Na“—Ca** exchange like other secondary active transporters
utilizes the electrochemical gradient of Na“ across the
sarcolemma, which is generated by the primary active
transporter, the Na'™—K* pump. In cardiac muscle, the
inhibition of the Na'~K* pump by cardiac glycosides  Gallitelli, Voigt & Isenberg, 1993). These
enhances contractility by increasing the cytoplasmic Ca’*
concentration ([Ca’*],) through modified Na"—Ca’* exchange
activity (Langer, 1971; Allen & Blinks, 1978; Barry, Hasin
& Smith, 1985; Lee, 1985). Thus, the activities of the two ion
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The whole-cell Na"*—K* pump current (Iy, ) and Na'—Ca** exchange current (Iy, o,) were
recorded in guinea-pig ventricular myocytes to study the interaction between the two Na*
transport mechanisms.

. + . 24+ .
Iy, x was isolated as an external K™-induced current, and Iy, , as an external Ca™" - induced
.o+ oy . . . .
or Ni""-sensitive current. The experimental protocol used for one ion carrier did not affect
the other.

The amplitude of I, decreased to 54 + 17% of the initial peak during continuous
application of K* with 20 mm Na" in the pipette. The outward Iy, ,, which was
intermittently activated by brief applications of Ca’*, decreased during activation of I, ,
and recovered after cessation of Iy, activation. These findings revealed a dynamic

interaction between I, « and Iy, ¢, Via a depletion of Na" under the sarcolemma.

a-Ca
To estimate changes in Na' concentration ([Na']) under the sarcolemma, the reversal
potential (V,,) of Iy, co Was measured. Unexpectedly, V.., hardly changed during activation
of Iy, x. However, when Iy, ., was blocked by Ni** at the same time that Iy, was
activated, V.., changed markedly, maximally by +100 mV, immediately after the removal

of Ni®* and K*.

Subsarcolemmal [Na'], was calculated from the V,,,
subsarcolemmal Ca®* concentration ([Ca®*],) was fixed with EGTA, and mean [Na‘], was
calculated from both the time integral of Iy, x and the cell volume. The subsarcolemmal

[Na']; was about seven times greater than the mean [Na'],.

of Iy, ca On the assumption that the

The interaction between the Na"™—K* pump and Na"—Ca®" exchange was well simulated by a

T+

diffusion model, in which Na™ diffusion was restricted to one-seventh (14 %) of the total cell

volume.
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As to [Na'], under the sarcolemma, direct [Na'];
measurement using the X-ray microprobe method revealed
that subsarcolemmal [Na'], is different from that in the bulk
cytoplasm (Isenberg & Wendt-Gallitelli, 1990; Wendt-
authors
demonstrated that rapid Na" channel activation induced an
accumulation of [Na']; under the membrane, and that [Na'];

1

decreased from the subsarcolemmal space to the cellular core
with a space constant of 28 nm at early systole and 70 nm

transporters are closely coupled. This mutual dependency of
the two ion transporters may become more efficient when the
ion transporters are spatially coupled on the cell membrane
and/or the change in intracellular Na* concentration ([Na'],)
due to ion exchanges is limited to a common space under the
sarcolemma. The spatial coupling was first reported by
Moore et al. (1993) in smooth muscle. They revealed that the
Na"—K* pump and Na"~Ca’* exchange molecules are located
close together in the sarcolemma.

at diastole. Several studies demonstrated that there was also
heterogeneity of [Ca’], in cardiac muscle (Lipp, Pott,
Callewaert & Carmeliet, 1990; Trafford, Diaz, O’Neill &
Eisner, 1995), squid axon (Mullins & Requena, 1979),
pancreatic acinar cells (Osipchuk, Wakui, Yule, Gallacher &
Peterson, 1990) and smooth muscle (Stehno-Bittel & Sturek,
1992). On the other hand, the reversal potential (V) of the
Na"—Ca’* exchange current (Iy, o,) shifts when the exchange

is continuously accelerated, most probably due to a change
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in [Na'], and [Ca®]; via the exchange (Ehara, Matsuoka &
Noma, 1989; Crespo, Grantham & Cannell, 1990). However,
it is still not clear whether the change in the ion
concentrations occurs mainly in a restricted space under the
membrane during the activation of the ion transporters.

The aim of the present study was to explain the mutual
dependency of the Na"'~K* pump and Na"—Ca’" exchange
in a quantitative manner by estimating changes in
subsarcolemmal [Na'], during activation of the Na'~K*
pump. We recorded both the whole-cell Na'—K* pump
current (I, x) and Iy, o, in single ventricular myocytes.
Na' efflux was estimated from the time integral of I, « and
changes in [Na'], at the subsarcolemmal space were
calculated from the V., of Iy, c,- We demonstrate that the
activities of the Na'—K™ pump and Na"~Ca’" exchange are
tightly correlated via a change in [Na"], and that this change
in [Na']; occurs in a restricted interactive space, which is

1

about 14 % of the total cell volume.

METHODS

Isolation of ventricular myocytes

The ventricular myocytes were dissociated by treating guinea-pig
hearts with collagenase using Langendorff-type coronary perfusion
(Powell, Terrar & Twist, 1980). Guinea-pigs (200—300g) were
deeply anaesthetized by intraperitoneal injection of pentobarbitone
sodium (= 0-1 mg g™"). Under artificial ventilation, the chest was
opened and the aorta was cannulated in situ. After starting the
coronary perfusion with a control Tyrode solution, the heart was
dissected out and its spontaneous beat was stopped by switching
the perfusate to a nominally Ca’ -free Tyrode solution. The heart
was then perfused with the nominally Ca®-free Tyrode solution
containing collagenase (40 mg (100 ml)™, Sigma Type I) for 20 min.
The enzyme was washed out by perfusing the heart with a high-K™,
low-CI™ solution, and the myocytes were dispersed from the
digested left ventricle in the same solution. The isolated cells were
transferred to and stored in a culture medium (5 mm Hepes-
buffered minimal essential medium (MEM); Dainippon
Pharmaceutical Co. Ltd, Japan; pH 7:4). The cells were used for
experiments within 8 h.

Solutions

The control Tyrode solution contained (mm): NaCl, 140; KCI, 5-4;
CaCl,, 1-8; MgCl,, 0-5; NaH,PO,, 0-:33; glucose, 5-5; and Hepes, 5.
The pH was adjusted to 7-4 with NaOH. To obtain the Ca**-free
solution, CaCl, was simply omitted. The high-K*, low-CI~ solution
contained (mm): KCl, 25; glutamate, 70; KH,PO,, 10; taurine, 10;
EGTA, 0-5; glucose, 11; and Hepes, 10 (pH adjusted to 7-3 with
KOH).

The composition of the standard internal (pipette) solution was
(mm): aspartate, 42; NaOH, 10; CaCl,, 37-1; EGTA, 42; MgATP,
10; sodium creatine phosphate, 5; Hepes, 10; and TEA-CI, 20; pH
adjusted to 7-2 with CsOH. The Na concentration was 20 mm in
this standard internal solution and it was increased to 50 or
100 mm when necessary by replacing Cs* with Na*. The calculated
free Ca’* concentration was 1 um (Bers, Patton & Nuccitelli, 1993).
The free Ca™* concentration was set to various levels by varying the
amount of CaCl,. The composition of the standard external solution
was (mm): NaCl, 145; BaCl,, 2; MgCl,, 2; CsCl, 2; CaCl,, 2; EGTA,
0-1; glucose, 5:5; Hepes, 5; and nicardipine, 0:001; the pH was
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adjusted to 7-4 with CsOH. An activator (5-4 mm K*), or a blocker
(100-200 g ouabain), of the Na™~K* pump, or a blocker (5 mm
Ni**) of Na'—Ca’" exchange was added to the external solution
when required. For each experiment, Na" and Ca** concentrations
in the external solution ([Na*], and [Ca®*])), and Na* and Ca’*
concentrations in the pipette solution ([Nafr]pip and [Ca2+]pip) are
given in the text or figure legends. Ouabain was purchased from
Sigma.

Whole-cell voltage clamp

Whole-cell voltage clamp was conducted with a patch clamp
amplifier (Axopatch 200B; Axon Instruments). The patch
electrodes were made from borosilicate glass capillaries with tip
diameters of 1-5—-3 um and the tip resistance was 1-2-5 MQ when
filled with the pipette solution. The current signal was filtered by a
low-pass filter at 1 kHz. The membrane voltage and current were
recorded by an on-line computer (PC-9821AP; NEC, Japan)
through an A/D converter (ADX-98H; Canopus, Japan) and by a
digital tape recorder (RD-120T; TEAC, Japan).

All measurements of membrane potential were corrected for the
liquid junction potential of the low-Cl™ pipette solution in contact
with the Tyrode solution (assumed to be —10 mV for convenience).
The membrane capacitance was determined from integration of
capacitive current induced by a 5 mV voltage step, provided that
the capacitive surge ended within 5 ms after the onset of the pulse.
The holding potential was set to —50 mV, and all experiments were
carried out at 35—36 °C. The current—voltage (I-V') relationship
was recorded with ramp pulses (dV/dt= 4 423 mV s™), during
which the membrane potential was changed from the holding
potential to +70 mV, then to —120 mV and then returned to the
holding potential. The /-V relationship was measured during the
repolarizing phase of the ramp pulse.

All statistical data are presented as means +s.p, and statistical
significance was assessed using Student’s ¢ test (unpaired samples,
two-sided) at the significance level (P) indicated.

RESULTS

Isolation of Iy, x and I, ¢,

It was essential to isolate Iy, x or Iy, o, Without affecting
the other current, in the present study, to investigate the
interaction of these two mechanisms. Therefore, we first
examined experimental protocols for the isolation of each of
the two carrier-mediated currents. Results from an
experiment to investigate whether a Na'—Ca®* exchange
blocker, Ni*, affected Iy, x are shown in Fig. 14. Iy,  was
evoked by applying 54 mm K™ in the absence and presence
of 5 mm Ni**, In this experiment, Na"~Ca®" exchange was
inhibited throughout the experiment by removal of Ca®*
from both the pipette solution (42 mm EGTA and no added
CaCl,) and the external solution (0:1 mm EGTA and no
added CaCl,). No significant difference was observed
between the amplitude of Iy, x recorded in the absence and
presence of Ni** at the holding potential (—50 mV; Fig. 14,
left) and between the I-V relationships recorded with ramp
pulses (Fig. 14, right). In four experiments, the amplitude
of Iy, x at 0 mV was 1-27 4 009 pA pF ™" in the absence of
Ni**" and 1:20 + 017 pA pF™" in the presence of Ni** (not
significant (n.s.), P> 0-1).
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The K™-induced I-V relationship was almost identical to
the 200 ym ouabain-sensitive [—V relationship (data not
shown). Therefore, we assumed that membrane K* channel
conductance was effectively suppressed by K* channel
blockers included in both internal and external solutions.
However, it should be noted that the subtraction of the
control current from that in the presence of K* did not
always give an Iy, unless Na'—Ca™" exchange was
blocked. This is because the activation of the pump

Interaction between I,  and Iy
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a-Ca
Other divalent cations, such as Ca®* and Mg2+, were also
examined. In the presence of 2—5 mm Ca’", the amplitude of
Ly, x at 0mV was 119 4005 pA pF~" compared with
1:22 4+ 0:07 pA pF™" in the absence of Ca®" (n=4, n.s.,
P> 0-1). In the presence of 05-50 mm Mg®*, the amplitude
was 1:26 4+ 0-11 pA pF™" compared with 1:27 + 0-08 pA
pF ™ without Mg*" (n=6, n.s., P> 0-1). We concluded that
Ni**, Ca®" and Mg®" do not affect Iy, x from the external

side of the membrane.

indirectly modifies Iy, , (see Fig. 2).
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Figure 1. Isolation of Iy, x and Iy, c,

A-C, chart records of the change in holding current (left) and [-V relationships (right). The vertical
deflections in the chart recordings were evoked by application of ramp pulses. The -V relationships were
obtained by calculating the difference between the pair of current records induced by the ramp pulse as
shown to the right of each I-V relationship. The application of test solutions is indicated above the chart
recordings. 4, effect of Ni** on I, x. B, effect of ouabain on Iy, o,. C. effect of K on Iy, o,. Note that the
difference current has an I-V relationship typical of Iy, x (4) or Iy,ca (Band C). In 4, [Na™], = 145 mwm,
[Ca’*],=0mm (01 mm EGTA), [Na+]pip =50 mm and [(1a2+]pip =0um (42mm EGTA). In B and C,
[Na*], = 145 mm, [Ca™ ], = 2 mm, [Na'] ;) = 20 mm and [Ca®* ], = 10 .
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Iy, x was isolated as an external K'-activated current.
Therefore the effect of K™ and also the effect of ouabain on
Na“—Ca** exchange were examined, in experiments shown
in Fig. 1B and C. The holding potential was set to —50 mV,
which was close to the equilibrium potential of Na‘—Ca®
exchange (Ey, ca; —44 mV), and ramp pulses were applied
every 6 s. The Na'—K* pump was suppressed by removal of
external K (Fig. 1 B) and by addition of ouabain (Fig. 10)
to avoid overlap with Iy, o, Iyaca Was isolated as a Ni**-
sensitive current. Ouabain (100—200 M) and 54 mm K"
did not affect the I-V relationship of the Ni*"-sensitive
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current. The amplitude of I, o, at +50 mV in the absence
and presence of ouabain was 2974020 and
311 4 027 pA pF™, respectively (n=4, n.s., P>0-1).
The amplitude in the absence and presence of both ouabain
and K* was 3:08+020 and 3214018 PA pF_l,
respectively (n=4, n.s.,, P>0-1). It was concluded that
ouabain and external K* do not have a significant effect on
Na"—Ca®" exchange. These results are in good agreement
with those of Yasui & Kimura (1990) and Noma, Shioya,
Paver, Twist & Powell (1991).
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Figure 2. Decrease in outward I, o, during Na*—K* pump activation

In A4, the application of 2 mm Ca’ and 5-4 mm K™ is indicated below the chart recordings of the whole-cell
current. The vertical deflections were evoked by ramp pulses, which were applied during the control period
and near the peak of the responses. B, I-V relationships were obtained by calculating the difference
between the pairs of current recordings as shown to the right of each curve. C, the amplitude of outward
I\aca from four cells was plotted during activation (left) and after cessation of activation (right) of the

Na"~K* pump. I

a-Ca

at +50 mV was normalized to the current before pump activation. Two exponentials

were fitted (continuous curves): left, 70-7e”9%% 4 929-3: and right, —68:3e” /181 4 98-3. [Naf“]0 =145 mm,

[Ca®*], =0 or 2 mm, [Na‘*]pip = 50 mm and [Ca”]pip

=03 uMm.
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Modification of I, o, through activation of I, x

Under whole-cell voltage clamp, [Na']; should equilibrate
with [Nefr]pip during inhibition of the Na*~K* pump, and
then activation of the pump should decrease [Na'],. This
change in [Na"]; should be reflected by an alteration of both
Igax and Iy, .. In the experiment shown in Fig.24,
outward Iy, o, Wwas evoked every 2min by a brief
application (~10 s) of 2 mm Ca’* to the bath in the presence
of 0-3 um Ca®* (Cai;;p) and 50 mm Na* (Na;ip) in the pipette
solution. Usually, the amplitude of Iy, gradually
increased after internal dialysis of the cell was begun.
When the amplitude of Iy, ., became stable, Iy, x was
continuously activated by the addition of 54 mm K* to the
external solution. The amplitude of Iy, x gradually
decreased from its initial peak, most probably due to a
decrease in [Na']; through the pump activity. In agreement
with a depletion of [Na'],, the amplitude of the outward
Iy, ¢, Which exchanges internal Na* for external Ca’", also
decreased with time. After cessation of activation of the
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a-Ca

Na"™~K™ pump by removal of external K™, the amplitude of
Ia.cq Tecovered to the control level.

A comparison of [-V relationships of Iy, o, Which were
obtained by subtraction of the corresponding control current
from that recorded in the presence of 2 mm external Ca’*
(Ca2*") at the times indicated in Fig. 24, is shown in Fig. 25.
Iyaca decreased after activation of the pump at all
membrane potentials examined, but the reduction was
larger at more negative potentials (55% reduction at
+60 mV and 73% reduction at —60 mV). This voltage-
dependent decrease in Iy, «, is similar to the change in the
Iqaca—V relationship induced by decreasing cytoplasmic
Na" in inside-out giant patch recordings (Matsuoka &
Hilgemann, 1992).

The time course of decay and recovery of Iy, , are plotted
in Fig.2C, where the amplitude of outward Iy, ., at
+50 mV was normalized to the current before activation of
the Na"~K " pump (n=4). The current decay and recovery

f’\\—v -
60 s

100 mm Nag,

20 mm Nag;,

Figure 3. Decay of Iy, x and [Na*],;,

A, typical Ly,  induced by external 54 mm K" at 20 and 100 mm Na
the current decay was greatly suppressed by increasing [Na']

100 mm Nag;,

" ip in different myocytes. Note that

bip t0 100 mm. B, ratio of Iy, x measured at

60 s after the start of the pump activation with 54 mm K* to the peak current recorded soon after pump
activation. The ratio was 0-54 + 0:17 (n=11) and 0-93 + 0-11 (n=8) in the presence of 20 and 100 mm

Na’

pip»

respectively. [Na"], = 145 mm, [Ca®], = 0 mm, [Na']

bip = 20 or 100 mm and [Ca®" ], = 0 pem.
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were fitted with single exponential functions with time
constants of 100 and 118 s, respectively. It should be noted
that the current completely recovered to the control level.

Decay of Iy, x and decrease in [Na*];

To further support the view that the decay of both Iy, «
and Iy, o, during the activation of the Na"~K* pump is due
to a decrease in [Na'],, [Nafr]pip was increased to a saturating
concentration of 100 mm (half-maximal concentration
(Ky) = 10 mm; Nakao & Gadsby, 1989). Diffusion of Na*
from the pipette to the cell interior should be able to
compensate for the extrusion of Na" through activity of the
Na'~K* pump. A comparison of Iy, recorded with
100 mm Na;ip with that recorded with the control 20 mm
Na;ip in different myocytes is shown in Fig.3A4. To exclude
involvement of Iy, o,, Ca®* was removed, and 5 mm Ni**
and 0-1 mm EGTA were added to the external solution. As
expected, the decay of Iy, observed with 20 mm Nal

was greatly attenuated by increasing [Na']

pip

The ratio of

pip*
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the current amplitude at 60 s to the initial peak of I, x is
summarized in Fig. 3B. The current decay was significantly
attenuated by increasing [Na'] . from 20 to 100 mm
(P < 0-01).

Ifl‘ev of IN

To obtain more quantitative insight into the dependency of
Na"—Ca”" exchange on the activity of the Na"~K* pump,
changes in V., of Iy, ¢, Were measured during activation of
the pump. The equilibrium potential, Ky, ., Wwas
determined from the concentration gradient for both Na®
and Ca’" according to the following equation for 3Na™ and
10" exchange (Ehara et al. 1989; Crespo et al. 1990;
Matsuoka & Hilgemann, 1992):

ENa—Ca = 3E'Nam - 2E'Caw (1)

pip

a.ca during Na*—K* pump activation

where Ey, and E, are the Nernst equilibrium potentials for
Na" and Ca®, respectively. In Fig. 4, the Iy~ V
relationship was measured by applying ramp pulses and

Figure 4. V,, of Iy, ¢, during Na*—K* pump activation

A, chart recording of whole-cell current during the application of
Ni** and K. The ramp pulses were applied every 6 s. Ni**

(5 mm) and K* (5:4 mm) were added as indicated. B, -V
relationships for the Ni**"-sensitive current were obtained by
calculating the difference as shown to the right. V.., of Iy, ¢, was
determined from the intersection of these I-V curves with the
abscissa. C, values of V,, plotted against time. During the
application of Ni*¥, the measurement was discontinuous.
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Ly, ca Was isolated as the 5 mm Ni**-sensitive current. The
Viey Of Iyaca Was —38 mV (—36:2 + 35 mV, n=2>5) in the
control, which was near to Ey, o, calculated from the ionic
distributions across the membrane (Ey, o, = —44'3 mV with
[Na"], = 145 mm, [Ca™], =2 mm, [Na+]pip = 20 mMm, and
[CaH]pip: 1 um). The slope conductance of both outward
and inward Iy, ., was decreased by activation of the pump
(Fig.4B). The value of V,,, shifted only by ~+10 mV near
the end of the pump activity, and recovered to the control
level within 100s after cessation of pump activation
(Fig.4C). This shift of the V,, is consistent with a previous
finding that the Na*—Ca’* exchange current reversed from
outward to inward during activation of the Na"'~K* pump

(Bielen, Glitsch & Verdonck, 1991).

A
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The decrease in the outward Iy, o, in Fig.4B is easily
explained by a decrease in [Na'], due to the pump
activation, which can be estimated from the decay of Iy, k.
In Fig.4A4, the amplitude of Iy, x decreased by 35% from
the initial peak to the steady state. According to the
dependence of Iy, x on [sz]pip (Nakao & Gadsby, 1989),
this decrease in Ly,  suggests a decrease in [Na'], from 20
to about 7 mm. However, the decrease in the inward Iy, ,
(Fig. 4 B) is contradictory to the increase in the driving force
for inward Na“ movement. This discrepancy could be
reconciled by assuming a simultaneous decrease in [Ca®"],
beneath the sarcolemma due to Na'—Ca®* exchange. The
Na"—Ca®" exchange causes redistribution of the ions in a
way to bring the value of Ky, ., close to the holding

Il
T -

7 e
d
200 - c

Figure 5. Shift of V,, of Iy, ¢, caused by Na*—K™* pump activation

A, chart recording of the whole-cell current during the application of 54 mm K* and 5 mm Ni*" as
indicated. The holding potential was —50 mV and the ionic distributions were the same as in Fig. 4

(Fxace = —44'3 mV with [Na*], = 145 mu, [Ca®], = 2 mm, [Na']

pip = 20 m and [Ca”]pip =1 pm). The

second application of Ni*" was made to confirm the stable background current. B, I-V relationships of the
control current in the absence () and presence (b) of Ni**. Vo, of Iy, o, Was —40 mV. C, measurement of

V,

rev

in A.

of Iy, oo after the cessation of Na"—K* pump activation. Curves c—g correspond to the points labelled
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potential (Noma et al. 1991). Thus, the increase in the
driving force for the inward Na flux might induce an
additional Ca®" efflux via Na'—Ca®" exchange during the

pump activation, resulting in the depletion of [Ca®"];

; and

the decrease in the inward I, o, even in the presence of
42 mm EGTA in the pipette solution.

According to the above hypothesis, the decrease in [Na'];
during the pump activity should be measured in the absence
of Na"—(Ca®" exchange activity. In the experiments shown in
Fig. 54, the exchanger was suppressed by superfusing the
myocyte with a 5 mm Ni**-containing solution prior to the
activation of the Na'—K™ pump. The V.., of Iy, c, Wwas
measured only after the cessation of the pump activation,
i.e. simultaneous removal of Ni*" and K™. In the control, the
I-V curve recorded during Ni*" application (curve b in
Fig.5B) crossed at ~—40 mV with that obtained in the
absence of Ni** (curve a). The current (curve g in Fig.5C)
recorded during Ni** application after washout of K* was
almost identical to that obtained in the control (curve b).
Therefore, V., of Iy,ca Wwas determined from the
intersection between curve g and the other current records
(curves c—f). It can be seen that the V., of Iy, o, Was
+55 mV at the end of the pump activation and returned to
the control potential with time. Because the major Ca’*
pathways through the membrane, Na"—Ca’" exchange and
the L-type Ca® channel, were suppressed by Ni** and
nicardipine during activation of the pump, [Ca®"]; was
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assumed to be equal to [Ca®"], (1 gn). According to
eqn (1), a V.o, of +55 mV gives a [Na']; of 6 mm.

Since variation in [Na']; affects both the amplitude and V.,
of Iy, ca, these parameters were plotted in Fig. 6 during the
recovery time course after the cessation of pump activation.
The amplitude of the Ni**-sensitive current was measured
at +50 mV (filled circles) and at —100 mV (open circles). The
gradual increase in the outward Iy, ., together with the
negative shift of V,, supports the view that [Na'],
gradually recovered from the depletion caused by activation
of the pump. Na* was most probably supplied by both
diffusion from the pipette solution and the forward mode of
Na"—Ca’" exchange.

If it is assumed that the time-dependent current change
during the application of K* and Ni*" in Fig.54 was solely
due to Iy, x, the time integral of Iy, x should reflect the
Na' efflux through the pump. If this is the case, the total
charge carried by the Na"~K* pump was 14-7 nC during the
application of K*. Tt might also be assumed that the inward
shift of the holding current during the recovery phase of
[Na*]; was due to the forward mode of Na"—Ca®* exchange.
The time integral of the inward Iy, ¢, Within 3 min after
removal of both K* and Ni** was 4+4 nC. Considering the
stoichiometry of 3Na":2K" of the Na'~K* pump and
3Na":1Ca™ of Na'—(Ca’" exchange, the magnitude of the
charge should be equally proportional to a Na® flux. Thus,

Figure 6. Recovery time course of Iy, o, and V.,

A, the amplitude of Ni**-sensitive current at +50 mV
(filled circles) and —100 mV (open circles) was measured
after the cessation of Na'—K* pump activation (time
zero) in the same experiment as shown in Fig. 5. The
continuous curve is a fit of an exponential,

—664e”7 4 610, to the current at +50 mV
(1="788%82s, n=0). B, changes in V., of Iy, ca
after cessation of Na*—K* pump activation. The
continuous curve is given by 86e~**% — 21, fitted to the
data points (1 = 250 + 84 s, n=6). Periods during
which Ni** was applied were omitted from the fit.
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we estimate that at least 20 % (214 + 8:5%, n="T) of Na"
was supplied via Na'—Ca®* exchange, and that the rest of
the Na" might be supplied from the pipette for re-
equilibration after the pump activation. Therefore, the
recovery time course may largely reflect diffusion speed of
Na'* from the pipette solution.

Relationship between V,,, change and Na* efflux via
pump activation

Under the present experimental conditions, the change in
[Na']; is determined not only by the ionic flux through the
exchange mechanisms but also by the effective volume of the
intracellular space. To obtain more insight into the effective
cell volume, the relationship between changes in V., of
Ly, ¢, and Na® efflux via the Na"™~K* pump was examined
by varying the duration of activation of the Na"~K* pump
from 10 to 140 s. The value of V,,, was measured with the
same protocol as in Fig. 54. In Fig. 74, the maximal change
in Ve (AV,e) is plotted against the time integral () of

Igax- AV,ey Was calculated as the difference between the

Viev of Iy, ca immediately after the cessation of the pump
activation and that before the pump activation. The
magnitude of ¢ was measured by integrating the outward
deviation of the holding current from the current level
immediately before the application of 54 mm K* AV,
increased in proportion to the increase in ¢, but saturated

with ¢ of more than 5:0 nC. This saturation may be caused

Figure 7. Subsarcolemmal [Na'‘], based on V,, of

INa—Ca

A, relationship between the total charge of Iy, x (¢) and
AV,ey Of Iy, cq- B, relationship between the decrease in the
intracellular mean [Na*] (A[Na"];(@)) obtained by
integrating Iy, x and the decrease in [Na']; (AINa"];(V,ey))
determined from V., of Iy, ¢ Over the period of about
40 s activation of the Na*—K™* pump, the relationship
between A[Na']; (@) and A[Na'];(V,,) was fitted with a
linear function (A[Na';(V,ey) = TA[Na' ], (@)).
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by a compensatory diffusion of Na" accelerated by the
increased [Na'], gradient over the distance from the pipette
tip to the sarcolemma.

The change in [Na'"]; was estimated by two methods. Firstly,
it was calculated from the V., of Iy, o, based on eqn (1)
(A[Na"];(V,ey))- In this calculation, [Ca®*]; was assumed to be
equal to [CaLH]pip (1 wm). This is because the major Ca’"
pathways through the membrane, Na“—Ca’" exchange and
the L-type Ca®* channel, were suppressed with Ni** and
nicardipine during activation of the pump (as shown in
Fig.5). Secondly, considering the stoichiometry of
3Na":2K" of the Na"~K* pump, the change in [Na'],
(A[Na'],(@)) was calculated from @ by the equation:

AINa"],(@) = 3Q/F/V, (2)

where F'is Faraday’s constant. The volume (V) of individual
cells was calculated from a relationship between input
capacitance and cell volume (Satoh, Delbridge, Blatter &
Bers, 1996). It should be noted that A[Na'],(@) reflects the
change in mean [Na'], in the entire cell volume, while
A[Na'];(V,ey) reflects the change in subsarcolemmal [Na'],.

Figure 7B shows the relationship between the magnitude of
A[Na'];(@) and A[Na'];(V,e,). As with the relationship
between AV,., and € in Fig. 74, a linear relationship was
observed with relatively small changes in A[Na'];(§), and
AINa"];(V,o,) saturated with A[Na'];(@) of more than 2 mm.
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Within the initial linear range, it should be noted that the
value of A[Na'];(V,.,) was roughly seven times larger than
that of A[Na'],(@). This finding can be explained by
assuming that Na" was pumped out from a restricted space
within the myocyte (about 14 % of the total cell volume). By
sharing this restricted interactive space, the activity of
Na“—Ca®* exchange might be efficiently modulated by

Na"—K™" pump activity.

DISCUSSION

The activity of Na*—Ca®* exchange, a secondary active ion
transporter, depends on the Na'~K" pump, a primary
transporter. The mechanism underlying the dependency of
Na“—Ca®* exchange was examined experimentally in the
present paper. It was demonstrated that the activation of
the Na"—K™ pump shifted V,,, of Iy, ¢, to a more positive
potential (Fig. 5), and thereby accelerated the forward mode
of Na'-Ca®" exchange (pumping out Ca’), while
decelerating the reverse mode (Fig. 2). Subsarcolemmal
[Na']; was calculated from the V.., of Iy, ., and mean
[Na']; was calculated from both the time integral of Iy, x
and the cell volume. Comparison of the subsarcolemmal
[Na'], with the mean [Na'], (Fig.7B) revealed that the
interaction between Na"—Ca®® exchange and the Na™—K*
pump is effectively performed via the change in [Na']; in a
restricted space which was only 14% of the total cell
volume.

The cardiac myocytes possess a Na'-sensitive background
current (Hagiwara, Irisawa, Kasanuki & Hosoda, 1992;
Kiyosue, Spindler, Noble & Noble, 1993), which might be
partially responsible for the change in [Na']; primarily
caused by activation of the pump in the present study. The
decrease in [Na']; caused by the pump might induce an
increase in Na* influx through the Na'-sensitive background
current via an increase in the Na“ concentration gradient.
The increase in the Na" background inward current might
overlap with the outward I, x. If this is the case, the
magnitude of real Na™ efflux ([Na" ],y 18 defined by both
the charge movement through the pump (@y,x) and that
through the background current (@) as follows:

[Na+]efflux = (SQN:«.LK/F) + ng/F

In the experiment, the recorded Na™ efflux ([Na'].ocorqea)
was obtained from the apparent amplitude of Iy, x as:

[Na+]recorded = 3 (QNa—K + ng)/ F
Therefore:

[Na*+]eff1ux - [Na+]recorded = _2ng/F

Since @, has a negative sign, [Na' lyg1ux > [Na' Trcoraed-

Thus, A[Na'];(@) obtained from the total charge carried by
Iyax (eqn (2)) might be underestimated, and the interactive
space obtained from Fig.7B might be larger than 14 %.
However, the contribution of the Na'-sensitive background
current was probably small under our experimental
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conditions. The holding current just after 60—80 s activation
of the pump shifted in an inward direction by
12:54 51 pA (n=>5) from that before the activation, when
the exchanger was suppressed using the protocol in Fig.14.
This inward shift was only 612 +1:69% (n=>5) of the
peak I, k.

In preliminary experiments, the contribution of another Na*
transport mechanism, Na'—H™ exchange, was examined.
Na"-H" exchange was blocked by 10 gm 5-(N-ethyl-N-
isopropyl)-amiloride (EIPA) and the experimental protocol
in Fig. 5 was performed. There was no significant difference
in the shift of V., of Iy, ¢, With or without EIPA (authors’
unpublished data).

The interactive space of 14 % cell volume is not identical to
the subsarcolemmal restricted space described previously
(Mullins & Requena, 1979; Lipp et al. 1990; Osipchuk et al.
1990; Stehno-Bittel & Sturek, 1992; Trafford et al. 1995).
Ton concentration change in the subsarcolemmal restricted
space is believed to occur with a time constant of several
tens to hundreds of milliseconds (for example, see Leblanc &
Hume, 1990; Trafford et al. 1995). On the other hand, the
[Na®]; change observed in the present study (see Fig. 6)
continued over a period of several tens of seconds,
indicating that the interactive space is not confined to a
narrow space just under the sarcolemma.

To clarify the nature of the interactive space, we simulated
[Na®]; change during activation of the Na"~K* pump in the
absence of Na'—Ca’* exchange. In the computer model
(Fig. 84), a rectangular-shaped myocyte with dimensions of
x of 150 ym, y of 40 ym, and z of 7 gm (cell volume, 42 pl)
was assumed. For application of Euler’s method for
integrating changes in [Na'];, the model cell was divided
into small compartments along the z-axis (Fig. 84 and B,
top panels) or the x-axis (Fig. 8C, top panel). Na” flux (f),)
and Na' concentration change (d[Na'],) after a unit time (d)
in the nth compartment was expressed using Fick’s first law
of diffusion as follows:

fn = Sn,D( [Na+]7z, - [Na+]')1+1)/dx7 (3)
d[Na‘+]n = (fn—l - fn - 3Ipn/F')dt/ Vna (4)

where [Na'],, is the Na* concentration, V, is volume and I,
is the Na"~K* pump current of the nth compartment, S, is
the cross-sectional area between compartments n and n + 1,
Dis the diffusion coefficient of Na' in the cytoplasm, and dx
is the distance between two compartments. The diffusion
coefficient of Na“ used was that for free diffusion
(Diyee = 1°33 x 107 cm® s™"; Robinson & Stokes, 1965) or
was modified to fit the experimental data. The amplitude of
I, , was determined as a function of the surface membrane

p,n
area of each compartment (S, ,) and [Na'], (Nakao &
Gadsby, 1989) as follows:
Ip,n = Sa,nlp,max/(l + (Kh/[Na+]7z,)"”)a (5)
where [ .y is the maximum current density of the whole-

cell Iy, x, 1y is the Hill coeflicient (1:36), and K, is the half-
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maximal concentration (10 mm). Our experimental data of
Lo x 0f 0:0091 pA pm™ with 20 mm Naj,, gives an I ..
of 0:0126 pA um™>

First, we tested whether a simple diffusion of Na" could
explain the experimental finding of the 14% interactive
space. For simplicity only Na™ diffusion along the z-axis was
considered, since the Na' flux of the Na"~K* pump through
both the top and bottom surface membranes is the major
source of the perturbation of Na® distribution. The cell was
divided into 100 compartments along the z-axis. No obvious
decrease in [Na'], could be induced by Iy, « within 30-60 s,
when a cytoplasmic free diffusion of Na' (D) was
assumed (data not shown). This fact indicated the necessity

e
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of assuming a retarded diffusion of Na” within the myocyte.
Next, a subsarcolemmal restricted space, ‘fuzzy space’
(LeBlanc & Hume, 1990; Lederer, Niggli & Hadley, 1990;
Carmeliet, 1992), was simulated by assuming a diffusion
barrier limited in the top and bottom seven compartments
(14% cell volume) underneath the membranes. The
magnitude of D was varied from 1071077 D, in these
compartments, while a value of D of 107 Dy, was applied
in the rest of the cell volume. In Fig.84, the decrease in
[Na*], in the top compartment is shown for 30 s after the
start of activation of the Na"~K* pump. The experimental
decay of [Na']; to ~7 mm was simulated only when D in the
top and bottom seven compartments was set below

107°D,

free*

107Dy, 1/7 volume

107Dyee

Mean [Na*], (mm)
=)
!

B B
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Figure 8. Simulation of [Na*]; during Na*-K* pump activation (one-dimensional rectangular

parallelepiped model)

In A-C, three different models are shown in the top panels. The longer axis of the myocyte is assigned to
the a-axis, the width to the y-axis, and the thickness to the z-axis. In 4 and B, Na' diffusion was calculated
only along the z-axis by dividing the cell volume into 100 thin compartments. In C, the diffusion from the
pipette into the cell was included in the calculation, and the diffusion only along the z-axis of the cell was
calculated by dividing the cell volume into 100 compartments along the a-axis. The bottom panels show the
time course of [Na']; decay in the top compartment in 4 and B, or that of an average [Na']; in C, after
Na"~K* pump activation was started with various values of D. The pipette was also divided into 100
compartments (dz =15 um). In the pipette, Na" flux ( Soip.n) of the nth compartment is expressed as

follows:

fDiD,Vl = Spip,rszree([Na+]

where [Na+]pip1n is the Na* concentration in the nth compartment of the pipette and §
sectional area between compartments n and n + 1. The change in Na" concentration (d[Na']

pip,n [Na‘+]pip,n+1)/dxs

is the cross-
of the

pip, n
pisz)

nth compartment of the pipette after a unit time is expressed as follows:

d[Na+]pip,iz = (fpip,n—l - fpip,n)dt/ Vpip,n’

where Vi, .,

is the volume of the nth compartment. See text for details.
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Alternatively, in Fig.8B, the retarded diffusion was
expanded within the whole cell space. However, even under
this condition, the value of D had to be decreased below
107° Dy to simulate the time-dependent decrease in [Na'],.
Under this condition, a steep Na' gradient could be
simulated along the z-axis (with a core [Na']; of ~17 mm).
However, this retarded diffusion of Na" was not realistic,
since the Ca®* diffusion coefficient was only 25% of that for
free diffusion in cytosolic extracts from Xenopus laevis
oocytes, in which intracellular Ca®" buffers were saturated
(Allbritton, Meyer & Stryer, 1992). It should also be noted
that the above simulation did not include a supply of Na*
from the whole-cell electrode containing 20 mm Na'. The
supply of Na® from the pipette should further attenuate the
decrease in [Na'],. In conclusion, the simple retarded
diffusion along the z-axis cannot explain the experimental

decay of [Na'],

Page & McCallister (1973) measured the fraction of
ventricular cell volume made up of myofibrils (47-6 %),
mitochondria (35:8 %), sarcotubules (3:5 %), T-system (1 %)
and sarcoplasm (12 %, including nuclei and other structures)
microscopy. These membranous
components may constitute a dead space for Na" diffusion,
and the space filled up with myofibrils may retard Na*
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diffusion. Such dead space is distributed throughout the
entire cell. Thus, in the model calculation in Fig.8C, the
volume of individual compartments was decreased by a
factor (fy) of variable magnitude. Furthermore, the dead
space may also cause a winding diffusion pathway. This
winding diffusion was simulated by decreasing the cross-
sectional area (9,) in eqn (3) in proportion to the volume
decrease:

Veff = fV Vw
Seff = (fV)2/3Sns

where V., and S,y are the effective diffusion volume and
area of the nth compartment, respectively.

In the simulation in Fig.8C, a whole-cell pipette was
attached at the middle of the cell surface. The dimensions of
the pipette were: length, 150 gm; semi-vertical angle,
16 deg; and tip diameter, 1-5 gm. Na® diffusion along the
pipette axis was calculated in the same way as described by
eqns (3) and (4). To calculate the diffusion of Na" from the
pipette to the cell interior, the cell was divided into 100
compartments along the z-axis. The integration of [Na'],
was started from an equilibrium concentration of 20 mm at
the onset of pump activation, and values of both D and f,
were varied until the experimental data were well

Figure 9. Effects of varying the effective diffusion volume (V)
and diffusion coeflicient (D) in the model calculation

Mean [Na']; during 60 s pump activation was simulated against time
with D of 1, 107, 107> and 107 Dy, and f+, of 1 (top), 1/7 (middle)
and 1/35 (bottom).
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reconstructed. Values of [Na']; in each compartment were
different from each other, so that an algebraic mean of Na*
concentrations in all compartments was plotted against
time. The experimental [Na'], change was well simulated
with values of fy and D of 1/7 and 107" D,,,, respectively,
as shown in Fig.8C. In Fig. 9, the mean [Na']; during 60 s
pump activation was simulated with values of D of 1, 107"
1072 and 1072 Dy, and values of fy of 1, 1/7 and 1/35. It
was found that the magnitude of f5, largely determines the
time course of the [Na'], decrease, and D is responsible for
the extent of the [Na'], decrease within the simulation time.
It should be noted that the amplitude of whole-cell Iy,
(sum of Iy, x in all compartments) changed in parallel with
the mean [Na'], (data not shown). It should also be noted
that both the mean [Na']; and the pump current also hardly
decreased with a fy, of 1 in this diffusion model along the
x-axis.

Finally the model shown in Fig. 8C was tested to determine
whether it could be used to reconstruct other experimental
findings with values of fy and D of 1/7 and 107Dy,
respectively. Figure 104 shows a reconstructed whole-cell
I, x superimposed on a typical time-dependent decay of
Iy, x evoked by 5:4 mm K. The model also well simulated
general experimental findings. A summary of experimental
data obtained by changing the duration of activation of the
Na™K™ pump (Figs 5 and 7) is shown in Fig. 10B-D. The
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time integral of Iy, x over various durations of pump
activation obtained in twenty-seven experiments was well
reproduced in Fig. 10B. The continuous curves in Fig. 100
and D were obtained from the mean [Na"];. The experimental
changes in both the V., of Iy, and [Na']; were well
reproduced. According to the model, the saturation of V.,
is determined by the balance of the Na' supply from the
pipette and the Na' efflux through the pump.

The above simulations suggest that the 14% interactive
space results from a restricted diffusion space, which is
distributed throughout the entire cell volume. It was not
possible to clarify experimentally localization of the
restricted diffusion space, but intracellular organelles may
be in part responsible for the diffusion limitation.
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