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Intracellular and Extracellular Concentrations of Na* Modulate Mg?*
Transport in Rat Ventricular Myocytes

Michiko Tashiro, Pulat Tursun, and Masato Konishi
Department of Physiology, Tokyo Medical University, Tokyo 160-8402, Japan

ABSTRACT Apparent free cytoplasmic concentrations of Mg®* ([Mg®*]) and Na* ([Na*]) were estimated in rat ventricular
myocytes using fluorescent indicators, furaptra (mag-fura-2) for Mg®* and sodium-binding benzofuran isophthalate for Na*, at
25°C in Ca®"-free conditions. Analysis included corrections for the influence of Na* on furaptra fluorescence found in vitro and
in vivo. The myocytes were loaded with Mg®" in a solution containing 24 mM Mg®* either in the presence of 106 mM Na™* plus
1 mM ouabain (Na™ loading) or in the presence of only 1.6 mM Na™ to deplete the cells of Na™ (Na™ depletion). The initial rate
of decrease in [Mg®*];, from the Mg?"-loaded cells was estimated in the presence of 140 mM Na™ and 1 mM Mg?* as an index
of the rate of extracellular Na*-dependent Mg®" efflux. Average [Na'];,, when estimated from sodium-binding benzofuran
isophthalate fluorescence in separate experiments, increased from 12 to 31 mM and 47 mM after Na* loading for 1 and 3 h,
respectively, and decreased to ~0 mM after 3 h of Na™ depletion. The intracellular Na™ loading significantly reduced the initial
rate of decrease in [Mg®*];, on average, by 40% at 1 h and by 64% at 3 h, suggesting that the Mg®" efflux was inhibited by
intracellular Na* with 50% inhibition at ~40 mM. A reduction of the rate of Mg?* efflux was also observed when Na* was
introduced into the cells through the amphotericin B-perforated cell membrane (perforated patch-clamp technique) via a patch
pipette that contained 130 mM Na™. When the cells were heavily loaded with Na™ with ouabain in combination with intracellular
perfusion from the patch pipette containing 130 mM Na™, removal of extracellular Na* caused an increase in [Mg®'];, albeit at a
very limited rate, which could be interpreted as reversal of the Mg?* transport, i.e., Mg?* influx driven by reversed Na™ gradient.
Extracellular Na* dependence of the rate of Mg®" efflux revealed that the Mg®* efflux was activated by extracellular Na* with
half-maximal activation at 55 mM. These results contribute to a quantitative characterization of the Na*-Mg®* exchange in

cardiac myocytes.

INTRODUCTION

Cytoplasmic free [Mg>*] ([Mg”*].) significantly influences
numerous functions in muscle cells including enzymatic activ-
ities (e.g., ATPases), K and Ca®" channels (1,2), excitation-
contraction coupling (3), Ca>" sensitivity of myofilaments (4),
and Ca’*”" binding to intracellular sites (5,6). In cardiac
myocytes, [Mg®"]. is maintained within the 0.8—1.0-mM
range (7,8). [Mg? "], is thought to be regulated by the balance
between passive influx driven by the electrochemical gradient
and active extrusion. Because a major part of the active Mg>*
extrusion appears to require extracellular Na* in cardiac
myocytes (9—11), as well as in other cells, Na*-Mg*" ex-
change (i.e., Mg*" efflux coupled with Na™ influx) has been
postulated as the major Mg>* extrusion pathway (12-14).
However, the properties of the transport have not been com-
pletely characterized.

We have previously described modulation of Na™-depen-
dent Mg?* efflux in rat ventricular myocytes by cytoplasmic
and extracellular Mg> " concentration ([Mg?*]. and [Mg*"1,,
respectively). The efflux is activated by a slight elevation of
[Mg”]C above the basal level (~0.9 mM) with half-maximal
activation at 1.9 mM [Mg”*]., whereas it is inhibited by high
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[Mg”]O with 50% inhibition at ~10 mM (8). This study
focuses on the modulation of Mg>" efflux by cytoplasmic
and extracellular concentrations of Na™ ([Na™]. and [Na*],,
respectively). The technique relies on fluorescent indicators
for Mg”* (furaptra) and Na™ (sodium-binding benzofuran
isophthalate (SBFI)). The Mg>" efflux rate was estimated in
cells depleted of intracellular Na* by extracellular perfusion
with an essentially Na™-free solution, and in cells that had
been loaded with Na™ by application of ouabain. In some
experiments, [Na™"]. was directly manipulated by intracellu-
lar perfusion from a patch pipette through amphotericin
B-perforated cell membrane (perforated patch-clamp tech-
nique). We also explored the possibility that a reversed Na™
gradient could drive Mg*" influx.

Some of the results have appeared in abstract form (15).

METHODS
General

The experimental techniques used in this study, as well as the setup have
been described previously (8,16). Briefly, single ventricular myocytes
enzymatically isolated from male rat hearts (Wistar, 9-12 weeks) were
placed in a superfusion bath on the stage of an inverted microscope (TE300;
Nikon, Tokyo, Japan) and superfused with normal Tyrode’s solution
composed of (in millimolar): 135 NaCl, 5.4 KCI, 1.0 CaCl,, 1.0 MgCl,, 0.33
NaH,POy, 5.0 glucose, and 10 HEPES (pH 7.40 at 25°C by NaOH). After
the background fluorescence (cell autofluorescence plus instrumental stray
fluorescence) was measured, the cells were incubated at room temperature
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with either 5 uM furaptra AM for 13—15 min or 20 uM SBFI AM plus
0.02% pluronic for 2 h. The AM ester of the indicator was then washed out
with Ca-free Tyrode’s solution (which contained 0.1 mM K,EGTA in place
of the 1.0 mM CaCl, of normal Tyrode’s solution; Table 1), and subsequent
measurements of the indicator fluorescence were carried out at 25°C in
Ca®"-free conditions. Use of Ca*"-free solutions should help minimize any
potential interference in furaptra’s fluorescence signal by changes in
cytoplasmic [Ca“] ([Ca”]c). Fluorescence intensity at 500 nm was
measured from single cells with illumination wavelengths of 350 and 382
nm for furaptra, and 340 and 382 nm for SBFI. At each illumination
wavelength, the background fluorescence was subtracted from the total
fluorescence measured after the indicator loading to give indicator fluo-
rescence intensity at each wavelength, and thereby the ratio of the indicator
fluorescence intensities (R). For the perforated patch-clamp experiments
with furaptra (see below), in which the background fluorescence was not
measured from the same cells, intensities of the background fluorescence
were measured without indicator loading from 3 to 5 myocytes with a size
(Iength X width) similar to that used for the experiments, and the average
value at each excitation wavelength was subtracted from the total fluo-
rescence to give indicator fluorescence intensity (8). Note that small cell-to-
cell variation of the autofluorescence should have little influence on the
estimated [Mg“]i, because cell autofluorescence typically represents only
a few percent of furaptra fluorescence.

Calibration of furaptra signals

The ratio of furaptra fluorescence intensities excited at 382 nm (a Mg>*-
sensitive wavelength) and 350 nm (an isosbestic wavelength) was used as
a MgH—related signal [furaptra R = F(382)/F(350)]. With identical optical
conditions, a slow rise of furaptra R was observed during the course of this
study, which was conducted over a 20-month period. This was likely due to
aging of the lamp and other optical components. To correct for the slow drift,
we occasionally (typically once a week) measured R under standard condi-
tions. For this standard, we used 50 uM furaptra in a Ca>*-Mg* " -free buffer
solution (140 mM KCl, 10 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mM
PIPES, pH 7.1); thin-wall quartz capillaries (internal diameter ~50 wm) that
contained the indicator solution were placed in the superfusion bath and R was
measured. All R values measured from cells were normalized to the standard

R, and the normalized R was converted to [Mg>"]; according to the equation:
R — R,
M 2+ =K min 1
[ g ], DRm;\x _R7 ( )

where R, and R, are the normalized R values at zero [Mg“]i and
saturating [Mg*"];, respectively, and Kp is the dissociation constant. We
used the parameter values previously estimated in rat ventricular myocytes at
25°C: Rpin = 0.969, R = 0.223, and Kp = 5.30 mM (17). The method
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depends on construction of a calibration curve in the cells treated with ion-
ophores (ionomycin, monensin, nigericin, and valinomycin), in which Mg?*
is thought to be distributed uniformly throughout the cytoplasm and
intracellular organelles. In intact myocytes, on the other hand, ~22% of
furaptra molecules in the myocytes are localized in intracellular organelles
(primarily mitochondria) after AM loading, and the apparent [Mg "] in the
organelles appears to be maintained within the 0.6-0.7 mM range irre-
spective of [Mg“]C between 0.8 and 4.0 mM (8). Thus, [Mg”]i (i.e., apparent
cytoplasmic [Mg?*]) estimated as the spatially averaged Mg?* concentra-
tion from the entire cell volume may not reflect [Mg”]e only. Possible
errors associated with compartmentation of furaptra are considered below.

Calibration of SBFI signals

The ratio of SBFI fluorescence intensities excited at 382 nm [F(382)] and
340 nm [SBFI R = F(382)/(340)] was corrected for the slow instrumental
drift by normalization to a standard R, as described above for furaptra. As the
standard for SBFI R, we used quartz capillaries (see above) containing
50 uM fura-2 dissolved in the Ca**-Mg* " -free buffer solution. All measured
values of R from the cells were normalized to the standard R, which was then
converted to [Na™; with an equation analogous to Eq. 1, as described in the
next paragraph.

Fig. 1 illustrates intracellular calibration of SBFI fluorescence in terms of
[Na™*]; in solutions with a composition similar to that described by Harrison
et al. (1992): 0-130 mM NaCl plus 130-0 mM KCI (Na* and K* were
varied reciprocally), 10 mM K,EGTA, 5 mM glucose, 1 mM ouabain, 1 mg/
1 gramicidin D, and 5 mM HEPES (pH 7.1 by KOH). Gramicidin D was
included to permeabilize the cell membrane to small cations (18). When
[Na*], was reduced from 140 mM (Ca®*-free Tyrode’s solution) to 0 mM
and then increased stepwise to 100 mM (Fig. 1 A), F(382) of SBFI increased
and then decreased stepwise, respectively, as expected for corresponding
increases then decreases in [Na']. On the other hand, F(340) stayed
relatively constant (Fig. 1 A) irrespective of [Na™], between 0 and 140 mM.
This observation is in agreement with the finding by Donoso et al. (19), and
suggests that 340 nm is very close to an isosbestic wavelength of intracel-
lular SBFI for Na*. The nearly constant F(340) at different [Na*]; justified
the use of a simple equation of the same form as Eq. 1 for calibration of the
SBFI R signal. The relation between [Na*]; and SBFI R was obtained under
the assumption that, in the presence of gramicidin D in the divalent cation-
free solutions, [Na ™ ]; reached the same level as [Na™], (Fig. 1 B). These data
were least-squares fitted using a theoretical 1:1 binding curve with the same
form as Eq. 1. The calibration curve and parameter values thus obtained are
shown in Fig. 1 B.

Although a significant fraction of SBFI molecules (e.g., ~50% (19))
loaded into cardiac myocytes is likely localized inside intracellular organ-
elles, the intracellular calibration curve should still be valid for estimation of
[Na™]., unless distribution of SBFI and Na™ was affected by gramicidin D.

TABLE 1 Pipette and extracellular solutions

Pipette solutions (mM) KMs NaMs KCl NaCl CaMs, MgMs, MOPS [Na*] [K*]
145 K/0 Na 130 0 10 0 1.0 1.0 10 0 145
130 Na/15 K 13 117 1 9 1.0 1.0 10 130 15
Extracellular solutions (mM) NaCl KCl1 NMDG MgCl, MgMs, K,EGTA NaH,PO, HEPES Glucose Ouabain
Ca-free Tyrode’s 135 5.4 0 1.0 0 0.1 0.33 10 5 0
NMDG Tyrode’s 0 54 135 1.0 0 0.1 0.33 10 5 0
Na-loading 101 54 0 17.9 6.0 0.1 0.33 10 5 1.0
Na-depleting 0 54 101 17.9 6.0 0.1 0.33 10 5 0

The pH of the pipette solutions was adjusted to 7.15 with either 5 mM KOH (for 145 K/O Na) or 4.5 mM NaOH plus 0.5 mM KOH (for 130 Na/15 K).
The right-most two columns for pipette solutions give final concentrations of Na* and K. The pH of the extracellular solutions was adjusted to 7.40 with
5 mM NaOH (for Ca-free Tyrode’s solution and Na-loading solution) or 130 mM HCI (for NMDG Tyrode’s solution) or 97 mM HCI plus 1.3 mM NaOH
(for Na-depleting solution). Final Na* concentrations were 140 mM (Ca-free Tyrodes’s solution), 0.33 mM (NMDG Tyrode’s solution), 106 mM
(Na-loading solution), and 1.6 mM (Na-depleting solution). Note that all extracellular solutions shown here are essentially free of Ca”*.
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FIGURE 1 Intracellular calibration of SBFI
fluorescence. (A) Fluorescence signals at 340-
nm excitation (@) and 382 nm (O) were first
measured in Ca-free Tyrode’s solution and
during the subsequent calibration runs in which
extracellular Na* concentration was sequen-
tially changed as indicated at the top (in mM) in
the presence of 1 mg/l gramicidin D. Each data
point represents mean * SE of 13 cells. (B) The
relationship between [Na*] and SBFI R (nor-
malized to the standard R; during the course of
these measurements, the normalization factor
was 0.295) obtained in the calibration runs is
shown in panel A. Data points are means * SE
of the 13 calibration runs. A solid line indicates
the least-squares fit to the pooled data by a the-
oretical 1:1 binding curve (cf. Eq. 1) with pa-
rameters shown in the panel.
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Against the latter possibility, gramicidin D likely permeabilizes the cell
membrane, but not the membranes of intracellular organelles (19,20). In
the following analysis, we therefore assumed that [Na™]; (i.e., apparent cy-
toplasmic [Na™] measured in this study as the spatially averaged Na* con-
centration in the entire cell volume) closely reflected [Na™].. Our estimates of
[Na*), averaged ~12 mM in the Ca®*-free Tyrode’s solution (see below).

Perforated patch clamp

In some experiments, the perforated patch clamp was performed as de-
scribed previously (16). Briefly, the glass pipette (resistance 4-6 M() when
filled with the pipette solution) was first dipped into the pipette solution
(Table 1), and then backfilled with the same solution containing 600 ug/ml
amphotericin B. The pipette solution contained 145 mM monovalent cations
(INa*] + [K™]), 1 mM Ca**, and 1 mM Mg>" (Table 1); Ca>* was in-
cluded to detect spontaneous rupture of the patch membrane. After a GQ)
seal was formed, cell membrane perforation was monitored by observation
of the capacitive currents in response to voltage pulses (=10 mV from the
holding potential of —80 mV) delivered at 20 Hz from an Axopatch 200B
amplifier (Axon Instruments, Foster City, CA). We generally started
fluorescence measurements when the series resistance dropped to <30 M().
The series resistance during the period analyzed for the initial rate of
decrease in [Mg“]i was, on average, 25.0 = 1.6 MQ) (mean * SE; n = 18).
The average voltage error (calculated as the holding current times series
resistance) was —5.4 * 1.6 mV (range between —2.5 and —7.5 mV). Cell
capacitance varied between 101 and 130 pF. All voltage data presented in
this study have been corrected for a liquid junction potential of —10 mV, as
liquid junction potentials between —8 and —12 mV were found between the
pipette solution and various bath solutions (Table 1).

Solutions and experimental procedure

The extracellular solutions for superfusion of the myocytes were designed to
maintain the K-Cl product ([K "] X [C17]) and osmolality constant (Table 1).
For observation of Mg?" efflux, the myocytes were first loaded with Mg?*
by incubation in a solution of high Mg?* concentration for ~3 h. The two
solutions for Mg”" loading both contained 24 mM Mg>* (Na-loading solu-
tion and Na-depleting solution; Table 1) but different Na* concentrations.

40

60 80 100

[Na*] (mM)

The Na-loading solution contained a relatively high Na™ concentration (106
mM) plus 1 mM ouabain; the Na-depleting solution contained 1.6 mM Na™,
achieved by replacement of NaCl with NMDG-CI (N-methyl-p-glucamine
titrated by HCI). After [Mg?*]; was significantly elevated above the resting
level with concomitant Na* loading or Na* depletion, Mg?" efflux was
induced by changing the extracellular solution back to the standard Ca-free
Tyrode’s solution, which contained 1 mM Mg>" and 140 mM Na* (Table
1). The initial rate of change in [Mg”*]; (initial A[Mg?*1;/Ar) was analyzed
as an index of the rate of Mg®" efflux. The initial A[Mg®*]/Ar was
estimated by linear regression of data points spanning 180 s (60240 s after
solution exchange; solid lines in Figs. 4, 5, 6, and 8). Because our previous
work showed that the initial A[Mg>* ];/At values depend strongly on [Mg” " J;
levels, comparisons of the initial A[Mg“]i/At values were made at com-
parable initial [MgH]i (defined as [Mg“]i at the first point of the fitted line).

When the initial A[Mg2+]i/At was estimated at various [Na*],, NaCl of
the Ca-free Tyrode’s solution was isosmotically replaced by NMDG-CI. In
practice, this was done by mixture of the Ca-free Tyrode’s solution that
contained 140 mM Na® and NMDG-Tyrode’s solution that contained
0.33 mM Na* (Table 1) at the appropriate volume ratio.

Calculation of total cytoplasmic Mg concentration

To obtain quantitative information on Mg?" flux across the cell membrane,
we used the calculation method developed by Tursun et al. (8) to estimate
total cytoplasmic Mg concentration ([Mg]). Because, on average, 78% of
furaptra molecules are localized in the cytoplasm with the rest being
localized in organelles, the measured values of [Mg”]i were first corrected
for [Mg?*] in the organelles to calculate [Mg>"]., as previously described
(8). Under the assumption that the fluorescence R measured in intact
myocytes (R;) could be expressed as the linear combination of R in the
cytoplasm (R.) and residual R in the organelles (R,), the value of R. could be
calculated with the R, value set to 0.8875, which corresponded to 0.65 mM
[Mg”] (the median value of the 0.6-0.7-mM range):

R. = (R, — 0.22 X R,)/0.78.

[Mg“]C was then calculated with Eq. 1 as described in Methods.
The model then utilized concentration and dissociation constant values
for metals (Ca’", Mg“, Na*, and K*) of known cytoplasmic Mngr

@
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buffers, as listed in Table 3 of Tursun et al. (8) to estimate the concentration
of Mg-bound buffers by solving simultaneous equations. [Mg,,] values
were calculated as the sum of bound Mg to each buffer site and [Mg”]c.
Traces of [Mg,] thus obtained had very similar time courses to those of
[MgH]i with a larger ordinate scale (cf. Figs. 2 and 9 of Tursun et al. (8)).
Values of initial [Mg“]c and the initial rate of change in [Mg,,] (initial
A[Mg,J/Af) were obtained as described above for initial [MgH] ; and initial
A[Mg**1/At, and were used for analysis.

Data analysis

Cell membrane capacitance and series resistance were estimated with
pCLAMP software (Clampex version 8.1.0.12; Axon Instruments). Fluo-
rescence data were analyzed with the program Origin (version 7.0,
OriginLab, Northampton, MA). Statistical values are expressed as the
mean * SE. Statistical significance was tested by Student’s two-tailed #-test
with the significance level set at P < 0.05.

RESULTS
Intracellular Na* loading

Basal [Na']; in 42 myocytes superfused with Ca’*-free
Tyrode’s solution was estimated to be, on average, 11.8 =
1.3 mM. Fig. 2 shows changes in [Na'*]; during Mg>"
loading with simultaneous Na® loading (A) and Na™
depletion (B) of the myocytes. Incubation in the Na-loading
solution (Table 1) caused a slow elevation of [Na*];, which
reached, on average, 31 mMin | h, and 47 mM in 3 h (Fig. 2
A). In contrast, the myocytes were quickly depleted of Na™
within 30 min, and average [Na™]; approached zero in 3 h in
the Na™-depleting solution (Fig. 2 B). The results confirm
that these procedures for Na* loading and Na™ depletion can
effectively change [Na™]; over a wide range (0-50 mM).
Because we could not measure [Na+]i and [Mg”]i simul-
taneously from the same cells, owing to the overlap of fluo-
rescence spectra of SBFI and furaptra, [Mg2+]i measurements
were carried out under conditions of Na™ loading or Na™*
depletion in separate sets of experiments.

Effects of Na* on fluorescence signals of furaptra

We previously found a small interference in furaptra fluo-
rescence signals due to intracellular Na™ (8). In that study,

A 60 Naloading: 24 Mg, 106 Na, 1 ouabain B

Na depletion:
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reduction of [Na™]; from ~12 mM (see above) to much
lower levels on removal of extracellular Na™ caused a slight
increase in furaptra R, which corresponded to an average
reduction of 0.03-0.04 mM [Mg“]i when calibrated under
the assumption that R signals exclusively reflect Mg*" con-
centration. The change in R was reversed by reintroduction
of 140 mM extracellular Na* (8). Because [Na '], was raised
to much higher levels in this study (~50 mM; Fig. 2 A), we
examined the effects of Na*™ on furaptra more extensively
both in vitro and in vivo.

As shown in the top panel of Fig. 3 A, replacement of 150
mM KCI by 150 mM NaCl in salt solutions caused changes
in the excitation fluorescence spectra of furaptra. The effect
was somewhat greater in the absence than in the presence of
Mg ™. Difference spectra for Mg®" (at 0 [Na™]) and Na™ (at
0 [Mg**]) are not dramatically different in their wavelength
dependence, with isosbestic wavelengths at ~350 nm and
maximum changes at ~380 nm (the bottom panel of Fig. 3
A), which makes it difficult to distinguish between Mg**-
related and Na ™ -related fluorescence changes at any wave-
length. Fig. 3 B shows the results of fluorescence R measure-
ments as a function of [Mg”>*] carried out in the solutions
containing various concentrations of Na™. The plots show
a clear [Na™]-dependent displacement of the relation with
a greater reduction of furaptra R at lower [Mg®"]; 150 mM
Na™ caused a large reduction of R ,;, (by 0.103) with a slight
increase in R« (by 0.037) and essentially no change in Kp
(see the fitted binding curve with inverted triangles in Fig.
3 B). When the curves for 10, 50, and 150 mM [Na™] are
shifted rightward along the abscissa by 0.03, 0.15, and 0.53
mM, respectively, the shifted curves match the curve for
0 mM [Na'] (inset of Fig. 3 B), suggesting a parallel
leftward shift of the relation in the presence of Na™. Because
Na* gives a constant offset to [Mg*" ] values estimated from
furaptra R, use of the calibration curve for 0 mM [Na*] will
cause an overestimation of [Mg”*] by an error that is roughly
proportional to [Na™].

Effects of Na™ on the furaptra fluorescence signals were
also examined in the myocytes (Fig. 4). After the cells were
loaded with Mg?* and Na™ by incubation in the Na-loading

24 Mg, 1.6 Na, 0 ouabain
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|
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FIGURE 2 Changes in [Na'*]; during
intracellular Mg®* loading with either Na*
loading (A) or Na™ depletion (B). After the
initial measurement of [Na']; in Ca-free
Tyrode’s solution at time 0, either the Na™-
loading solution or the Na™-depleting so-
lution was introduced (see Table 1), and the
measurements were repeated as a function
§ of time during a period of 3 h. Each symbol
represents mean = SE, n = 21 (A), 12 (B).
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FIGURE 3 In vitro measurements of furaptra fluorescence in the solutions containing various concentrations of Na* and Mg?* at 25°C. The solutions
contain 150 mM NaCl plus KCl (Na™ and K™ were varied reciprocally), 1 mM K,EGTA, 0-8.35 mM MgCl,, and 5 mM HEPES (pH 7.15 by KOH). Free
Mg** concentration was set by calculation with an apparent dissociation constant assumed for the Mg?*-EGTA reaction: 14.9 mM at pH 7.15, ionic strength
0.16 M, and 25°C (37). (A) Fluorescence excitation spectra (top) and difference spectra (bottom) of 1 uM furaptra measured at 500 = 10 nm (central
wavelength = half-width) in a 1-cm quartz cuvette with a spectrofluorometer (FP-6500; JASCO, Tokyo, Japan). In the top panel, solid lines and dashed lines
were obtained, respectively, at 0 and 150 mM [Na™] with the free Mg>* concentrations indicated near the curves. The bottom panel shows difference spectra
for Mg2 *at 0 mM [Na'] (solid line) and for Na* at 0 mM [Mg2+] (dashed line) calculated from the spectra in the top panel. (B) Normalized fluorescence R
(ordinate) of 50 uM furaptra measured as a function of [Mg“] (abscissa). Quartz capillaries (i.d. ~ 50 wm) that contained the furaptra solution were placed in
the superfusion bath used for the cell experiments. The solution contained 0 mM (X), 10 mM (O), 50 mM (A), or 150 mM (V) N a". Each data point represents
a mean value of 10 measurements. Solid lines were drawn by least-squares fitting to the data sets with Eq. 1. The fitted values for Kp, Ryin, and Ry, are,
respectively; 3.65 mM, 1.010, and 0.138 for X; 3.53 mM, 1.008, and 0.147 for O; 3.68 mM, 0.978, and 0.149 for A; 3.62 mM, 0.907, and 0.175 for V.

solution (Table 1) for 3 h, NMDG Tyrode’s solution that
contained only 0.33 mM Na™ (Table 1) was introduced. In
contrast to the previous observation that [Mg>*]; of the
Mg**-loaded (but not Na*-loaded) myocytes stayed con-
stant upon introduction of a solution that was essentially free
of Na™ ((16); also note the average initial A[Mg”*1;/As value
of —0.02 uM/s in Table 2), [Mg?"]; (apparent [Mg”*].)
decreased substantially and reached a new quasisteady level
within 10 min (Fig. 4, top panel). The different results ob-
tained with or without intracellular Na* loading strongly
suggest that the decrease in [Mg>*]; observed in this study is
due to a decrease in [Na™ ], rather than [Mg>*]., because: 1),
the in vitro measurements (Fig. 3) indicate that a decrease in
either [Mg”] or [Na™] caused an increase in furaptra R; 2),
it has been reported that [Na™]. quickly decreases upon
removal of extracellular Na™ (21); and 3), the myocytes were
likely depleted of Na™ after 10-min superfusion with the
NMDG Tyrode’s solution, as the subsequent introduction of
140 mM Na™ caused a quick reduction of [Mg®"]; with an
initial A[Mg2+]i/At similar to those observed in the Na*-
depleted cells (fop panel of Fig. 4; see also Fig. 7).

The bottom panel of Fig. 4 shows the results of
experiments carried out in eight myocytes with the protocol

shown in the top panel of Fig. 4. The relation between
[Mg>*); after intracellular loading of Na™ (and Mg?*) and
the change in [Mg”>*]; during Na® unloading for 10 min
(A[Mg®"],) showed little dependence of A[Mg**]; on
[Mg**]; with a mean A[Mg®"]; of —0.12 * 0.008 mM
(Fig. 4, bottom panel). Because [Na™]; after the Na™ loading
for 3 h was, on average, 47 mM (Fig. 2 A), the offset value of
[Mg“]i that is attributable to [Na™];, 0.12 mM, may be
compared to the value found in the solution that contained
50mMNa*,0.15 mM (Fig. 3 B). Thus, the Na " -related offsets
estimated in vivo and in vitro were similar and were
independent of [Mg?*]. In the following analysis of the cells
loaded with Na™ for 3 h (e.g., Fig. 5 A), we therefore
subtracted the constant value of 0.12 mM from each data
point of the [Mg®"]; traces calibrated from furaptra R;
this empirical correction reduced the initial [Mg2+]i values
by 0.12 mM with no change in the values of initial
A[Mg?*1;/At. For the experiments of Na™ loading for 1 h
(average [Na']; ~ 31 mM), a modified correction was
used. We assumed that the offset was proportional to [Na™];,
as observed in vitro (Fig. 3), and the value of 0.08
mM (=0.12 mM X 31 /47) was subtracted from each data
point.
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FIGURE 4 Effects of [Na']; on the [Mg2+]i measurement with furaptra.
(Top) A record of the run obtained from a myocyte. The cell was loaded with
Mg?* and Na™ by incubation in the Na*-loading solution for 3 h, and then
intracellular Na* was unloaded by perfusion with NMDG Tyrode’s solution
that contained only 0.33 mM Na*' and no ouabain, as indicated. At the end
of the 10-min perfusion with the NMDG Tyrode’s solution, Ca-free
Tyrode’s solution was introduced as indicated. Values of [Mgﬂ]i (ordinate)
were calculated from the fluorescence R under the assumption of no
interference by [Na*];. Note that reduction of extracellular Na® caused
a slow decrease in [Mg”]i, and the subsequent introduction of 140 mM Na*
induced a rapid decrease in [Mg®"];. In this figure and subsequent figures,
a solid line was drawn by the linear least-squares fit to data points for 180 s,
and the initial A[Mg”]i/At estimated from the slope is indicated (uM/s)
near the trace. Cell 060403. (Bottom) The change in [Mg>"]; (A[Mg>*1)
was defined as the difference between the [Mg”*; levels at the beginning
and at the end of the 10-min perfusion by NMDG Tyrode’s solution, as
shown by the dashed lines in the top panel. Values of A[Mg>"]; obtained
from eight myocytes are plotted as a function of the [Mg>*]; level at the
beginning of the perfusion with NMDG Tyrode’s solution (@®). The solid
line indicates the linear regression for the data points of the form indicated in
the panel.

Relation between [Na*]; and the rate of Mg®* efflux

Fig. 5 shows examples of the initial A[Mg>"];/Ar measure-
ment for cells that were loaded with Mg?* to similar [Mg?"];
levels (~1.5 mM). The extracellular Na™ -related Mg2Jr efflux
was slower in the myocyte loaded with Na™ for 3 h (Fig. 5 A)
than in the myocyte depleted of Na™ for 3 h (Fig. 5 B). For the
Na " -loaded myocytes, 1 mM ouabain was present not only
during the Na® (and Mg®") loading, but throughout the
[Mg2+]i measurement runs. However, ouabain is unlikely to
have a direct effect on the Mg?* transport, because application
of ouabain only during the time of Mg>" efflux for a Na™-
depleted cell had little influence on the initial A[Mg*"];/Ar
(Fig. 5 CO). Results obtained from the cells having repeated
measurements are summarized in Table 2. When the myocytes
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were loaded with Na™ for 3 h (average [Na™*]; ~ 47 mM), the
average initial A[Mg”*];/Ar was estimated to be —0.43 +
0.16 wM/s. This value is ~40% of that for the Na™-depleted
cells (—1.09 = 0.11 uM/s) at comparable initial [Mg2+]i (1.45
*+ 0.11 and 1.47 = 0.11 mM; Table 2).

We also examined the effect of intermediate [Na™]; by
loading the cells with Na™ only for 1 h (average [Na*]; ~ 31
mM). The initial A[Mg®"];/Ar was comparable to that ob-
tained after Na™ loading for 3 h at much lower initial [Mg>"];
levels (1.18 = 0.07 mM; Table 2). When the cells were loaded
with Na™ for 3 h and then unloaded for 10 min in the essential
absence of extracellular Na™ (Fig. 4), the initial A[Mg”]i/At
was comparable to that for the cells depleted of Na™ (without
Na* loading) at comparable initial [Mg>"; levels.

Manipulation of [Na*]; with patch-pipette loading

In some experiments, [Na™]; was directly manipulated by
intracellular perfusion from the patch pipette. The myocytes
were loaded with Mg>" in the Na-depleting solution (Table
1) for 3-5 h, and then exposed to pipette solution containing
either 130 mM Na™ plus 15 mM K™ (130 Na/15 K) or zero
Na™ plus 145 mM K" (145 K/0 Na). Although we did not
estimate [Na']; in these conditions, [Na™]; of the myocytes
internally perfused with the 145 K/0 Na solution was very
likely close to zero, whereas [Na*]; was probably elevated to
higher levels by internal perfusion with the 130 Na/15 K
solution. It is unlikely at low [Na*], (the Na-depleting
solution), however, that perfusion through the perforated cell
membrane was effective enough to equalize [Na™]; with the
pipette Na™ concentration. We found that the extracellular
Na*-dependent Mg efflux was slower with the pipette of
high Na® concentration (130 Na/15 K solution), when
compared with the myocytes loaded with Mg>" to similar
levels (Fig. 6). (Note that we did not have any estimate of the
Na " -related offset for the myocytes internally perfused with
the 130 Na/15 K solution. Because the initial A[Mg*";/Ar
values in these myocytes were similar to those observed in
the cells loaded with Na* for 3 h (Table 2), we somewhat
arbitrarily assumed the same offset (0.12 mM) as that used
for the Na™-loaded myocytes. No subtraction of the Na™-
related offset was applied for data obtained with the 145
K/0 Na pipette solution.)

Summary of [Na*]; dependence

Table 2 compares the values of initial [Mg®"]; and initial
A[Mg2+]i/At obtained in various experimental conditions.
For the patch-clamp experiments, data taken from Tashiro
et al. (16) were also included. It is clear that the initial
A[Mg?*1;/Ar was little influenced by 10 mM pipette Na™*
(IN a+]P), but was markedly reduced by 130 mM [Na+]p at
the same [Na+]0.

Because Mg”* is buffered in the cytoplasm, the rate of
changes in [Mg,] (A[Mg.]/ Af) would be more directly
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TABLE 2 Analysis of the initial rate of decrease in [Mg?*]; at 25°C

Initial Initial Initial Initial
Experimental conditions n Mg*"]; A[Mg* /At Mg>*]. A[Mg.ol/Ar A[Mg?*1/Ar
mM uM/s mM uM/s

Extracellular [Na™]*

140 mM 10 1.47 + 0.109 —1.09 * 0.105 1.75 = 0.152 —2.40 * 0.197

70 mM 7 1.47 + 0.022 —0.84 * 0.085 1.74 + 0.031 —1.82 + 0.185

42 mM 6 1.47 + 0.079 —0.51 * 0.031 1.74 + 0.110 —1.11 = 0.077

21 mM 6 1.44 * 0.045 —0.22 *+ 0.037 1.70 * 0.062 —0.48 *+ 0.078
Ouabain?

1 mM 3 1.48 + 0.180 —1.17 + 0.230 1.76 + 0.251 —2.62 + 0.535
Na—loadingjk

1h 6 1.18 + 0.068 —0.52 * 0.087 1.34 + 0.097 —1.22 = 0.198

3h 8 1.45 + 0.107 —0.43 *+ 0.161 1.72 * 0.149 —0.95 * 0.342
Na-loading + unloading®

3 h + 10 min 8 1.35 * 0.089 —0.99 * 0.103 1.59 + 0.122 —2.21 + 0.188
Patch-clamp experiments ¥

[Na™], / [Na™],

0 mM / 140 mM 4 1.58 + 0.159 —1.21 * 0.177 1.90 *= 0.223 —2.62 *+ 0.364

10 mM / 140 mM! 9 147 + 0.117 —1.18 = 0.228 1.75 * 0.162 —2.56 + 0.457

130 mM / 140 mM 4 1.31 = 0.120 —0.41 * 0.061 1.52 + 0.164 —0.93 + 0.115

10 mM / 70 mM/! 13 1.58 + 0.083 —0.79 * 0.092 191 = 0.116 —1.68 = 0.183

10 mM / 0 mM! 16 1.56 = 0.063 —0.02 * 0.039 1.87 + 0.088 —0.04 = 0.082

Columns contain mean * SE values of initial [MgH]i (column 3), initial A[Mgﬂ]i/At (column 4), initial [Mg“]C (column 5) and initial A[Mg,]/At (the
rightmost column) from 7 cells (column 2) in each experimental condition (the leftmost column). For the statistics, we included data only from the cells that
were moderately loaded with Mg2+ (i.e., initial [Mg“]i between 1.0 and 2.0 mM). To convert values of A[Mg, /At (in uM/s) to Mg2+ flux (in pmol/cm2 S
or pmol/uF s), the initial A[Mg,]/At values should be multiplied by 0.08 (see text for details).

#Na™-depleted cells (cf. Figs. 2 B and 5 B).

Cells were depleted of Na*, and 1 mM ouabain was applied only during the initial A[Mg“]i/At measurements at 140 mM [Na™ ], (cf. Figs. 2 B and 5 ).
*Cells were loaded with Na™ for 1 or 3 h, and the initial A[MgH]i/At was measured at 140 mM [Na™], (cf. Figs. 2 A and 5 A).

$Cells were initially loaded with Na* for 3 h, and then were unloaded by incubation in the essentially Na*-free solution for 10 min before the A[Mg**|;//Ar
measurements at 140 mM [Na™], (cf. Figs. 2 A and 4).
THolding potential was —80 mV during the initial A[Mg
IData taken from Tashiro et al. (16).

2*1/At measurements with the indicated pipette Na™ concentration ([Na*]p) and [Na*],.

related to Mg " flux across the cell membrane. Based on the
measured [Mg”]i values, we used the calculation method
developed by Tursun et al. (8) to estimate [Mg;], as described
in Methods. Cytoplasmic concentrations of Na™ ([Na™].) and
K™ ([K*].) were assumed to be 10 and 140 mM, respectively,
except for data obtained from the Na'-loaded myocytes;
[Na™]. was set to 31 mM (plus 119 mM [K*].) and 47 mM
(plus 103 mM [K *].) for the myocytes loaded with Na™ for 1
and 3 h, respectively (Fig. 2 A). [Na™]. of 47 mM was also
assumed for the myocytes patch-clamped with the 130 Na/15
K pipette solution. [Ca2 *]e was assumed to be 10 nM for the
cells incubated in extracellular Ca®* -free conditions (8). The
values of initial [Mg?* . and initial A[Mg,,]/At thus obtained
are also summarized in Table 2.

For a more precise comparison, the initial A[Mg]/At
values were adjusted for variations in initial [Mg®"].. For
this purpose, we used the relation between the initial
[Mg”*]. and the initial A[Mg,]/At constructed previously
(solid curve in Fig. 9 of Tursun et al. (8)) as a standard curve;
any value of the initial A[Mg, /At was normalized to the
standard value on the curve at a given initial [Mg* "], to yield
relative A[MgJ/At. Relative A[Mg /At values thus

obtained with altered [Na™]; are summarized in Fig. 7. In
conditions where [Na+]i was kept low, the relative A[Mg,]/
At values were close to unity (columns a—c, f, and g), inde-
pendent of the presence of ouabain (column b), history of
Na* loading (column ¢), and intracellular perfusion with the
pipette solution that contained 0—10 mM Na™ (columns f and
g). Intracellular Na™ loading caused a significant reduction
of the relative A[Mg,,]/At; the relative A[Mg /At de-
creased, on average, by 40.5 = 9.8% after Na* loading for
1 h (when the average [Na™]; was 31 mM), and by 63.6 =
12.5% after Na™ loading for 3 h (when the average [Na™];
was 47 mM). Thus, [Na™J; for 50% inhibition appears to lie
halfway between 31 and 47 mM, and may be roughly ~40
mM. The relative A[Mg,,,I/At was significantly reduced with
the high Na™ concentration pipette (130 mM), which is in
qualitative agreement with the results of the Na* loading/
depletion experiments.

[Na*], dependence of the rate of Mg®* efflux

Fig. 8 A shows the initial A[Mg®"];/Ar measurements at
different [Na™],. After the myocytes were loaded with Mg?*

Biophysical Journal 89(5) 3235-3247
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in the Na-depleting solution (Table 1) for 3 h to reach 1.4—
1.5 mM [Mg*"];, the solution of 21, 42, or 70 mM [Na*],
was applied to induce Mg*" efflux. Note that the Mg>*
efflux was slower at lower [Na™],. For the sets of exper-
iments at 21, 42, 70, and 140 mM [Na+]o, the average initial
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FIGURE 6 Extracellular Na'-induced changes in [Mg“]; in the
myocytes voltage-clamped at a holding potential of —80 mV using the
perforated patch-clamp technique. Panels A and B show records from two
separate experiments in which different pipette solutions were employed:
130 mM Na™ plus 15 mM K™ (A) and 0 mM Na* plus 145 mM K™ (B).
Extracellular Na™ and Mg>* concentrations were changed as indicated
above at the times shown by vertical dotted lines. (A) Cell 092702-2, cell
capacitance 105 pF, series resistance 27.2 M(); (B) cell 100402, cell
capacitance 123 pF, series resistance 23.4 MQ. The initial A[Mg>"];/At
estimated from the slope of the solid line is indicated (wM/s) near each trace.
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24! 1.0 FIGURE 5 Extracellular Na™-induced
; changes in [Mg?"]; in the Mg?*-loaded
cells. Panels show records from three
separate experiments in which extracel-
lular concentrations of Na* and Mg?*
were changed as indicated above at the
times shown by vertical dotted lines.
Ouabain was also applied for the period
\ as indicated. After cells were loaded with
Mg** with either Na* loading (A) or Na™*
depletion (B, C), the perfusate was
N changed to Ca-free Tyrode’s solution
either in the presence (4, C) or absence
of ouabain. Cells 080102 (4), 072502
(B), and 083002 (C). Estimated values of
initial A[Mg?*];/Ar are indicated (uM/s)
near the traces.
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A[Mg?*1;/At varied approximately from —0.2 to —1.1 uM/s
at similar initial [Mg2+]i levels (Table 2). For more complete
analysis of the extracellular Na™ dependence, we calculated
the relative A[Mg,J/At using the standard relation between
the initial [Mg2+]C and the initial A[Mg,]/Az, as described
above. The relative A[Mg,,]/At data points were well fitted
with a Hill curve with half-maximal activation at 55 mM
[Na™*],. (Fig. 8 B). Fig. 8 B also includes data points obtained
with the patch clamp at a holding potential of —80 mV (16).
The lack of a significant difference between data obtained
with or without the patch clamp suggests that a slight fluc-
tuation of membrane potential, if any, little influences the
rate of Mg?" efflux. It has been reported that a change in
membrane potential between —40 and —80 mV does not
significantly change the initial A[Mg*"]/Az (16).

2+]i

Changes in [Mg upon reversal of Na* gradient

In our previous studies (8,11,16), reversal of Na* gradient
by removal of extracellular Na™ failed to induce any de-
tectable increase in [Mg?"];, providing no evidence for the
reversal of the Mg”" transport (i.e., Mg®" influx under re-
versed Na™ gradient). In a new attempt to detect a possible
Mg*" influx (as an increase in [Mg>*1;), we heavily loaded
cells with Na™ by application of 1 mM ouabain in the pres-
ence of 140 mM extracellular Na™ (Ca-free Tyrode’s solution;
Table 1), in combination with intracellular perfusion from
the patch pipette that contained the solution of high [Na+]p
(130 Na/15 K solution; Table 1). Because the Na ™ -related
offsets for the [Mg2+]i measurements are unknown in these
experiments, we analyzed only the changes in [Mg*"]; from
the baseline (rather than levels of [Mg2+]i); note that the
constant pedestal of [Mg2+]i at any given [Na™]; should not
affect the estimates of the amplitude and the initial rate of
[Mg?*]; changes.
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FIGURE 7 Summary of initial rates of decrease in [Mg.,] (initial
A[Mg,..]/Ar) measured at 140 mM [Na™],. All values of initial A[Mg,.]/

+ ouabain

Na*-loaded

then depleted
Pipette [Na"]

Ar were normalized to those expected for the initial [Mg>"]. to calculate

relative A[Mg,J/Ar (see text for details). Columns show means * SE for
data obtained without patch-clamp recordings (a—e) or under patch clamp
with the holding potential of —80 mV (£-h). (a) Cells were depleted of Na™
for 3 h in the Na-depleting solution (cf. Figs. 2 B and 5 B). (b) Cells were
depleted of Na™ for 3 h, and 1 mM ouabain was applied only after the Mg *
efflux was induced (cf. Figs. 2 B and 5 C). (c) Cells were loaded with Na™
for 3 h in the Na-loading solution, and then were unloaded by incubation in
the essentially Na™-free solution for 10 min (cf. Figs. 2 A and 4). (d and e)
Cells were loaded with Na™ for 1 and 3 h, respectively, in the Na-loading
solution (Figs. 2 A and 5 A). (f-h) Na ™" -depleted cells were patch-clamped at
the holding potential of —80 mV with the pipette containing 0 mM (f),
10 mM (g), or 130 mM (k) Na™ (cf. Fig. 6). See Table 2 for the number of
cells. **, significantly different from 1.0 (P < 0.01).

After the membrane perforation was established as a drop
in series resistance to ~25 M{) (see Methods), the holding
potential was changed to +20 mV (Fig. 9). A holding
potential more positive than the equilibrium potential for
Mg** (~0 mV under a very small concentration gradient of
Mg " across the cell membrane) should passively drive Mg "
outward; thus any influx of Mg”>" must be carried by an
energy-linked transport. Reversal of the Na™ gradient by
superfusion of the Na™-loaded myocytes with the essentially
Na ™ -free solution caused a slow increase in [Mg“] i(Fig.9A)
with the average rate of +0.25 = 0.070 uM/s (n = 6). When
myocytes were internally perfused with a pipette solution
containing no N a* (145 K/0 Na solution; Table 1), removal of
extracellular Na* caused a decrease in [Mg”]i (Fig. 9 B), at
an average rate of —0.23 = 0.030 uM/s (n =4). Thus, arise of
[Mg2+]i was only observed under the condition of a large
outward gradient of [Na*] across the cell membrane.

DISCUSSION

According to the Na™-Mg®" exchange hypothesis, Mg>*
extrusion from the cells should be favored by high [Na™],
and high [Mg2+]c, and inhibited by an elevation in [Na™].
and [Mg>*],. Our previous study showed that a slight
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elevation of [Mg? "], strongly stimulates Mg>" efflux in rat
ventricular myocytes with half-maximal activation at 1.9
mM [Mg?"].. Conversely, [Mg®"], inhibited the Mg>*
efflux with 50% inhibition at 10 mM (8). This study extends
over the previous findings and further characterizes the
Mg transport. We found that the Mg>" efflux is inhibited
by intracellular Na® with 50% inhibition at ~40 mM
[Na+]C, whereas it is stimulated in a concentration-dependent
manner by extracellular Na™, with half-maximal activation
at 55 mM [Na™],. All these findings fit within expectations
for Na*-Mg?* exchange and provide important quantitative
information on the interaction between Na* and Mg®" on
the transporter, which will be useful for constructing thermo-
dynamic models of this transport system.

Optical measurements of [Na*]; and [Mg?®*];

The cytoplasmic concentrations of Na* and Mg®" were
estimated with SBFI and furaptra, respectively. We used
furaptra for Mg”*, because its fluorescence R signals could
be reliably calibrated in terms of [Mg®"]. with parameters
previously obtained in rat ventricular myocytes (17) includ-
ing corrections for indicator molecules compartmentalized in
intracellular organelles (8). SBFI was used for Na™, because
it is the only ratiometric Na™ indicator commercially avail-
able; SBFI R could be converted to [Na+]C with parameters
estimated in the myocytes (Fig. 1). The use of ratiometric
indicators is also important for monitoring [Na™]. in con-
ditions in which cell volume may be altered by significant
changes in intracellular and extracellular ionic compositions.
Unfortunately, it was not possible to separate fluorescence
signals of furaptra and SBFI measured simultaneously from
the same cell, due to the overlap of their fluorescence spectra.

We assumed that [Na™]; calibrated from SBFI fluores-
cence signals was approximately equal to [Na™]., as the intra-
cellular calibration curve was obtained from the cells treated
with gramicidin D, which selectively permeabilizes the cell
membrane for small monovalent cations (18). The distribu-
tion of intracellular Na™ and the relative contribution of SBFI
fluorescence signals from the cytoplasm and intracellular
organelles are expected to be maintained during the calibra-
tion run as in intact cells.

On the other hand, the intracellular calibration curve for
furaptra was obtained in the presence of the ionophore
mixture, under the condition in which Mg*" distribution was
thought to be uniform in the cells (17). Consequently,
[Mg>*]; calibrated from furaptra R likely underestimates
[Mg**]. with an error that becomes progressively greater at
higher [Mg2+]c. The measured [Mg2+]i values were there-
fore corrected for [Mg®"] in the organelles as described in
Methods. It should be noted that [Mg”] in the intracellular
organelles may not be significantly changed by elevation of
[Na™].. This is because, in the previous study (8), [Mg2+] in
the intracellular organelles (primarily mitochondria) cali-
brated from furaptra R was ~0.8 mM at 50 mM [Na®]..
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When this value was adjusted for the Na'-related offset
(0.12 mM), the corrected [Mg2+] was ~0.68 mM. This is
within the 0.6-0.7-mM range found in the organelles at 0—10
mM [Na*]. (8), with no evidence of alteration in [Mg”] in
the organelles by elevation of [Na™]. up to 50 mM. It is also
noteworthy that variations of Na*, K+, and Ca’" concen-
trations do not markedly change the cytoplasmic Mg”" buff-
ering power (defined as d[Mg;]/d| [Mg“]c), according to our
model (8). For example, the buffering power at 0.9 mM
[Mg”]C increased by only 1.3% by the elevation of [Na*].
from 10 to 50 mM (with a concomitant decrease in [K " . from
140 to 100 mM). Thus, these data obtained from furaptra
fluorescence (initial A[Mg>"1/A¢ and initial A[Mg,o]/Af)
likely provide valid information on the rate of Mg?* flux.

Dependence of Mg?* efflux on intracellular and
extracellular Na* concentrations

The results summarized in Fig. 7 clearly show that elevation
of [Na+]C inhibits the rate of Mg2+ efflux in rat ventricular
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myocytes. Using rat erythrocytes, Giinther et al. (22) studied
the dependence of Mg2+ efflux on total [Na] ([Na,,]) mea-
sured with atomic absorption spectroscopy, and reported that
Mg** efflux was inhibited competitively by intracellular
Na™, with 50% inhibition at 15 mM cellular [Nay]. Handy
et al. (10) measured [Mg®"]; of rat ventricular myocytes
using furaptra, and found that application of strophanthidin
caused an increase in [Mg%],-, which could be interpreted as
an increased Mg2+ influx (or inhibited Mg2+ efflux) at ele-
vated [Na®].. In that study, however, [Na*]. was not
estimated, and the effects of [Na+]C on the Mngr efflux were
not quantitatively analyzed. The 50% inhibition at ~40 mM
[Na*]. found in this study suggests that the rate of Mg>"
extrusion transport is reduced by elevation of [Na "], only to
levels well above the basal level (~12 mM). In contrast,
lowering [Na"]. from the basal level by intracellular per-
fusion with the Na*-free (145 K/O Na) solution does not
appear to strongly modulate the transport (Fig. 7, column f).

The [Na*], dependence of the Mg”" efflux was studied
here by simply changing [Na™*], (Fig. 8). Under these
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FIGURE 9 Changes in [MgH]i (A[Mg2+]i) on reversal of Na™ gradient.
Panels A and B show records from two separate experiments in which the
myocytes were patch-clamped with the pipette containing either 130 mM
Na™ plus 15 mM K" (A) or 0 mM Na™ plus 145 mM K™ (B). Extracellular
Na* was changed from 140 to 0.33 mM, as indicated above, at the time
indicated by a vertical dotted line; the changes in [Mg“]i from the baseline
(horizontal dashed lines) are plotted as a function of time. The holding
potential was initially set at —80 mV, and was depolarized to +20 mV ~60
s before the solution exchange. Ouabain (1 mM) was present throughout the
experiments. The initial rates of [Mg>"]; change (the slopes of solid lines)
are indicated below the traces. (A) Cell 040403-2, cell capacitance 124 pF,
series resistance 24.5 M{); cell 120502-1, cell capacitance 109 pF, series
resistance 21.6 MQ.

conditions, [Na™]. should be simultaneously changed from
essentially zero (Fig. 2 B) to various levels depending on
[Na®].; [Na"]. might return to ~12 mM in the presence of
140 mM extracellular Na™, or to the lower [Na™]. levels at
a lower [Na™],. It is unlikely, however, that changes in
[Na*]. below the basal level (~12 mM) markedly distort the
relation between [Na '], and relative A[Mg,]/At (Fig. 8 B),
as described above. A Hill coefficient of 2.0 and half-
maximal activation of 80-90 mM for [Na™], were pre-
viously reported for ionomycin-treated myocytes (11,23).
The somewhat greater [Na*], estimated for half-maximal
activation from ionomycin-treated cells could be due to some
unidentified effects of ionomycin on the constituents of the
cytoplasm and intracellular organelles. A Hill coefficient
close to 2 found in this study (and in the previous study)
suggest that two or more Na™* binding sites are involved in
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the transport, depending on the degree of cooperativity.
These results do not distinguish simple Na™-Mg*" exchange
with more complicated stoichiometries, involving K and
Cl~, as proposed in squid axons (2Na'-2K*-2CI~-Mg**
exchange; (24)).

Kinetic analysis

To gain information on the mechanism of the extracellular
and intracellular Na* effects, we analyzed [Mg>']; vs.
A[Mg”]i/At relations as a function of time; the rates of
decrease in [Mg2+]i (A[Mg2+];/At) were estimated at 180-s
intervals, and were plotted against [Mg>"J; at the first point
of the fitted line (Fig. 10). The relation could be reasonably
described by a Hill-type curve, as previously described (8):

AME "] /At = Vi X X" /(KN + XV), 3)

where X = [Mg>* ], — Ko, K = Ko.5s — Ko. K is the threshold
[Mg2+]i at which A[Mg2+]i/At is zero and K 5 is [Mg2+]i
that gives the half-maximal value of A[Mg”]i/At. Vmax

A a b B a c
Viax -2.52 uM/s  -1.08 uM/s Vinax -2.52 uM/s -1.06 uM/s
Kos 1.51mM 1.51 mM Kos 1.51TmM 151 mM
Ko 0.780 mM 1.07 mM Ko 0.780 mM 0.780 mM

N 0.913 0.913 N 0.913 0.913

A[Mg?*], / At

20 20
_25 1 1 J _25 1 1 J
0.5 1.0 1.5 2.0 0.5 1.0 15 2.0

[Mg®*]; (mM) [Mg?*]; (mM)
FIGURE 10 Analysis of the relation between [Mg?*]; and A[Mg>"];/At
as a function of time during the [Mg>"]; decrease. Each symbol represents
data from a different myocyte. In panel A, data obtained at 140 mM [Na™],
in four Na™-depleted cells (open symbols) and four Na*-loaded cells (solid
symbols) were compared. Na*-depleted cells are: cells 100402 (O; patch-
clamped with the 145 K/0 Na pipette solution), 083002 (A; incubated in the
Na*-depleting solution and 1 mM ouabain was applied only during the
A[Mg“]i/Ar measurement), 072502 (CJ; incubated in the Na'-depleting
solution), and 082302 (V; incubated in the Na*—depleting solution). Na*-
loaded cells were incubated in the Na*—loading solution (080102, A;
041102, B; 081602, V), except for one patch-clamped with the 130 Na/15
K solution (092702, @). In panel B, data obtained at 140 mM [Na*], in four
Na*-depleted cells (open symbols, the same data as shown in A) and at 42
mM [Na"], in four Na*-depleted cells (solid symbols) were shown. Na*-
depleted cells exposed to 42 mM [Na*], are cells 091803-2 (@), 091103
(A), 090103 (M), and 090303 (V). In panels A and B, solid curves (@)
indicate the relation between the initial [Mg?*]; and the initial A[Mg> " ;/At
previously obtained with pooled data from many cells (8). Dashed lines
(b and c¢) show the Hill-type curves fitted to solid symbols with parameter
values shown at the top.
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denotes the maximum value of A[Mg>*1/Az. N is the Hill
coefficient. In the Na™-depleted myocytes, the [Mg”*]; vs.
A[Mg*"1;/At relation at 140 mM [Na*], (Fig. 10, A and B,
open symbols) approximately followed the Hill-type curve
that best described the relation between the initial [Mg2+]i
and the initial A[Mg”*1;/Ar in the previous study (A and B,
solid curves marked a); the fitted parameter values were 0.78
mM for Ky, 1.51 mM for Ky5, —2.52 uM/s for V.., and
0.913 for N (8). In the myocytes loaded with Na™ for 3 h, the
relation was clearly shifted to the right (A, solid symbols); the
fitted curve had a higher threshold (K, increased by 0.29
mM) and a lower maximum transport rate (V. decreased
by 57%), whereas other parameter values were kept constant
(A, dashed curve marked b). In the Na™-depleted myocytes,
values of the A[Mg>*]/Ar at 42 mM [Na™], (B, solid
symbols) were well explained by simple scaling of the curve
at 140 mM [Na*],; the dashed line in panel B (c¢) indicates
a lower V.« (by 58%) whereas other parameter values were
unchanged.

Although the effect of low [Na®], can be explained
simply by reduction of the driving force (i.e., a decrease in
Vmax; Fig. 10 B), the effect of high [Na*]. appears to be more
complicated. As shown in Fig. 10 A, intracellular Na™®
loading caused a shift of the threshold [Mg?*]; above which
the Mg " efflux was strongly activated. Giinther et al. (25)
found a similar threshold for the Mg?" efflux in chicken
erythrocytes, and proposed the existence of an apparent
‘“‘gating’’ process in addition to Michaelis-Menten kinetics.
Our results (Fig. 10 A) are consistent with the ‘‘gating”’
process, and suggest that intracellular Na™ exerts its inhib-
itory effect on the Mg?* efflux by inhibition of the *‘gating””,
in addition to a reduction of the transport rate of Michaelis-
Menten kinetics. For the mechanism of the reduced transport
rate, these data obtained within the limited [Mg?"]; range
(<2 mM) do not allow us to determine whether the increase
in [Na "], affects only the driving force (a decrease in Vy,y;
Fig. 10 A, dashed curve marked b) or it also interferes with
the binding of internal Mg2+ (an increase in Kjs; not
shown). The measurements of A[Mg”*],/Ar at much higher
[Mg”>*]; ranges will be helpful to clarify these two
possibilities.

Mg?* influx with reversal of the Na* gradient

If the Mg®" transport is driven only by electrochemical
gradient of Na™, it is expected that Mg? " may be transported
in the opposite direction upon a sufficiently strong reversal of
the Na™* gradient. Even in erythrocytes, in which the Na™-
Mg?" exchange is characterized more clearly than in other
cell types, experimental results about reversibility of the
Mg®" transport remain controversial. For example, Na*-
dependent Mg ™" uptake is observed at low [Na™], in ferret
red cells (26), but it is not detected in Na*-loaded human
erythrocytes (27) and rat erythrocytes (22). In cardiac
myocytes studied with furaptra, Handy et al. (10) reported
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a gradual elevation of [Mg“]i when [Mg“]a was raised to 5
mM and [Na*], was removed in Ca’" -free solution at 37°C.
It is possible, however, that a passive Mg " influx pathway,
rather than the reversed Na™-Mg®" exchange, plays a role
when a rise of [Mg2+]i is observed without control of mem-
brane potential.

A rise of [Mg2+]i was hardly observed with a short-term
superfusion with a Na*- and Ca®"-free solution containing
30 mM Mngr at 25°C (11,28). In this study, we detected
a small rise of [Mg2+]i on removal of extracellular Na™ only
in cells that had been heavily loaded with Na* at 140 mM
[Na*], plus ouabain combined with intracellular perfusion
by 130 mM [Na+]p (Fig. 10). With intracellular perfusion
with 0 mM [Na+]p, on the other hand, removal of extra-
cellular Na* caused a monotonic reduction of [Mg2+]i,
which could be attributed to an artifact in furaptra due to the
loss of the remaining Na™ from the cell (see above). Even
under the maximized concentration gradient of Na™, the rate
of rise in [Mg”]i (.e., Mngr influx rate) was much smaller
than the rate of Mg>" efflux, which could be explained by
asymmetry of the Mg transport (i.e., fast turnover for
Mg?" efflux and very limited turnover rate in the opposite
direction) proposed by Giinther et al. (22) for erythrocytes.
Additional studies are necessary to fully characterize the
Mg influx observed here.

Mg?* flux across the cell membrane

A typical value of A[Mg,.]J/At in the physiological condition
in Table 2 is ~2.5 uM/s and V., may be as high as ~5 uM/s
at very high [Mg>*]. (8). Assuming a cell surface area/
volume ratio of 0.63 um ™' (surface area 1.23 X 10* um?
(29); volume 1.95 X 10* ,u,m3 (30)) and a cytoplasm/cell
volume ratio of 0.5 (31), values of A[Mg,]/A¢ could be
converted to transmembrane Mg®" fluxes; A[Mg, /At of
2.5-5 uM/s would correspond to a membrane flux of 0.2-0.4
pmol/cm?®s (i.e., 0.2-0.4 pmol/uF s). This value may be
compared with Ca®" flux of the Na®-Ca®" exchange. In
guinea pig ventricular myocytes, Miura and Kimura (32)
reported ~30 pmol/cm? s (i.e., ~3 wA/uF; see their Fig. 6)
for the physiological V., of the Ca®" flux at 35-37°C,
which corresponds to ~7 pmol/cm” s at 25°C assuming Qo
of 4 for the Na™-Ca>" exchanger (33). In rat ventricular
myocytes, in which density of the Na®-Ca®>" exchanger
protein (and amplitude of the exchange current) is five times
smaller than in guinea pigs (34), the physiological V., value
may be 1.4 pmol/cm” s. Thus, the Mg>" flux by the putative
Na*-Mg?" exchange may be several times smaller than the
Ca’" flux carried by the Na*-Ca®" exchanger, if compared
in the same animal species at 25°C.

In conclusion, this study clearly demonstrates that ele-
vated intracellular Na™ can strongly inhibit the Mg? " efflux
(and even reverse the transport). At physiological levels of
[Na™]. (~10 mM) and [Na™], (~140 mM), however, small
changes in [Na™]. and [Na "], would not strongly modulate
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the rate of Mg? " transport. During metabolic inhibition, how-
ever, arise of [Na+]C to much higher levels is expected (35);
this might inhibit the Mg®" efflux and might partly con-

tribute to the rise of [Mg

2+, found in ischemic hearts (36).
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