &
Neely, 1990a, b; Weiss et /. 1990). However,
the exact mechanism of calcium loading
under these circumstances is not known.
Haigney et al. (1992) suggested that the Na*-
Ca** exchange operating in a réverse mode
might play a major role in calcium loading
through exchanging extracellular Ca** for in-
tracellular Na* that has accumulated during
these periods.

In our previous study (Park et <. 1991; Kim
et al. 1993), we measured intracellular Na* and
Ca** activities of guinea pig papillary muscle
during the high K* cardioplegia and the fol-
lowing recovery period using ion selective
microelectrodes. The rate of increase in intra-
cellular Ca’* activity, when reperfused with
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the Tyrode solution after ischemic cardiac
arrest was dependent upon intracellular Na*
activity established before the reperfusion in
a fashion that the higher the intracellular Na*
activity, the faster the rate of increase in in-
tracellular Ca?*. These results suggest that
raised intracellular Na*' activity is one of the
risk factors of calcium paradox during
reperfusion and the Na*-Ca’* exchange is one
of the possible mechanisms for Ca’ influx.

Na*-Ca** exchange mainly operates in a for-
ward mode (Na* influx coupled with Ca** ef-
flux) during normal action potentials (Egan ef
al. 1989; Hilgemann, 1990). Under certain cir-
cumstances of sustained membrane depola-
rization to about —40mV and intracellular Na*
activities increased by high K* cardioplegia
(Lazdunski et al. 1985; Pike et al. 1990; Tani &
Neely, 1990a, b; Kim et al. 1993), the Na*-Ca**
exchanger could operate in a reverse mode
(Haigney et al. 1992).

Ischemic cardiac arrest induces intracellular
acidosis by anaerobic glycolysis (Allen & Or-
chard, 1987; Park et al. 1992) and this increase
in H* activity is thought to affect the Na*
-Ca?* exchanger (Mullins, 1977; Philipson et al.
1982; Haworth et al. 1987). Thus, the effects of
intracellular acidosis on Na*-Ca’* exchanger
during sustained ischemic cardiac arrest could
be one of the main factors for enhancing in-
tracellular accumulation of Na™*.

There have been some studies on the effect
of pH on the Na*-Ca®* exchange using cardiac
sarcolemmal vesicles (Philipson et a/. 1982) and
whole cell patch clamp with internal dialysis
(Earm & Irisawa, 1986). However, those stud-
jes have some limitations in interpreting the
results of these studies (Reeves & Philipson,
1989). It is generally believed that cardiac
sarcolemmal vesicles have different membrane
configuration from that of an intact
sarcolemmal membrane (Reeves & Philipson,
1989). And internal organelles, present in
whole cell patch experiments, may have sec-
ondary effects on the Na*-Ca’* exchanger.
These .experimental limitgtions can be partly
overcome by the giant excised cardiac
sarcolemmal membrane patch technique which
utilizes a large patch of intact membrane free
of internal organelles and was claimed to be
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very useful in studying the Na*-Ca** exchang-
er (Hilgemann, 1989). Thus, to investigate the
effect of intracellular acidosis, induced by
high K* cardioplegia, on the Na*-Ca¥* ex-
change activity is the specific aim of this
study by measuring Na*-dependent outward
current generated by the isolated giant patch
of cardiac sarcolemmal membrane.

Fig. 1 shows the currents measured through
the giant sarcolemmal patch when the only
currents generated by the Na*-Ca** exchanger
were left unblocked (see METHODS). These
outward currents were manipulated to be gen-
erated by Na* efflux (moving into the pipette)
coupled with Ca’** influx (moving out of the
pipette into the bathing solution) so that the
measured currents represent the Na*-Ca** ex-
change transport in reverse mode (as de-
scribed above). An additional evidence was
provided by partial blockage by known inhibi-
tors of the Na*-Ca’ exchanger, Ni** and Co™
(Kimura et al. 1987: Hilgemann, 1989). Na* de-
pendence of these outward current showed
typical characteristics of the “Hill equation”,
as shown in Fig. 2, with a Hill coefficient of
2.04+0.74, which positions in the midst of pre-
viously reported values 1.6 (Gadsby et al. 1988)
and 29 (Kimura ef al. 1987), measured with
whole cell patch configurations.

The current densities generated by the Na*-
Ca** exchanger was pH-dependent, in a way
that the more acidic the cytosolic side is the
smaller the current density. And acidification
of the cytosolic side to pH 6.9 resulted in
about a 25% decrement compared with pH 7.2.
These data are largely compatible with the
results of experiments using cardiac sar-
colemmal vesicle (Philipson et al. 1982, Waka-
bayashi & Goshima, 1982; Slaughter et al. 1983)
and whole cell clamp method (Earm &
Irisawa 1986), and provide direct measure-
ments of H*' effect on Na*-Ca’* exchange
transport.

Based on the results of Fig. 3 and our pre-
vious measurement of intracellular acidosis
(Park et al. 1992) induced by high K* cardio-
plegia, down to pH 6.9, we can estimate that
Na*-Ca’* exchanger activity could be reduced
as much as 25% during the ischemic cardiac
arrest. However, the Na*-dependent outward
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currents were measured at a membrane po-
tential of 0mV rather than —40mV which
can be induced by 25mM K% cardioplegia.
Thus, the current densities could be overesti-
mated in this study. Our data suggests that
an increased intracellular H*, during cardio-
plegia, decreases the Na*-Ca’* exchange trans-
port operating in a reverse mode which
results in intracellular Na* accumulation. Fur-
ther studies on the roles of other Na* trans-
ports, such as Na*-H* exchange and Na*
background current in intracellular Na* accu-
mulation, will enrich the result of this study.
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