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Mechanisms for monovalent cation-dependent depletion of
intracellular Mg*:Na*-independent Mg** pathways in
guinea-pig smooth muscle
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It has been suggested that magnesium deficiency is correlated with many diseases. *'PNMR
experiments were carried out in order to investigate the effects of Na* substitution on Mg™*
depletion in smooth muscle under divalent cation-free conditions. In the taenia of guinea-pig caeci,
the intracellular free Mg®* concentration ([Mg**];) was estimated from the chemical shifts of (1) the
B-ATP peak alone and (2) #- and y-ATP peaks. Both estimations indicated that [Mg**]; decreased
only very slowly in Mg?*-free, Ca**-free solutions in which Na* was substituted with large cations
such as NMDG (N-methyl-D-glucamine) and choline. Furthermore, the measurements of tension
development supported the suggestion of preservation of intracellular Mg** with NMDG
substitution. Substituting extracellular Na* with the small cation, Li", also shifted the §-ATP peak
towards a lower frequency, but the frequency shift was significantly less than that seen upon Na*
substitution with K*. The estimated [Mg*']; depletion was, however, comparable with that seen after
Na* substitution with K" using the titration curves of metal-free and Mg**-bound ATP obtained in
Li'-based model solutions. It was concluded that Mg** rapidly decreases only when small cations
were the major electrolyte of the extracellular medium. Na" substitutions with NMDG, choline or
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Li* had little effect on intracellular ATP concentration after 100 min treatment.
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Epidemiological studies suggest that magnesium is
involved in many important diseases, e.g. diabetes
mellitus, hypertension, cardiovascular and cerebro-
vascular diseases (Ebel & Giinther, 1983; Shattock et al.
1987; Paolisso & Barbagallo 1997; Yang, 1998; Kao et al.
1999; McGuigan et al. 2002). Magnesium deficiency is
normally considered as a risk factor for these diseases. One
of the important roles of Mg®" is presumably the
antagonistic effect on Ca®* movement. For example,
intracellular Mg** is known to suppress Ca**-induced Ca®*
release through ryanodine receptors (Ogawa et al. 2000,
2002), store-operated Ca** influx (or current: Icgac)
(Kerschbaum & Cahalan, 1998; Braun et al. 2000), etc. The
role for Mg** as an intracellular signalling molecule,
especially as a chronic regulator, is becoming established.

The guinea-pig taenia caeci is a smooth muscle-rich tissue
(Gabella, 1981), and can be a good model for [Mg*'];
measurements using >'P NMR to assess the role of Mg**, a
signalling molecule affecting intracellular homeostasis. We
have previously described several properties of Mg*
depletion in this smooth muscle by changing the
extracellular divalent cation concentrations. The intra-
cellular free-Mg** concentration ([Mg*'];) was rapidly

decreased only when extracellular Mg** and Ca** were
simultaneously removed from the extracellular solution
and this [Mg**]; depletion was not prevented by removal of
Na* (K" substitution; Nakayama & Tomita, 1990, 1991).
These observations imply the presence of a passive Mg
efflux pathway that is blocked by extracellular Ca**, and is
not coupled with Na* flux. Similar passive Mg*" flux
pathways have also been reported in cardiac myocytes
(Handy et al. 1996). It is thought that the passive Mg**
pathways, along with Na*~Mg** exchange, which can pump
Mg** out of the cell using energy from the Na* gradient
across the plasma membrane (Nakayama & Tomita, 1991;
Nakayama et al. 1994), regulate [Mg’*]; together, and
thereby can alter the smooth muscle cell function.

In the present study, using *'PNMR, we investigated
properties of Mg®* depletion in terms of extracellular
monovalent cations. Extracellular Na® was substituted
with Li*, NMDG (N-methyl-D-glucamine) or choline.
Tension development was also measured to reinforce
'PNMR measurements. The intracellular free-Mg**
concentration ([Mg*'];) was estimated from the chemical
shifts of (1) the #-ATP peak alone and (2) £- and y-ATP
peaks. In the former, pH; obtained from the PME
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(phosphomonoester)-1 peak was used to correct the
[Mg*']; value, while in the latter, [Mg*']; and pH; were
concomitantly estimated by solving simultaneous
equations. In the present [Mg’']; estimation we mainly
used the pH dependence of the apparent dissociation
constant of MgATP described by Zhang et al. (1997), and
occasionally used that described by Bock et al. (1985) to
compare our previous estimation of [Mg**];. The results
suggested that entry of certain cations was required to
rapidly decrease [Mg**]; even under Ca**-free, Mg**-free
conditions. Further, it was shown that care should be taken
with [Mg*']; estimation in Li*-rich solutions, because this
monovalent cation significantly alters the chemical shifts
of metal-free and Mg**-bound #-ATP.

Recently, molecular cloning and functional characterization
of a Mg*'- and Ca**-permeable divalent cation channel,
LTRPC7, has been reported (Nadler et al. 2001;
Hermosura et al. 2002).

METHODS

Animals

Guinea-pigs (300400 g) of either sex were killed by cervical
dislocation and exsanguination following stunning, and the
taeniae were dissected from the caecum. All procedures conformed
with the Guiding Principles for the Care and Use of Animals in the
Field of Physiological Sciences published by The Physiological
Society of Japan, Japanese Government Animal Protection and
Managing Law (No. 105) and Japanese Government Notification
on Methods on Sacrificing Animals (No. 40).

*'P nuclear magnetic resonance

The taeniae weighing 0.4-0.6 g were isometrically mounted in a
sample tube of 10 mm diameter, and were superfused with
physiological saline solutions at a constant flow rate of
12 ml min™". The temperature in the sample tube was kept at 32 °C.

Changes in phosphorus compounds were measured using
*'PNMR. A NMR spectrometer (JEOL GSX270W, Tokyo, Japan)
was operated at 109.4 MHz. Radiofrequency pulses corresponding
to a flip angle of 30 deg were repeated at 0.6 s intervals. *’PNMR
spectra were normally obtained by accumulation of 2500 free
induction decays (FIDs) over 25 min, and a line broadening of
15Hz was applied. Spectral peak resonances were measured
relative to that of PCr (phosphocreatine) in parts per million
(p.p.m.). Digital resolution was set to be approximately
0.005 p.p.m.

Measurements were started after equilibrating preparations in
‘normal’ solution for at least 100 min. Under exposure to the
‘normal’ solution, six major peaks were observed in the guinea-pig
taenia caeci as described previously (Nakayama & Tomita, 1990,
1991): phosphomonoesters (PME), inorganic phosphate (P;), PCr
and the y-, a- and f-peaks of ATP. The PME consisted of two
peaks resonating at around 6.8 and 6.3 p.p.m., and they were
assigned as PME-1 and -2. Concentrations of the phosphorous
compounds were estimated by integrating the spectral peak areas
(Nakayama et al. 1988, 1995).

The composition of the normal solution was as follows (mm):
NacCl, 137.9; KHCO;, 5.9; CaCl,, 2.4; MgCl,, 1.2; glucose, 11.8;
Hepes (N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid), 5;
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pH adjusted to 7.4-7.5 at 32°C. The ionic composition was
modified iso-osmotically. Mg**- and Ca*-free solutions
contained 1 mM EDTA. Ca**-free solutions contained 0.1 mm
EGTA (ethyleneglycol-bis-(f-aminoethylether) N,N,N',N -tetra-
acetic acid). The solutions used in the NMR experiments were
aerated with oxygen gas.

Estimation of [Mg**];

The intracellular free-Mg™* concentration ([Mg**];) was estimated
from the ratio of metal-free to total ATP (®), assuming the
dissociation constant of MgGATP (Kp ygare; Dillon, 1996):

[Mg”]i = KD,MgATP(qT1 - 1)- (1)

The metal free to total ATP ratio is expressed by the chemical shift
of the observed ATP peak (d,):

O = (30 - 8{)/(6f_ Sb)) (2)

where &; and 8, are the chemical shifts of metal-free and Mg*'-
bound forms of ATP, respectively. Since among the three ATP
peaks chemical shift of £-ATP (d,4) is mostly shifted by changes in
Mg** binding, this ATP peak was mainly used to estimate [Mg**];
in the present study:

[Mg“]i = KD,MgATP (30/3 - 3fﬂ)/(3bﬁ - 30/2)- (3)

Kpmgare is actually a pH-dependent function: Kpyeare(pH).
Recently, using Mg**-sensitive electrodes, McGuigan’s group
(Zhang et al. 1997) has re-evaluated Kpygare values at 25 and
37°C. Both Kpmgare at 25°C (Kpmgareos(pH)) and 37°C
(Kp,mgate,37 (PH)) are expressed as quadratic functions of pH:

KD,MgATP,ZS (PH) = KD,Zhang(TA))
=841.793 — 142.399 pH + 6.0 pHZ, (4a)

KD,MgATP,37(PH) = KD,Zhang(TB),
=1311.055 - 311.355 pH + 19.639 sz. (4b)

In the present [Mg*']; estimation, we mainly used a Kp pgare(pH)
function at 32°C (Kpugare (pH)) derived from these new pH
functions of Kp ygare at 25 and 37 °C using the van’t Hoff isochore
(Nakayama et al. 2002).

KD,MgATP,32 (PH) = KD,Zhang(Tc))

— ¥
- KD,Zhang(TB) [KD,Zhang(TA)/KD,Zhang(TB)] > (4C)

where y = (1/Tc — 1/Tg)/(1/Ty — 1/Tg), and Ty, Ty and Tc are
absolute temperatures of 25, 37 and 32 °C, respectively.

The new estimation procedures provide values that are
approximately twice those of Kp e3> in the pH range of 6.5-8
compared with those used in our previous study. As a result, the
estimated [Mg']; values using the new Kpgares(pH) are
proportionally increased. It may be noteworthy that the resting
[Mg*']; calculated by use of the new Kpmgarp,2 (PH) is similar to
that measured with a Mg**-sensitive fluorescent dye (Tashiro &
Konishi, 1997).

Kpgare(pH) can be also calculated from a measured apparent
dissociation constant Kp,gare at a specific pH (pH,) (Bock et al.
1985):

Kpmgare(PH) = Kpgmgarp(1 + 10P7PH) /(1 + 10°P< P, (5)

where pKis minus the log of dissociation constant between H*and
ATP. In some [Mg™]; estimations, we also applied a Kp rgate,32 Of
41 puM (pH 7.2; Nakayama & Tomita, 1990) in order to compare
our previous studies.
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As described previously (Nakayama et al. 1994), the chemical
shifts of metal-free and Mg**-bound fB-ATP are expressed as
sigmoid functions of pH (d¢(pH); d,,5(pH)). Thus, the estimation
of [Mg**]; was corrected by intracellular pH (pH,):

[Mg”]i = KD,MgATP(pHi)((Soﬂ - 3fﬂ(PHi))/(5bﬂ(PHi) - 30/3))
= Fﬁ(aoﬂ’pHi)> (6)

where Fj represents a pH function for §-ATP. The pH; can be
estimated from the chemical shifts of the inorganic phosphate (P;)
(pK, 6.70; chemical shifts of H,PO,” and HPO,* =3.15 and
5.72 p.p.m., respectively; Nakayama & Tomita, 1990) and PME-1
peaks (phosphorylethanolamine: pK, 5.70; chemical shifts of
protonated and deprotonated form =3.27 and 6.95 p.p.m.,
respectively: Nakayama & Tomita, 1991; Nakayama et al. 1995).
Since the P; peak was often hard to resolve under exposure to
Mg?**-free, Ca**-free solutions, the chemical shift of the PME-1
peak was normally used to estimate pH;.

Analogous with the eqn (6), [Mg**]; is expressed as a function of
the chemical shift of the observed y-ATP peak (d,) and pH;:

[Mg“]i = KD,MgATP(PHi)(aoy - 6fy(PHi))/(6by(PHi) - 30;/),
= F,(84,pH)), (7)

where F, represents a pH function for y-ATP. In the present
study, in order to estimate [Mg*];, we primarily used eqn (6) (the
chemical shift of the f-ATP peak alone) with the pH; obtained
from the PME-1 peak. However, we also solved simultaneous eqns
of (6) and (7) in order to determine whether the changes in the
chemical shift of the ATP peaks systematically account for the
intracellular ionic environment. (Thus, we could suggest
intracellular K* was nearly completely replaced with Li*, when
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extracellular Na* was substituted with Li* under divalent cation-
free conditions.)

As described above, the chemical shift of metal-free ATP (&) is
expressed as a sigmoidal function of pH:

OdpH) = (8 — d5a)/ (1 + 10K P) 4 5y, (8)

where &g, and J¢4 are the chemical shifts of protonated and
deprotonated forms of metal-free ATP, respectively, ny is the Hill
coefficient and pK is minus the log of the dissociation constant
between H" and ATP. A similar sigmoid function is derived for the
pH dependency of Mg**-bound ATP (8,(pH)) using the
parameters. In Li"-based model solutions, the an-isotropies of
0«{(pH) and d,(pH) significantly differed from those previously
obtained in K*-based solutions (Fig. 1B). Thus, when extracellular
Na* was replaced with Li" in Mg*'-free, Ca*'-free solutions, the
sigmoid curves obtained in the Li*-based model solutions were
used for [Mg™]; estimation. On the other hand, the Na'-rich
condition had little effect on the pH dependency of §¢(pH) and
dys(pH) compared with those in K*-based solution (Fig. 1A). The
four parameters used in curve fitting are listed in Table 1. The
composition of the Na'-based model solutions was as follows
(mm): NaCl, 150; Hepes, 10; ATP, 5; PCr, 1. EDTA (1 mM) and
MgCl, (10 mMm) were added in metal-free ATP and Mg**-bound
ATP solutions, respectively. For Li*-based model solutions
150 mm LiCl was used instead of NaCl.

Measurements of mechanical activity

Mechanical activity was measured in separate experiments. The
taenia caeci (1.5-2 mm in width, 15 mm in length) were mounted
in an organ bath, and continuously superfused with extracellular
solutions at a constant flow rate of 2ml min™' (Nakayama &
Tomita, 1990).

B 21 - Li-based solution

-19+ qu(pH)
B-ATP
-17F
Sbﬁ(pH)
’g B-MgATP
a -15*
A
0
E L
5 1t
=
U -
S+
3+
-1t
2 4 6 8 10

Figure 1. Titration data for metal free- (m) and Mg?*-bound ATP (@)

The data points are fitted by sigmoid curves (eqn (8)). The fitting parameters are shown in Table 1. A Na'-
based solution was used in A.In B, Li* was used instead of Na*.
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Statistics

Numerical data are expressed as means + standard deviation.
Differences between means were evaluated by Student’s paired or
unpaired ¢ test, and a P value of less than 0.05 was taken as a
statistically significant difference.

RESULTS

Tension development after exposure to Ca’*-and
Mg**-free solutions

Spontaneous tension development was measured in
smooth muscle strips of the guinea-pig taenia caeci.
Figure 2 shows typical responses to removal of intra-
cellular divalent cations in the absence of Na®. In Fig. 24,

T() Mg, 0 Ca T+Ca T+Mg T +Na 25 min
0 Na (K)

TOMg,OCa T+Ca
0 Na (NMDG) *

C

200

100~

%Contraction

Control +Ca +Mg +Na (Normal) Control +Ca
100min 100min 25min SOmin 25min  50min

After 0Mg, 0Ca, ONa (K) After 0Mg, 0Ca, ONa

Figure 2. Effects of removal and reapplication of extra-
cellular cations on spontaneous mechanical activity

The extracellular divalent cations and Na" were iso-osmotically
replaced with K* in (A) or with NMDG in (B). After 100 min
exposure to divalent cation-free, Na*-free solutions, 2.4 mm Ca**
was added (inboth A and B). A, Mg®* (1.2 mM) was added 100 min
after the reapplication of Ca**. Subsequently, after 100 min the Na*
concentration was returned to the initial concentration. The
histogram in C shows averaged magnitude of mechanical response
to the reapplication of extracellular cations (n = 6 for each
experiment). The magnitude was normalized by taking the control
mechanical activity (in ‘normal’ solution) as 100 %. * Significant
difference (unpaired #-test, P < 0.05) compared with the
mechanical response to Ca®" reapplication in Mg**-free, Ca**-free
solution (K* substitution) at 100 min.
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after observing control spontaneous mechanical activity,
both extracellular Mg** and Ca*" were removed, and Na*
was substituted with K*. This treatment completely
terminated spontaneous activity after producing a
transient rise in the tension development. After 100 min
exposure to the divalent cation-free solution,
reapplication of 2.4 mm Ca®* (its normal concentration) to
the extracellular medium produced only a small increase
in the resting tension, but no spontaneous activity was
observed. Subsequent addition of 1.2 mM Mg*, in the
presence of 2.4 mM Ca®', also produced only a gradual,
small increase in the resting tension development over
100 min. Returning the extracellular Na* concentration to
that of the control (superfusing normal solution) fully
restored the tension development (n = 6) with some delay.

The divalent cation-free solution used in Fig. 2B also did
not contain any Na®, but in this solution Na* was
substituted with NMDG. The treatment with this solution
also abolished spontaneous mechanical activity after a
transient rise in the tension development (Fig. 2B). In
contrast to the substitution with K, the subsequent
reapplication of 2.4 mMm Ca®* alone after 100 min removal
of extracellular divalent cations, restored tension
development. Qualitatively the same responses to the
reapplication of Ca®* were observed in five other muscle
strips. The histogram in Fig. 2C summarises the mechanical
responses to reapplication of cations after treatment with a
divalent cation-free, Na'-free solution. The magnitude of
mechanical response to Ca** reapplication was statistically
significantly larger for NMDG substitution.

Changesin [Mg**|;under Ca**-and Mg**-free
conditions

The differences that we observed in the contractile activity
with Na*, K" and NMDG substitutions suggest distinct
changes in the intracellular environment including, but
perhaps not limited to, changes in the high-energy
phosphates and Mg**. We thus applied *’PNMR in the
smooth muscle preparation to study intracellular
phosphorus compounds and relating ions better.

During exposure to the K'-rich, divalent cation-free
solution, the #-ATP peak, as observed with 3P NMR, was
significantly shifted towards lower frequency (to the
right), and also became broad such that the chemical shift
was difficult to determine with precision (Fig. 3A). The
[-ATP peak in Fig. 3Ab is around —18.2 p.p.m. (100 min
exposure). Due to a relatively slow chemical exchange rate
between MgATP and free ATP, the width of the observed
ATP peak increased as the observed peak got closer to the
middle of the free and Mg**-bound ATP peak positions
(Nageswara Rao, 1984). Also, treatments which can
induce large changes in [Mg*'];, would enlarge the
distribution of [Mg”*]; in multi-cellular preparations.
Therefore, the observation of the broadening ATP peak
was considered to be supporting evidence for a fall in
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Table 1. Fitting parameters for pH dependency of the chemical shifts of ATP
shown in Fig. 1

=N 6f,d 6f,p "y pK
go A. Na'-based solution
S f-peak Free-ATP (&) —1827 —19.80 —0.95 646
§ MgATP (4,) —~15.76 —19.01 —0.90 491
E 7-peak Free-ATP (8,) 259 ~7.63 ~0.98 6.46
N MgATP (8,) —221 —7.45 -0.92 493
'3 B. Li*-based solution
§ f-peak Free-ATP (&) -17.20 ~19.59 -0.93 6.01
§ MgATP (4,) ~15.86 —18.95 —0.88 4.89
= y-peak Free-ATP (3,) ~1.96 ~7.49 —0.94 6.02
MgATP (4,) 222 —7.42 —0.89 487
C. K'-based solution
f-peak Free-ATP (&) —18.59 ~19.79 ~1.00 648
MgATP (8,) ~15.79 —19.12 —0.90 484
y-peak Free-ATP (4;) -2.78 —7.61 -1.01 6.48
MgATP (8,) —226 —7.57 —-0.92 486

C is reproduced from Table1l in Nakayama et al (1994)., n, Hill coefficient; pK, —log of the
dissociation constant between H'and ATP; d; , and &, , are the chemical shifts of protonated and
deprotonated forms of metal-free forms of ATP, respectively.

PCr
ATP
Y o
PME | B
1, > ‘ !
| | | |
OMg, 0Ca, | | OMg, 0Ca, i |
ONa (K) | | ONa (NMDG) | | |
75-100 min 1 | 75-100 min ’ |
I : Bb W
| |

Chemical shift (p.p.m.)

Chemical shift (p.p.m.)

Figure 3. 3'P NMR spectra obtained in divalent cation-free, Na*-free solutions

After observing control *’PNMR spectra (Aa and Ba), extracellular divalent cations and Na* were iso-
osmotically substituted with K* for 100 min (A) or with NMDG for 200 min (B). Vertical dashed lines
represent the initial chemical shifts of - and #-ATP. Each spectrum was obtained from the sum of 2500
NMR signals over 25 min. The *'P NMR spectra (Ab, Bb and Bc) were obtained during exposures to divalent
cation-free, Na*-free solutions for 75-100 and 175-200 min, respectively.
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Table 2. Changes in [Mg*], during exposure to a Mg*-free, Ca*-free solution
in which Na* was substituted with K*

Control Mg -free, Ca** -free 100 min
(mm) (K*) 50 min (mm ) (mMm)
A. [Mg™], from p-ATP and PME-1 0.87 +£0.07 029+0.15* 0.013 +0.006*
B. [Mg"]; from f-and y-ATP 0.78 £0.09 031+0.20* 0.010 +0.005*
C. [Mg"], using K, ,,xrp described by 0.35+0.03 0.12 +0.06* 0.005 +0.003*

Bock et al. (eqn (5))

[Mg™"], was estimated with three methods (1= 4). A, [Mg"*], was estimated from the chemical shift of
B-ATP. K, up Was corrected by pH; from the chemical shift of PME-1 using the Ky (PH) of Zhang
et al. (1997) modified for 32 °C (Nakayama et al 2002) (eqn (4c)). B, [Mg"], was estimated from the
chemical shifts of g- and y-ATP peaks (Nakayama et al. 1994) using the same K, ,,.qp(pH) as in A.
C, [Mg™], was estimated by the same method as in A (from the chemical shifts of B-ATP and PME-1),
except for the use of the pH function of K, . (PH) described by Bock er al. (1985) (eqn (5)) instead of
eqn (4¢). *Significant difference when evaluated with paired #-test (P < 0.05).

Table 3. Slow decrease in [Mg*], in a Mg?*-free, Ca?*-free solution in which
Na* was substituted with NMDG

Control Mg -free, Ca** -free 200 min
(mM) (NMDG) 100 min (mm ) (mm)
A. [Mg"]; from p-ATP and PME-1 0.88 +0.01 0.86 +0.15 051+0.14*
B. [Mg"'], from #- and y-ATP 0.84 + 001 0.89 +0.21 053 +0.14*
C. [Mg™ ], using Ky, described by 0.36 +0.01 0.35 +0.06 021 +0.06*

Bock et al. (1985) (eqn (5))

The three methods used to estimate [Mg""], in A—C are the same as those used in Table 2.
* Significant difference (P < 0.05) from the control (n = 3).

[Mg*];. The - and a-ATP peaks also had clearly
detectable leftward shifts. Further, the half-width of the
PCr peak was unchanged, indicating that heterogeneity of
the magnetic field could not account for the changes in
ATP. We previously showed similar changes in ATP peaks
when [Mg*']; was decreased by removal of divalent cations
in the presence of extracellular Na™ (Nakayama & Tomita,
1990; Nakayama & Nomura, 1995).

The [Mg”']; estimated from the chemical shift of S-ATP
decreased from 0.87 £ 0.07 to 0.013 + 0.006 mMm (n = 4)
after 100 min (filled squares in Fig. 4A). This estimation
was performed by correcting the apparent dissociation
constant of MGATP (Kpgarte), and the chemical shifts of
metal-free and Mg**-bound B-ATP (dy4(pH); dys(pH))
using pH; (7.06 £0.09 in control; 7.25=+0.09 after
100 min, n =4) obtained from the chemical shift of
PME-1 (Nakayama & Nomura, 1995). Simultaneous
estimation of [Mg*']; and pH; from the chemical shifts of
the #- and y-ATP peaks also revealed a similar reduction
of [Mg*']; (Table 2). Zhang et al. (1997) have reported a
new equation to describe the pH dependence of Kp ygate-
In this study we mainly used a pH function for Kp ygare
(Kpmgate(PH); eqn (4)) derived from that described by
Zhang et al. (1997; see Methods). In order to compare our
previous studies, another Kp v arp(pH) described by Bock
et al. (1985; eqn (5)) was used in Fig. 4B. [Mg*']; in the
control becomes approximately half, however, the time
course of depletion under the Mg**-free, Ca’'-free
condition is the same (filled squares in Fig. 4B).

NMDG is considered to be plasma membrane-
impermeable (Flatman & Smith, 1990). In contrast to K*
substitution, when extracellular Na* was replaced with
equimolar NMDG, removal of Mg** and Ca*" shifted the
[-ATP peak towards lower frequency only very slowly
(from -16.16+0.01 to -16.20=*0.06 p.p.m. after
100 min, and to —16.39 £ 0.12 p.p.m. after 200 min, n = 3;
Fig. 3B). This indicates a slow decrease in [Mg*];
0.88 +£ 0.01 mM in control; 0.86 = 0.15 mM after 100 min;
0.51 +£0.14 mMm after 200 min, n=3 (by using the
chemical shifts of #-ATP and PME-1, and Kp ygare(pH) of
eqn (4); filled squares in Fig. 4A). During exposure to the
divalent cation-free solution for 200 min, pH; changed
from 7.04 + 0.01 to 6.96 + 0.09, while the concentrations
of ATP and PCr decreased to approximately 74 and 81 %
of the control, respectively (n=3). The [Mg*']; values
estimated simultaneously from the chemical shifts of §-
and y-ATP, and using Kpygare of Bock et al. (1985)
(eqn (5)) are listed in Table 3. All methods of estimation
indicate essentially the same tendency for a slow decrease
in [Mg”']; with NMDG substitution, although control
[Mg**]; is smaller in the case of Kp yeare described by Bock
et al. (1985; filled circles in Fig. 4B). In one experiment,
instead of NMDG, we used choline chloride (with 10 gm
atropine), which is also considered to be impermeable
across the plasma membrane. This substitution of
extracellular Na* also only slowly decreased [Mg**]; under
a divalent cation-free condition: 0.78 mM in control;
0.60 mM after 100 min; 0.33 mM after 200 min.
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Table 4. Changes in [Mg*], in a Mg?*-free, Ca?*-free solution in which Na*
was substituted with Li*

Control Mg -free, Ca** -free 100 min
(mM) (Li+) 50 min (mMm)
(mMm )
A. [Mg"], from 8-ATP and PME-1 0.79 £0.07 0.30 £0.04* 0.16 + 0.03*
B. [Mg*], from - and y- ATP 0.75+0.13 0.33 £0.05* 0.17 £ 0.03*
C. [Mg*], using K, ,,,.p described by 0.32+0.03 0.12+0.01* 0.064 +0.010*

Bock et al. (1985) (eqn (5))

The three methods used to estimate [Mg™*], in A—C are the same as those used in Table 2. Calibration
curves obtained in K'-based model solutions were used for control, while those in Li*-based
solutions were used for Mg *-free, Ca’*-free conditions (for both 50 and 100 min). *Significant

difference (P < 0.05) from the control (n = 3).

A 5 - 0Mg, 0Ca, ONa
2+ E
p[Mg ]i : KDthg"MgATP"(pH)
3 4 (NMDG)
3 (K)
33
6 -
B,
p[Mg*],
3 3 Ko g ™4™ (pH)
3 (NMDG)
4 3
g K)
5 4
- | I—
6 25min

Figure 4. The time course of changes in [Mg?*]; during
exposure to divalent cation-free, Na*-free solutions

Changes in [Mg”'];induced by substituting extracellular divalent
cations and Na* with K" (M)and NMDG(@). Each point represents
the negative logarithm of the mean [Mg**]; value (p[Mg*'];). [Mg**];
was estimated from the chemical shifts of the #-ATP and PME-1
peaks using eqn (6). The pH dependence of K ygare described by
Zhang et al. (1997) (Kp zhangmgate(PH)) was used in A, while that
described by Bock et al. (1984) (Kp poaomgate(PH)) was used in B.

As mentioned above, we have previously used K' to
substitute extracellular Na* (Nakayama & Tomita, 1990).
In the present study, we also substituted extracellular Na*
with Li*, which is often used to suppress Na'-Ca*
exchange (e.g. Kimura et al. 1987), and is also known to be
permeable to ion channels in the plasma membrane
(e.g. Yang & Sachs, 1990). Figure 5 shows typical spectra
obtained by exposures to a Mg**-free, Ca**-free solution in
which Na' was substituted with equimolar Li". After
100 min the [F-ATP peak shifted towards a lower

A PCr

0Mg, 0Ca
ONa (Li)
25-50 min

75-100 min

[ | | I I ! 1
10 0 -10 -20

Chemical Shift (p.p.m.)

Figure 5. *'P NMR spectra obtained in a divalent cation-
free, Na*-free solution which was made by iso-
osmotically substituting with Li*

Vertical dashed lines represent the initial chemical shifts of - and
B-ATP. The spectrum (a) shows control; (b) and (c) are *'P NMR
spectra obtained during exposures to divalent cation-free, Na'-free
solutions for 25-50 and 75-100 min, respectively.
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Table 5. [ATP] and ApHi after 100 min exposure to
divalent cation-free, Na*-free solutions

Na' substitution [ATP] % ApH; n
K* 52+8 0.19 +0.05* 4
Li* 90+£2* 0.33 +0.06* 3
NMDG 99 +6* —0.11+0.02* 3
Choline 106 —0.06 1

[ATP] is expressed as percentage of the control. *Significant
difference (P<0.05) compared with the change to K*
substitution; n, number of experiments.

frequency by only 0.24 p.p.m. (from —16.17 £0.03 to
—16.43 + 0.04 p.p.m., n = 3). According to the chemical
shifts of metal-free and Mg’*-bound forms of ATP
measured in Li*-based model solutions (Fig. 1), the
observed chemical shift of #-ATP corresponds to a large
decrease in [Mg*']; from 0.79 + 0.07 to 0.16 + 0.03 mMm
after 100 min (n = 3, Table 4). It is noteworthy that [Mg**];
depletion would be underestimated by applying the
calibration curves obtained in K- or Na'-based model
solutions (Fig. 1C in Nakayama et al. 1994; Fig. 1 in the
present study), due to the lower frequency shift of the
deprotonated form of metal-free F-ATP in Li*-rich
solutions (d¢q in Table 1B). Furthermore, after 100 min
exposure to the (Li*-based) Mg**-free, Ca**-free medium,
simultaneous estimation of [Mg’']; and pH; from the
chemical shifts of £- and y-ATP (solving simultaneously
eqns (6) and (7)) provided solutions, only when the
calibration curves for Li"-based model solutions were
applied. This suggested that intracellular K was almost
fully replaced with Li* after 100 min.

Changes in intracellular ATP and pH

ATP is an important Mg*" buffer and chelator, and is also
reported to affect Mg’" permeability across the plasma
membrane (Nadler ef al. 2001). On the other hand, pH; is
likely to modulate the intracellular Mg** buffering capacity
through competition between H* and Mg** for intra-
cellular cation-binding sites, including ATP-binding of
Mg*". The dissociation constant of MgATP used in the
[Mg**]; estimation involves a term of pH; (see eqn (4)).
Table 5 compares intracellular ATP concentration
([ATP] = [MgATP + metal-free ATP]) and pH; 100 min
after exposure to divalent cation-free, Na*-free solutions.
Substitution of extracellular Na® with a large cation,
NMDG or choline, had little effect on [ATP] after
100 min: 99+ 6 (n=3) or 106% (n=1), respectively.
When extracellular Na" was replaced with K', [ATP]
decreased to 52 * 8 % after 100 min (vs. control, n = 4). In
contrast, when Li*, another small cation substitution was
used, the reduction of [ATP] was much smaller (to
90 + 2%, n = 3).

The concentration of ATP was estimated by integrating the
B-ATP peak area, because the - and c- ATP peaks involve

] Physiol 551.3

a contribution from both ADP and nicotinamide adenine
dinucleotide (NAD/NADH). The - and a-ATP peak
areas were also reduced upon K" substitution, suggesting a
reduction of the adenosine pool.

When small monovalent cations were used as a substitute
for Na*, pH; (estimated from the PME-1 peak) became
alkaline during divalent cation-free, Na'-free treatments
(Table 5;0.19 £ 0.05 for K" (n = 4) and 0.33 + 0.06 for Li*
(n=3) after 100 min). On the other hand, with large
divalent cations pH; was relatively more stable and
decreased slightly (—0.06 for choline (n=1) and
—0.11 £ 0.02 for NMDG (1 = 3)).

DISCUSSION

When intracellular Mg** is depleted, Mg-bound ATP
decreases and free ATP (and ADP) concentrations
increase. These are all intracellular signalling molecules,
which are known to control a variety of cellular functions,
ranging from oxidative phosphorylation to contraction.
During Mg** depletion, for example, respiration is
impaired and Ca** movement is affected (Nakayama &
Tomita, 1990). It is therefore suggested that Mg™*
homeostasis is an important metabolic component for
intracellular metabolism.

*'PNMR measurements demonstrated that simultaneous
removal of extracellular Mg** and Ca** significantly
decreased intracellular Mg™*, even though Na' was
replaced with K (Nakayama & Tomita, 1990, 1991; re-
estimation in the present study). These results suggested
that the passive Mg** pathway blocked by extracellular
Ca’*, not Na*-Mg’" exchange, played a major role in Mg**
depletion under Mg**-free, Ca**-free conditions. In the
present study, we have further examined effects of several
cations as Na' replacements on Mg** depletion. The
experiments suggested that substitution of extracellular
Na" with NMDG or choline prevented intracellular Mg**
depletion under divalent cation-free conditions, and that
[Mg**]; was significantly decreased when Li* was used as a
replacement.

In one of our previous studies (Nakayama & Tomita, 1991)
we showed reapplication of Na* was required to restore
[Mg**];. This phenomenon is explained by Mg** influx
through reverse mode Na'-Mg"" exchange when the
passive Mg** flux pathway is inhibited by Ca**. (Na'-Mg**
exchange is the main Mg** pathway in the presence of
extracellular Ca®"). In the present study, the changes in the
mechanical activity observed are considered to reflect the
changes in [Mg*'];. Hence after treatment with a divalent
cation-free, Na'-free solution (K substitution) the
mechanical activity was still impaired even when Mg** was
reapplied in the presence of Ca®*, but was restored
following reapplication of Na® (Fig. 2B). Furthermore,
when NMDG was used as a Na* substitute, [Mg**]; was not
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depleted following removal of divalent cations in the
absence of Na* (Fig. 3B), and reapplication of Ca*" alone
could recover mechanical activity. These results are
consistent with the notion that [Mg**]; is an important
factor for the mechanical activity in smooth muscle.

Large cations, such as NMDG and choline, are known to
be largely excluded from entering the cell (e.g. Flatman &
Smith, 1990). On the other hand, Na" and K" ions,
physiological cations, are permeable across the plasma
membrane, and are also actively transported. Li" is a small
cation, and is known to permeate through several ion
channels in the plasma membrane. Furthermore, after
50 min or longer exposure to a Mg’ '-free, Ca**-free
solution in which Na* was substituted with Li*, only the
calibration curves obtained from Li'-based model
solutions allowed us to estimate [Mg*']; and pH;
simultaneously from the chemical shifts of the - and y-
ATP peaks. This suggests that intracellular cations were
largely replaced with Li" after 50 min. (Using *’Rb NMR,
we previously measured changes in the intracellular Rb*
concentration, which could be used as an index of
exchangeable intracellular K™ (Nakayama & Nomura,
1995). In the absence of extracellular Ca**, application of
ouabain decreased preloaded Rb" to less than 20 % after
50 min. In the absence of both Ca®* and Mg™', intracellular
K" would be depleted more quickly by replacing
extracellular Na® with Li*. This result supported the
deduction from the simultaneous estimation of [Mg**];
and pH..

In red blood cells, it has been reported that Mg** efflux is
stimulated by along exposure (several hours) to Mg**- and
Ca’'-free solution, despite substituting extracellular Na*
with NMDG (Flatman & Smith, 1990, 1996). The
discrepancy between studies in red blood cells and smooth
muscle (present study) may be explained by the fact that
sizable amounts of ATP still remained 200 min after
exposure to divalent cation-free solutions in smooth
muscle, i.e. the reduction of intracellular Mg** capacity in
red blood cells, due to ATP depletion, may increase
[Mg*'];, and consequently increase Mg** efflux (Flatman &
Smith, 1996).

Recently, a Mg**- and Ca’" permeable channel has been
described. This channel is regulated by changes in
physiological concentrations of intracellular MgATP:
MagNuM (Mg-nucleotide-regulated metal ion current =
LTRPC7; Hermosura et al. 2002). This channel is
ubiquitously expressed, therefore it is possibly involved in
the Mg”* depletion seen in our experiments. Since Mg**
and Ca’" are competitive in this channel, simultaneous
removal of both cations would facilitate Mg** efflux. When
extracellular Na* was replaced with K¥, removal of divalent
cations from the extracellular medium also significantly
decreased [Mg’']; and was accompanied by a significant
loss of [ATP]. On the other hand, when Na' was
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substituted with Li*, NMDG or choline, the reduction of
[ATP] was not significant, although only Li" substitution
caused a significant reduction in [Mg**];. The fact that
[ATP] loss and changes in [Mg**]; did not correlate with
each other, suggested that the MgATP-dependent
regulation of the LTRPC7 channel is not a primary
contributor, even though this channel could be involved in
the depletion of Mg**. (Competition between Mg** and
Ca®* in this channel is considered to be a primary
mechanism  contributing to our observation.)
Furthermore, [ATP] might be underestimated in the
broader ATP peaks seen upon K" substitution.
Nevertheless, the [Mg-bound ATP] decreases in parallel
with [Mg**].. It is probable that LTRPC7 would be further
activated by reduction of MgATP (through recovery from
MgATP-dependent blockage: Nadler et al. 2001), when
[Mg**]; is decreased to some extent, especially upon K* or
Li* substitution.

It has also been shown that the reversal potential of the
LTRPC7 current is close to zero (in the absence of
extracellular divalent cations). If similar Mg**-permeable
channels are responsible for the Mg®* depletion, Mg**
efflux without accompanying influx of cations, i.e. upon
substitution of Na* with NMDG or choline, would
hyperpolarize the cell membrane, and then consequently
prevent Mg** efflux. (With a simple charge balance
calculation, Mg*" efflux of only 2.5 pC cell " (8-25 x 107°)
of [Mg*]; alters the membrane potential by 50 mV,
assuming a smooth muscle membrane capacitance of
50 pF.)

In addition to the maintenance of electric charge balance
across the plasma membrane as described above, entry of
some cations into the cell could be important to replace
Mg** at anionic sites (Sparrow, 1969). Indeed,
independent groups have reported competition between
Mg** and Li* as used in the present study, at intracellular
anionic sites including ATP (Mota de Freitas et al. 1994;
Gow et al. 1999). Another explanation is that large cations,
such as NMDG and choline, may directly block the passive
Mg** pathway. The contribution of this mechanism is,
however, less possible, because [Mg*']; significantly
increased, even when Na'-Mg*" exchange is blocked by
replacing extracellular Na* with NMDG in Ca**-free,
Mg**-containing solutions (Nakayama & Tomita, 1991;
Nakayama et al. 1994). Furthermore, it has been shown
that substitution of extracellular Na" with choline has little
effect on the membrane current through LTRPC7 (Nadler
et al. 2001), a candidate of passive Mg*" pathway. (Only
intracellular choline blocks outward LTRPC7 current.)

Zhang et al. (1997) have published a new pH-dependent
dissociation constant of MgATP (Kp ygare(pH)) that was
directly measured with Mg**-selective electrodes. We have
mainly used this Kpyeare(pH) in the present study. For
some of the [Mg*']; estimation, we have also used
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Kpmgare(pH) of Bock et al. (1985) in order to compare
[Mg*']; values with those in our previous studies. This
Kpmeare(pH) provided about twofold smaller [Mg**];
values in all experimental conditions; however the
tendency of [Mg*']; change in each substitution was
essentially the same: removal of extracellular Mg** and
Ca®* depleted [Mg**];, when Na* was substituted with K*
or Li", but not when NMDG and choline were used
(Tables 2—4). In ‘normal’ solution, the [Mg”*]; estimated
using Kpyeare(pH) of Zhang et al. (1997) and Bock et al.
(1985) were ~0.81 and ~0.33 mM, respectively (Nakayama
& Clark, 2003). In light of the numerous cellular functions
in smooth muscle, e.g. mitochondrial respiration (Pyne et
al. 2001), the former estimation method seems to be
preferable (Nakayama & Clark, 2003), but the real value
may be between the two estimations. Further evaluation is
required in this respect.

Comparison between [Mg**]; (Tables 2—4) and pH;
(Table 5) suggests a tendency toward depletion of [Mg**];
thatis accompanied by intracellular alkalosis. Both [Mg**];
and [H'] (=107"") significantly decreased with either K or
Li* substitution. On the other hand, [Mg**]; only slowly
decreases with NMDG or choline substitution, while pH;
was stable or only decreased slightly. However, the intra-
cellular alkalosis is not considered to be a primary
(requisite) mechanism to induce the discrepancy of
[Mg**]; depletion between large and small cations used as a
substitute for Na*, for the following reasons. (1) The rise of
pH; to 7.4 seen with small cation substitutions was
occasionally observed under conditions which do not
significantly reduce [Mg’'];, e.g. when Ca’" alone was
removed from the extracellular solution for an extended
period of time (Nakayama & Nomura, 1995). (2) The
degree of intracellular alkalosis was smaller for K*
(Table 5), while [Mg*']; decreased by a greater degree
(Tables 2 and 4). (3) Due to the pH dependence of the
apparent dissociation constant of MgATP (Kp gare(pH);
eqn (4)), the intracellular alkalosis would enhance the fall
in [Mg**],, i.e. alkalosis decreases the value of the Kb meates
and consequently the [Mg*']; estimate is less upon intra-
cellular alkalosis, even though the metal-free ATP ratio is
the same. The metal-free ATP ratios themselves were,
however, significantly different between small and large
monovalent cation substitutions, e.g. ~87 % for K" and
~12 % for NMDG after 100 min.

In conclusion, using >'P NMR we have demonstrated that
[Mg**]; depletion caused by removal of extracellular Mg**
and Ca’" was prevented by substituting Na" with large
membrane-impermeable cations. It is suggested that rapid
depletion of [Mg**]; requires some cations to enter the cell.
Measurements of spontaneous tension development
supported this phenomenon on Mg** transport, although
care should be taken in estimating [Mg**];, when Li*-rich
solution is used.
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