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Summary

Kinetic analyses were made on intracellular Na'-dependent Ca?* uptake by
myocardial cells and neuroblastoma cells (N-18 strain) in culture. Cells loaded
with various concentrations of Na’ could be prepared by incubating them in
Ca?*-free medium containing various concentrations of Na*. Cells pre-loaded
with various concentrations of Na' were incubated in medium containing Ca**
and “5Ca. The resulting 4°Ca uptake by the two types of cell depended greatly
on the initial intracellular concentrations of Na*. Lineweaver-Burk plots of the
initial rate of Ca?* uptake against the external concentration of Ca’* fitted
well to straight lines obtained by linear regression (r > 0.95). This result shows
that Ca?* uptake by the two types of cell was achieved by a carrier-mediated
transport system. This Na‘-dependent Ca®* uptake was accompanied by Na'
release and the ratio of Na' release to Ca** uptake was close to 3: 1. A com-
parison of the kinetic data between myocardial cells and N-18 cells suggested
that N-18 cells possess a carrier showing the same properties as that of myo-
cardial cells, i.e.: (1) a similar dependency on the intracellular concentration of
Na"; (2) the coincidence of the apparent Michaelis constants for Ca?* (0.1
mM); (3) the similarities of the K, values for Co?*, Sr** and Mg** (Co?* <
Sr?* < Mg?**) and (4) a similar dependency on pH. However, the maximal ini-
tial rate, V, of N-18 cells was about 1/100 that of myocardial cells. The rate of
Na'-dependent Ca’* uptake by non-excitable cells was much lower than that by
myocardial cells.

Abbreviations: EGTA, ethylene glycol bis(S-aminoethyl ether)-N,N'-tetraacetic acid: Bes, 2-[bis2 hy-
droxyethyl)amino]ethanesulfonic acid.
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Introduction

Na*-Ca?* exchange is a transport system across the cell membrane which
includes both Ca?* efflux coupled with Na’ influx and Ca** influx coupled with
Na® efflux. Baker et al. [1,2] first demonstrated this Na*-Ca’* exchange mecha-
nism in crab nerve and squid axon. The existence of this Na*-Ca** exchange
mechanism in cardiac muscle was first demonstrated by Reuter and Seitz [3]
and Glitsch et al. [4]. They also suggested that the Na* gradient across the cell
membrane is a major energy source for Ca’* extrusion, and that an Na*-Ca®*
exchange system is important in determining the intracellular concentration of
free Ca?* [5]. These studies of Na*-Ca** exchange were performed by measure-
ments of mechanical responses [6,7] or tracer exchange [8,9] using intact mus-
cle preparations. However, studies on Na*-Ca?* exchange using intact heart
muscle have been complicated by the existence of an intricate extracellular
space and other tissues surrounding the myocardial cells, such as nerves and
blood vessels. In particular, with regard to measurement of the rate of Ca?*
influx, difficulties have been encountered in rapidly replacing and rapidly
washing out the external medium.

Single isolated myocardial cells obtained from mammalian or chicken heart
are known to beat spontaneously in culture [10—12]. Goshima et al. [13] have
reported that pre-incubation of myocardial cells in Ca?*-free medium contain-
ing a sufficient concentration of Na* causes an increase in the intracellular con-
centration of Na' in the cells, and that subsequent incubation in Ca**-contain-
ing medium causes excess uptake of Ca?* by the cells. These results suggest
that there is an Na*-Ca?* exchange system in cultured myocardial cells. Cul-
tured myocardial cells are separated anatomically and functionally from nerves,
connective tissue and blood vessels, and moreover they are in direct contact
with the extracellular medium. Therefore, their use should greatly simplify
studies on the direct effects of ions and on Na*-Ca?* exchange.

The purpose of the present work were: (1) to determine the effects of diva-
lent cations, pH and the intracellular concentration of Na* on kinetic proper-
ties of Na'-dependent Ca?* uptake; and (2) to determine whether Na*-depen-
dent Ca’* uptake also occurs in neuroblastoma cells (N-18 strain) and non-
excitable cells, and if so, whether the properties of the Na'-dependent Ca?* up-
take by non-myocardial cells, such as the affinities of various divalent cations
for the carrier and the pH dependency, are the same as those of myocardial
cells.

Materials and Methods

1. Reogents. Reagents were obtained from the following sources: fetal bo-
vine serum from Flow Laboratories; BES (one of the Good’s buffers) and
EGTA from Dojindo Co.; ouabain from Sigma Chemical Co.; **CaCl,, 3°SrCl,,
8CoCl, and ['*Clinulin from New England Nuclear; >*NaCl from Japan Radio-
isotope Association.

2. Culture of mouse heart cells, N-18 cells and other strain cells. Mouse heart
ventricles were removed from 13- to 17-day-old fetuses (ddY strain) and disso-
ciated into single isolated cells by trypsinization as described previously [14].
Cells were seeded into 35- or 60-mm diameter petri dishes (Falcon) at a den-
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sity of 2 - 105—4 - 106 cells per dish at 37°C in Eagle’s minimum essential me-
dium supplemented with 8% fetal bovine serum under a water-saturated atmo-
sphere of 5% CO, in air. On incubation for 10 h, the single heart cells became
attached to the surface of the petri dishes. Two different cell types, myocat-
dial cells and fibroblast-like cells, could be easily distinguished under a phase-
contrast microscope [10]. The ratio of myocardial cells to fibroblast-like cells
was 4 :1. About 80% of the single isolated myocardial cells beat spontane-
ously. All experiments were performed at 25 + 1°C on myocardial cells after
cultivation for 16—22 h.

Culture of the cells from mouse lung and skin was carried out similarly.

N-18 cells (a cell line from a mouse neuroblastoma) were kindly supplied by
Dr. T. Amano (Institute of Life Science, Mitsubishi-Kasei). N-18 cells were
maintained as monolayers in flasks (Falcon) containing culture medium consist-
ing of 92% Eagle’s minimum essential medium and 8% fetal bovine serum. The
cells were incubated at 37°C in a water-saturated atmosphere of 5% CO, in air.
Subculture was performed with 0.25% trypsin after the cultures had reached
confluence. For the experiment, cells were seeded into 35- or 60-mm diameter
petri dishes (Falcon) at a density of 4 - 105—1 - 105 cells per dish, and incu-
bated in 2—5 ml of culture medium. For all experiments, cells growing attached
to the surface of petri dishes were used after cultivation for 3—5 days. B-16
mouse melanoma cells, FL cells (derived from human amnion) and L cells
(derived from mouse connective tissue) were also cultured in a similar way.

3. Measurement of intracellular concentrations of Na* and K'. Myocardial
cells cultured in a petri dish were detached from the surface of the dish with
rubber policemen. After sedimentation, the cell pellet was suspended in 1 ml of
EGTA(Li)-medium * (see Table I) containing ['*C]methoxyinulin (0.15 uCi/ml =
5.6 kBq/ml) and unlabeled inulin (0.5 mg/ml). The cell suspension was trans-
ferred to a small tip. After centrifugation at 3000 rev./min for 5 min, the }*C
radioactivity in 20 ul of the supernatant was measured. Then the cell pellet was
transferred to a glass tube through the tip cut, and the wet weight of the pellet
was measured. Subsequently, the pellet was suspended in 1 ml of 0.1 M NaOH
and the total !*C radioactivity was measured. The extracellular space was calcu-
lated as the degree of dilution of the radioactivity in the supernatant to that in
the cell pellet. The extracellular space of the pellet of myocardial cells was esti-
mated to be 46 + 13% of the total wet weight (mean + S.D., n = 6). Myocardial
cells were also detached from another dish and after sedimentation the wet
weight and dry weight of the cell pellet were measured. The dry weight was
estimated to be 10% of the total wet weight. The intracellular water content of
the cells was then calculated as the wet weight minus the dry weight and the
weight of the extracellular space.

The wet weight of another sample of detached myocardial cells was mea-
sured, then the cells were suspended in 0.1 M NaOH and an aliquot was used
for measurement of the protein content by using the method of Lowry et al.
[15]. From the results it was estimated that 1 mg of protein was equivalent to
5.1 mg of intracellular water.

For measurement of the intracellular concentrations of Na" and K*, myocar-

* Composition: 140 mM LiCl, 0.1 mM EGTA and 10 mM Bes/Tris (pH 7.4).
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dial cells were seeded into a series of 60-mm petri dishes at a constant density
of 2 -10%—4 - 10° per dish. The cells in one dish were directly suspended in 3
ml] of 0.1 M NaOH and used for measurement of the protein content. The cells
in other dishes were incubated in EGTA (choline-Na) medium (for composi-
tions of reaction media, see Table I), containing various concentrations of Na®,
for 10 min. Subsequently, the cells were quickly washed four times with EGTA
(140 mM Li) medium at 4°C to remove the Na' and K" in the extracellular
medium, and then directly solubilized in 0.3 ml of HNO, solution. The Na" and
K" contents of the solution were measured using a flame photometer (Hitachi,
170-30 type) as described by McDonald and DeHaan [18]. Subsequently, the
intracellular concentrations of Na* and K" were first calculated as mmol per mg
of protein and then as mmol per kg of cell water by assuming that 1 mg protein
is equivalent to 5.1 mg of cell water. The intracellular concentrations of Na*
and K" of strain cells, such as N-18 cells, were determined in a similar way.

4. Measurement of *°Ca uptake. The rate of *°Ca uptake by cultured myo-
cardial cells or N-18 cells was measured as described previously [19,20]. The
culture medium was removed, and the cells were washed three times with
EGTA (choline-Na) medium and allowed to equilibrate with the same medium
for 10 min. Then the medium was rapidly replaced by 1—2 ml of various Ca**
media (Table I) supplemented with *3Ca (3 uCi/ml). Uptake of radioactivity
was determined by removing the radioactive medium after incubation for 5 s
to 5 min, and washing the cells four times with a total of 10 ml of washing
medium, consisting of 185 mM NaCl, 5 mM glucose, 1 mM CaCl, and 5 mM
phosphate buffer (pH 7.4). This washing procedure took 15 s and was suffi-
cient to remove the extracellular **Ca [19]. Almost all cells were adhering to
the bottom of the petri dish throughout the experiments. The washed cells
were suspended in 1 ml of 0.1 M NaOH and the radioactivity of an aliquot of
the NaOH solution was measured in a liquid scintillation spectrometer (Aloka).
Another aliquot of the NaOH solution was used for measurement of the pro-
tein content according to the method of Lowry et al. [15].

5. Measurement of *®Co uptake and %°Sr uptake. The cells were washed three
times with EGTA (choline-Na) medium and incubated in the same medium for
10 min. Then the medium was rapidly replaced by 1—2 ml of Co?* (choline)
medium or Sr?* (choline) medium supplemented with 58Co or 8°Sr. Uptake of
radioactivity was determined as described above for measurement of *°Ca up-
take, using a well-type gamma spectrometer.

6. Measurement of Na*-Ca** exchange. For measurement of 2*Na release
coupled with #°Ca uptake, the myocardial cells were incubated in EGTA (cho-
line-Na) medium containing 35 mM Na® and **Na (10 uCi/ml = 370 kBg/ml).
The intracellular **Na activity reached a steady-state level by incubation for
5 min. After incubation in the EGTA (choline-Na) medium for 10 min, the
medium was replaced by 1ml of a reaction medium containing 280 mM
sucrose, 5 mM Bes, 1 mM Ca** and **Ca (3 uCi/ml). After incubation in the
reaction medium for 0—2 min, the cells were washed four times with a total of
10 ml of washing solution consisting of 280 mM sucrose and 10 mM CoCl,.
This washing medium did not cause a significant loss of the intracellular 2*Na.
The values of *°Ca uptake obtained by this washing procedure were exactly the
same as those obtained by the washing procedure described in section 4. Radio-
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activity of #°Ca uptake was measured 1 week later after the *Na activity was
measured, because almost all radioactivity of **Na decayed 1 week later.

Results

Alteration of the intracellular concentration of Na* by incubation in Ca**-free
medium

For the results shown in Fig. 1, myocardial cells were incubated at 25°C in
EGTA (choline-Na) medium containing various concentrations of Na* for 10
min, and then their intracellular concentrations of Na' and K* were measured.
The intracellular concentration of Na' in myocardial cells increased with
increase in the concentration of Na* in the EGTA (choline-Na) medium. The
intracellular concentration of K' in the myocardial cells remained constant,
irrespective of the concentration of Na' in the EGTA (choline-Na) medium.
The increase in intracellular Na' concentration was not so marked in N-18 cells
as in myocardial cells on incubation in Ca**-free medium: even when N-18 cells
were incubated in EGTA (choline-140 mM Na') medium, the intracellular con-
centration of Na' increased to only 37 mM.

Thus, cells containing a suitable concentration of intracellular Na* could be
prepared by incubating the cells in EGTA (choline-Na) medium containing var-
ious concentrations of Na'. In myocardial cells it was possible to alter the
intracellular concentration of Na* over a wide range of about 0—140 mM, while
in N-18 cells it could be altered from 10 to 37 mM.

Effect of intracellular Na* concentration on Ca** uptake

The effect of the intracellular Na" concentration on Ca** uptake was exam-
ined. Fig. 2a shows the time course of Ca** uptake by myocardial cells in Ca*
(choline) medium containing 0.1 mM Ca?* and *5Ca. Ca®* uptake increased to

Nalpyy (o)

[Nal

)

Fig. 1. Effect of Na* concentration (abscissa) in EGTA (choline-Na) medium containing 0—140 mM Na*
on the intracellular concentrations of Na* (8) and K" (A) in myocardial cells, and of Na* (0) and K* ()
in N-18 cells. The cells were incubated in EGTA (choline-Na) medium for 10 min at 25°C. Points and bars
indicate means = S,D. of values in three experiments,
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Fig. 2. Effect of the intracellular concentration of Na* on Ca2* uptake by myocardial cells after pre-
incubation in Ca?*-free medium. My ocardial cells were pre-incubated in EGTA (choline-Na) medium con-
taining 0—140 mM Na* for 10 min and then incubated in Ca2* (choline) medium containing 45Ca and 0.1
mM free Ca2*, a and b represent the time course of Ca2* uptake and the initial rate of Ca2* uptake (in
the first 15 s), respectively. Symbols in a correspond with those in b. Points and bars in b indicate means
+ §.D. of values in three experiments,

Fig. 3. Effect of the intracellular concentration of Na* on Ca2* uptake by N-18 cells after pre-incubation
in Ca2*-free medium, N-18 cells were pre-incubated in EGTA (choline-Na) medium containing 0 (), 70
(A) or 140 mM Na* (X) for 10 min and then incubated in Ca2* (choline) medium containing 45Ca and
0.1 mM free Ca2*. a and b represent the time course of Ca2* uptake and the initial rate of Ca2* uptake
(in the first 15 s), respectively. Points and bars in b indicate means + S.D, of values in three experiments.

a saturation level with time, but was linear during the first 30 s. Thus, Ca** up-
take in the first 15 s is equivalent to the initial rate. Fig. 2a shows that Ca®*
uptake by myocardial cells increases with increase in the intracellular concen-
tration of Na’: when the initial rate of Ca?* uptake was plotted as a function of
the intracellular concentration of Na®, a hyperbolic saturation curve was ob-
tained as shown in Fig. 2b. The intracellular concentration of Na* for the half-
maximal initial rate was estimated to be about 25 mM from Fig. 2b.

The Ca?* uptake by N-18 cells was also markedly stimulated by an increase
in the intracellular concentration of Na’. This indicates the existence of intra-
cellular Na'-dependent Ca®* uptake by N-18 cells. We could not determine the
affinity for the intracellular concentration of Na® exactly because we could not
increase the intracellular concentration of Na' in N-18 cells to more than 37
mM, but the curve of the initial rate of Ca®* uptake showed a tendency toward
saturation with increase of the intracellular concentration of Na' to 25 mM or
more (Fig. 3).

Carrier-mediated Ca®* uptake

We examined the effect of the Ca?* concentration on the initial rate of Ca?*
uptake (Fig. 4). Lineweaver-Burk plots of the experimental data fitted well a
straight line obtained by linear regression (r = 0.979) and showed saturation
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Fig. 4. Lineweaver-Burk plots of the initial rate of Ca2* uptake (in the first 15 s) by myocardial cells
against the external concentration of Ca2*, The rate of Ca?* uptake was measured using myocardial cells
loaded with 37 mM Na', in the absence (®) and presence of 0.3 mM free Sr2* (), 1 mM free Mg2+ (2)
or 0.1 mM free Co2* (0). Straight lines were obtained by linear regression. Correlation coefficients (r)
from the data in the absence and presence of Sr2t, Mg2+ or Co2* were 0.979, 0.997, 0.996 and 0.997,
respectively.

kinetics. This result suggests that Ca?* uptake by myocardial cells is achieved
by a transport system involving a carrier. The apparent Michaelis constant (K,,)
and the maximal initial rate (V) were obtained from the x-(substrate)-axis inter-
cept and y-(velocity)-axis intercept on the Lineweaver-Burk plot, respectively.
The correlation coefficients (r) were 0.95 or more, on Lineweaver-Burk plots
of all experimental data examined in the present work.

Table II gives a list of the apparent Michaelis constants and maximal initial
rates. An increase in the intracellular concentration of Na' in myocardial cells
from 10 to 37 mM caused a significant increase in the maximal initial rate with-
out change of the apparent Michaelis constant. On the other hand, in the range
of intracellular concentrations of Na“ of 37—136 mM, the maximal initial rate
of Ca?* uptake became saturated. These results suggest that an increase in the
intracellular concentration of Na' can induce more carriers to bind external
Ca?* and to move from outside to inside, instead of changing the affinity of
Ca?* for the carrier at the outer surface of the membrane.

-Table II also shows that the K, values of myocardial cells and N-18 cells at
the same intracellular concentration of Na*, 37 mM, are almost equal. This sug-
gests that N-18 cells possess a carrier with the same affinity for extracellular
Ca’* as that of myocardial cells. But the maximal initial rate, V, of N-18 cells
was about 1/100 of that of myocardial cells.

Ca?* uptake was markedly inhibited by divalent cations such as Co**, Sr** or
Mg?*. Fig. 4 shows that these divalent cations competitively inhibit Ca%* up-
take by myocardial cells. We also observed that Ca** uptake by N-18 cells was
competitively inhibited by these divalent cations (data not shown). We also



166

TABLE 11

Km AND V VALUES FOR Ca?* UPTAKE BY MYOCARDIAL CELLS AND N-18 CELLS AT VARIOUS
INTRACELLULAR Na* CONCENTRATIONS

Values are means * S.D, for three to five independent experiments.

[Na+]im Myocardial cells N-18 cells
(mM)
Km 1% Km v
(mM) (nmol/mg per min) (mM) (nmol/mg per min)
10 012t 0.01 13+ 14 — bt
17 0.10 £ 0.04 28+ 1.2 — -
35 0.09 * 0.05 80 +17.3 - —
37 0.11 + 0.02 77+ 4.0 0.09 + 0.02 0.6 £0.2
65 0.09 + 0.02 103+ 5.3 — —
136 0.11 * 0.02 100 +13.1 — —

examined the effect of monovalent cations such as Na*, K* and Li* on Ca?*
uptake by myocardial cells and observed that Na® competitively inhibited Ca?*
uptake, while K* and Li" had no effect (data not shown).

Table III gives a list of the dissociation constants, K;, of various cations. A
change in the intracellular concentration of Na' from 37 to 65 mM did not
affect these K; values. The K; values of these cations increased in the following
order: Co?* < Sr?* < Mg?*. The K, value for extracellular Na* was estimated
to be 30 mM, as shown in Table II1. This value was almost equivalent to K, for
intracellular Na* (25 mM). This result suggests that the affinity for Na* is equal
on both sides of the membrane. When N-18 cells were pre-loaded with the same
concentration of Na" (837 mM) as myocardial cells, the K; values of these
cations roughly agreed with those for myocardial cells (Table III). This coinci-
dence indicates that N-18 cells possess a carrier showing the same affinity for
these cations as the carrier of myocardial cells. Next, we examined whether
Sr** and Co?* are taken up by the cells in the same way as Ca?*. Uptake of Sr**
was accelerated when the cells were pre-loaded with 65 mM Na®, but not with
zero Na'. On the other hand, accelerated uptake of Co?* was not observed even
when the cells were pre-loaded with 65 mM Na'. A Lineweaver-Burk plot of

TABLE 111
K; VALUES FOR INHIBITION OF Ca2* UPTAKE BY MYOCARDIAL CELLS AND N-18 CELLS

Values are means + S.D. for three to five independent experiments.

(Na*ling Cation K; (mM)
(mM)
Myocardial cells N-18 cells
37 Mgt 5.0 (+0.7) - 1071 8.2 (£0.3) - 107!
Sr2+ 1.7 (+0.3) - 107} 2.3 (+1.7) - 107}
Co?t 1.4 (20.3) - 1072 3.0 (+1.3) - 1072
65 Mgt 7.7 (¢2.1) - 107! —
srit 2.2 (0.6) - 107} -
Co?* 2.1 (+0.2) - 1072 -

Na 30 (39.0)
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Sr’* uptake showed that the uptake of Sr** by myocardial cells was also
achieved by a carrier-mediated transport system and K,, was estimated to be
0.18 mM (data not shown). The K, value of Sr?* uptake was equivalent to K,
for inhibition of Ca?* uptake. This result shows that Sr?* is also a substrate of
the carrier for Ca?*.

Effect of pH on Ca** uptake

For the results in Fig. 5, myocardial cells and N-18 cells were pre-incubated
at pH 7.4 in EGTA (choline-Na) medium containing 38 and 140 mM Na’,
respectively, and then washed twice with EGTA medium containing no Na* at
various pH values for a total period of 15 s, and transferred to Ca?* (choline)
medium containing *°Ca. The pH value of the Ca?* (choline) medium was
adjusted with HCl, LiOH and Tris instead of NaOH, because Na® inhibits Ca?*
uptake, but Li* and Tris have no effect on Ca** uptake.

Fig. 5 shows the effect of pH on Ca?* uptake by myocardial cells and N-18
cells. The curves are sigmoidal, not bell-shaped. In the pH range 5.5—8.0, the
rate of Ca?* uptake by both myocardial cells and N-18 cells increased with
increase in the pH value. A Lineweaver-Burk plot of the effect of H" on Ca?*
uptake showed that the apparent Michaelis constant increased with decrease in
the pH value, but the maximal initial rate was constant in the pH range 6.0—8.0
which was examined (data not shown). This result shows that H" competitively
inhibits Ca?* uptake. The negative logarithm of the dissociation constants
for H', pKy, of myocardial cells and N-18 cells were determined to be 6.3-6.5.

Intracellular Na*-dependent Ca** uptake by non-excitable cells

As described above, intracellular Na*-dependent Ca?* uptake was observed
with the excitable cells, myocardial cells and neuroblastoma cells in culture.
Next, we examined whether the non-excitable cells (strain cells B-16, FL and L

50t (a) O.SL (®)
=
=18 af
; g
= —
£ 30t 0.3¢
g
<
= 20F 0.2}F
S
3
w
°lor 0.1{
=
&
0 A F N —_l 1 ) 0 F I N SN T N i1
4 5 6 7 8 9 1011 4 5 6 7 8 9 10 1

PH

Fig. 5. Effect of pH on the rate of Ca2+ uptake (in the first 15 s) by myocardial cells (a) and N-18 cells
(b). Experiments were carried out using the cells loaded with 37 mM Na*in Ca2t (choline) medium con-
taining 45Ca and 0.1 mM Ca2* at various pH values. Ca2* (choline) medium was buffered with 10 mM
Bes (®) or 10 mM Tris (O).
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TABLE IV

EFFECT OF INTRACELLULAR CONCENTRATION OF Na' ON THE RATE OF Ca?* UPTAKE BY
NON-EXCITABLE CELLS

Values are means t S.D. for three independent experiments. n.d., not detectable.

Cells Treatment [Na'l; Rate of Ca?* uptake
(mM) (nmol/mg per min)

Mouse heart no addition 20t 4 1.6 t0.2
1073 M ouabain 122+ 3 197 $0.4

B-16 no addition 19+ 2 0.24 + 0.02
1073 M ouabain 85+ 2 0.53 + 0.06

FL no addition 5+ 2 0.15 * 0.01
1076 M ouabain 130+ 1 0.13+0.01

L no addition 14+1 0.32 * 0.06
1073M ouabain 127+ 2 0.36 £ 0.02

Lung EGTA (choline-0 mM Na+) medium n.d. 0.46 * 0.01
EGTA (choline-140 mM Na') medium 69+ 8 3.06 + 0.03

Skin EGTA (choline-0 mM Na+) medium 8+6 0.64 * 0.056
EGTA (choline-140 mM Na*) medium 6714 2.08 + 0.42

cells, primary cultured cells from mouse lung and skin) also show intracellular
Na’-dependent Ca** uptake. In contrast to myocardial cells and N-18 cells, the
intracellular concentration of Na' in strain cells could not be increased by incu-
bating the cells in Ca?*-free medium. Therefore, we enhanced the intracellular
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Fig. 6. Simultaneous measurements of the time courses of 24Na release and 45Ca uptake by myocardial
cells. The experiment was carried out as described in Materials and Methods. 24 Na release (®) and 45Ca
uptake (&) were simultaneously measured. For measurement of Ca?*-dependent 24 Na release (©), the cells
were loaded with 35 mM Na* and 24Na, and then incubated in the medium containing 280 mM sucrose
and 1 mM Co2*, instead of Ca2*, For measurement of Na*-independent 45Ca uptake (o), the cells were
loaded with no Na*, and then incubated in medium containing 280 mM sucrose, 1 mM Ca2* and 45Ca.
Points and bars indicate means + S.D. of values in three experiments.
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concentration of Na” in these cells by adding ouabain, an inhibitor of the Na*
pump. As shown in Table IV, the intracellular concentration of Na' in B-16
cells, L cells and FL cells increased on incubation for 10—12 h at 37°C in the
presence of 1073, 107 and 107® M ouabain, respectively. Then the medium
was replaced by medium containing *°Ca and the rate of *Ca uptake was mea-
sured. The intracellular concentration of Na’ in the cells from lung and skin
could be enhanced by incubation in EGTA (choline-140 mM Na*) medium for
10 min. Except for FL and L cells, we observed a slight activation of Ca?* up-
take by an increase in the intracellular concentration of Na® (Table IV). K,
values for the cells from lung and skin were 0.1—0.2 mM and roughly agreed
with that on myocardial cells. The rate of Ca®>* uptake, however, by these five
types of cell was much slower than that by myocardial cells.

Na*-Ca** exchange

When myocardial cells loaded with **Na were transferred to a medium con-
taining 280 mM sucrose and 1 mM Co?*, only a slow release of **Na was ob-
served (Fig. 6). On the other hand, when the cells loaded with **Na were trans-
ferred to medium containing 280 mM sucrose and 1 mM Ca?*, instead of Co?*,
rapid release of **Na was observed (Fig. 6). In the experiment shown in Fig. 6,
45Ca uptake by the cells was simultaneously measured. The initial rates of Ca**-
dependent Na® release and Na'-dependent Ca?* uptake were 44.0 and 14.0
nmol/mg per 15 s, respectively. That is, this transport system mediated the
exchange of three Na* for one Ca®*.

Discussion

In this work, we showed that the initial rate of the resulting *°Ca uptake
increased with increase in the Na* concentration in the pre-incubation medium.
There seem to be two possible explanations for the increase in Ca?* uptake.
(1) When the cells were incubated in Ca?*-free medium, the membrane became
more permeable to ions such as Na' and Ca?*. Therefore, subsequent incuba-
tion in medium containing Ca®* caused excess uptake of Ca®* by the cells. But
this possibility was excluded by the following observation. As described pre-
viously [13], even when the cells were incubated in Ca?*-free medium contain-
ing no Na’, the cell membrane became leaky, and significant K* loss occurred
(see Fig. 1), but subsequent incubation in medium containing Ca?* did not
cause excess uptake of Ca’* by the cells. (2) The increase in Ca** uptake was
achieved by enhancement of an Na*-Ca’* exchange system of the cells. The
present work and previous results support this mechanism.

An increase in the intracellular concentration of Na* markedly activated Ca?*
uptake. Particularly, at concentrations of 0—30 mM Na’, the rate of Ca?* up-
take by myocardial cells increased in proportion to increase in the intracellular
concentration of Na’. This means that a slight increase (1—2 mM) in the intra-
cellular Na’ concentration from the physiological concentration (20 mM in the
case of cultured myocardial cells) causes an appreciable increase in Ca?* uptake
by the cells. It is clear that what is measured in the present work is that almost
all Ca®* is transported across the cell membrane on account of the following
observation. The radioactivity of *Ca at 0 min extrapolated from the time



170

course of Ca** uptake significantly increased when it was measured by washing
with a solution containing no Ca?* and no EGTA [21]. On the contrary, the
value at 0 min was reduced to zero level by the washing procedure with a solu-
tion containing 1 mM Ca?* used in this work. This shows that **Ca bound to
the cell surface is effectively eliminated by substitution of the extracellular
Ca?* for *Ca bound. But, this result does not mean that most of the Ca®* trans-
ported during the first 15 s remains in the free ionic form for a long time.
Probably, during the first 15 s of Ca?* uptake, considerable Ca?* must be
sequestrated by cellular organelles such as mitochondria and sarcoplasmic retic-
ulum. But, we observed that the excess uptake of Ca?* through Na*-Ca®*
exchange caused the full contraction of myofibrils when the rate was 10 nmol/
mg per min or more [13]. This suggested that the intracellular concentration of
free Ca?* in the cytoplasm was enhanced by the excess uptake of Ca?*.

Ca®* uptake was strongly inhibited at a low pH (Fig. 5). Another experiment
showed that a low pH reduced .the affinity of the carrier for Ca®*, without
changing the maximal initial rate. These results suggest that some structure near
the Ca?*-binding site on the carrier molecule contains residues that dissociate
protons. Tanford [22] gave the following typical values for the pK, values of
several amino acid side chains in proteins: COO~, 4.7; histidine (imidazole),
6.5;.a-NH,, 7.8; phenolic OH, 9.95; e-NH,, 10.2; guanidyl, greater than 12, We
cannot determine exactly which residues of the carrier are concerned with Ca?*
uptake, but carboxyl or imidazole groups are likely candidates for residues near
the Ca?* binding site because the dissociation constant, pKy for H', was deter-
mined to be 6.3—6.5 (see Fig. 5).

Recently, using sarcolemmal vesicles from dog ventricle, Pitts [23] reported
that the stoichiometry of Na*-Ca?* exchange is three Na' for one Ca?*. Our
data also showed using intact heart cells that the stoichiometry of Na*-Ca?*
exhange is three Na’ for one Ca?*. This result is in agreement with the model of
electrogenic Na*-Ca?* exchange proposed by several authors {24—26], if this
system does not transport another ion, such as H*. On the basis of the model of
electrogenic Na*-Ca?* exchange, the chemical reaction at equilibrium can be
written as follows:

3
[Calexe _ Nalew: . 0 5 pipT)

[Ca]int [Na] iant

where E,,, F, R and T are the membrane potential, the Faraday constant, the
universal gas constant and temperature, respectively [26]. [Cal;,. is calculated
to be of the order of 107—10"7 M when the values [Nal;;¢, [Nalex:, [Calex:
and E,, are estimated to be 20 mM, 140 mM, 1.8 mM and —50 mV, respec-
tively. Thus, one can see that such a voltage-dependent model would suffi-
ciently reduce the internal concentration of Ca**. However, at present, the
exact value of [Cal;,, cannot be determined. So, we cannot deny the existence
of an ATP-dependent Ca’*-pump system in the sarcolemmal membrane which
was recently reported [27]. It is likely that the ATP-dependent Ca®* pump can
reduce [Cal;,; to a lower value, 1077 M or less.

Next, the kinetic data obtained for myocardial cells should be compared
with those for neuroblastoma N-18 cells: (1) Ca?* uptake by both myocardial
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cells and N-18 cells had a similar dependency on the intracellular concentration
of Na’, at least at concentrations of 10—37 mM Na® (Figs. 2 and 3); (2) the
apparent Michaelis constants for Ca?* of the two types of cell were almost
equal; (3) the K; values for Co%*, Mg?* and Sr?* of the two cell species were
very similar; (4) Ca?* uptake by the two cell species had a similar dependency
on pH. These results suggest that N-18 cells possess a carrier showing the same
properties as that of myocardial cells. But the maximal initial rate of Ca?* up-
take by N-18 cells was very much lower than that by myocardial cells. A possi-
ble explanation for the low maximal initial rate of Ca** uptake by N-18 cells is
that the density of the carrier on N-18 cells is very much less than that on myo-
cardial cells. Another possible explanation is that the velocity of movement of
the carrier across the membranes is very much less in N-18 cells than in myocar-
dial cells. We also observed that there is no Na*-Ca?* exchange system in the
non-excitable cells which were examined, or that even if this system exists, the
activity is much lower than that of myocardial cells (see Table IV). It would be
of value to determine why only myocardial cells have a high activity of Na*-Ca?*
exchange because we can understand, in part, the physiological meaning of
Na*-Ca?* exchange.

In myocardial cells, extracellular Ca?* flows across the cell membrane into
the cytoplasm during excitation and contraction [28,29]. Thus, under physio-
logical conditions, the movement of Ca2?* across the cell membrane is very
active in myocardial cells, but not in non-myocardial cells. The high activity of
Na*-Ca?* exchange in myocardial cells would be indispensable to physiological
function in which the internal concentration of Ca’* at rest is kept low by
rapid extrusion of Ca?* from the cytoplasm after excitation and contraction.
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