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Abstract

The effects of extracellular Mg2* on receptor-mediated Ca?"-permeable non-selective cation currents were investigated in a cultured
aortic smooth muscle cell line (A7r5) from rat thoracic aorta, using the whole-cell voltage-clamp technique. Under the Cs*-containing
internal solution, both vasopressin and endothelin-1 (100 nM) activated a long-lasting inward current with a high noise level. The reversa
potential of these agonists-induced current was approximately +0 mV, and was not significantly atered by the replacement of [CI ], or
[CI™],, suggesting that the inward current was a cation-selective channel. La®* and Cd?* (1 mM) almost completely abolished the
vasopressin or endothelin-induced non-selective cation current; however, nifedipine (10 wM) failed to inhibit it significantly. Extracellular
Mg?* (3-20 mM) also markedly inhibited the vasopressin- or endothelin-induced non-selective cation current in a concentration-depen-
dent manner. When a non-hydrolysable GTP-analogue, GTPyS (1 mM), was applied from the patch pipette, the non-selective cation
current was gradually activated even in the absence of agonist (vasopressin or endothelin-1), probably due to the direct activation of
GTP-binding proteins coupled to the receptors. Extracellular Mg?* (3—20 mM) aso suppressed the activation of non-selective cation
current induced by GTPyS, suggesting that the inhibitory sites of Mg2* are not located on the receptors. These results suggest that
extracellular Mg?* inhibits receptor-mediated non-selective cation current, which may contribute to the relaxation effects of Mg?* in

vascular smooth muscle cells.
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1. Introduction

Extracellular Mg2* not only induces relaxation per se
but also affects the vasomotor reactivity to a number of
contractile agonists such as noradrenaline, prostaglandin
F,, and histamine (Altura and Altura, 1981; Howell and
Carrier, 1986; Karaki, 1989; D' Angelo et al., 1992). Sev-
eral mechanisms for the relaxant actions of Mg?" have
been proposed (Karaki, 1989). Mg2* decreases intra-
cellular Ca2* (D’ Angelo et al., 1992) due to the alteration
of membrane permeability, disruption of agonist-receptor
interaction, and/ or blockade of Ca?" channels, i.e. the
voltage-dependent L- or T-type Ca?* channels. The in-
hibitory effects of Mg?* on receptor-mediated Ca®* influx
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have also been reported (Ruegg et al., 1989; Wallnofer et
al., 1989; Karaki, 1989). In various kinds of cellsincluding
vascular smooth muscle, the contractile agonists such as
vasopressin and endothelin induce Ca?* release from the
internal stores and Ca2* influx through receptor-operated
Ca?" channels or Ca&?" influx through the voltage-depen-
dent Ca?* channels. The receptor-activated Ca®* entry is
mediated in part by Ca®"-permeable non-selective cation
channels, which is resistant to organic Ca®" antagonist,
such as nifedipine (Benham and Tsien, 1987, Van
Renterghem et al., 1988; Matsunaga et al., 1994; Nakajima
et al., 1996). Furthermore, the activation of this channel
depolarizes the membrane, which may indirectly activate
the voltage-dependent L-type Ca?* channel, and then in-
crease Ca?" influx. Thus, Ca?*-permeable non-selective
cation channel is thought to play an important role in
regulating vascular tone. However, the effects of extracel-
lular Mg?®* on the channels have not been directly investi-
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gated. Therefore, the purpose of the present study is to
clarify the effects of extracellular Mg?* on receptor
(vasopressin or endothelin)-mediated Ca?* permeable
non-selective cation channels in vascular smooth muscle
cells. Here, we report that extracellular Mg?* inhibits
receptor-mediated non-sel ective cation currents, which may
contribute to the relaxation effects of Mg2* in vascular
smooth muscle cells.

2. Materials and methods
2.1. Céll preparation

AT7r5 cells (ATCC-7), an established vascular smooth
muscle cell line obtained from embryonic rat aorta (Kimes
and Brandt, 1976; Lorenz et a., 1994), were purchased
from American Type Culture Collection through Dainip-
pon Seiyaku (Kyoto, Japan). Cells were grown in Dul-
becco's modified Eagle's medium (DMEM, Nissui
Seiyaku, Tokyo, Japan) supplemented with 10% fetal
bovine serum (M.A. Bioproducts, Walkertsville, MD,
USA), 50 units/ml of penicillin and 50 wg,/ml of strepto-
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mycin a 37°C in a fully humidified atmosphere of 5%
CO, in air. Cells subcultured to passage number 10-20
were grown as monolayers on glass slides, and confluent
cell layers were serum-derived by culturing in DMEM
containing 0.3% bovine serum abumin for 24 h. Cells
were isolated by an enzymatic procedure using trypsin, and
used for the later experiments. All experiments were per-
formed at 35-37°C.

2.2. Solutions and drugs

The composition of the standard extracellular solution
was as follows (in mM): NaCl 136.5, KCl 5.4, CaCl, 1.8,
MgCl, 0.53, glucose 5.5, and HEPES-NaOH buffer 5.5
(pH 7.4). When externa ([Cl~],) or internal ([CI~],) con-
centration of Cl~ was changed, CI~ was replaced with
equimolar aspartate. The patch pipette contained (in mM):
CsCl 140, EGTA 0.15, MgCl, 2, Na,ATP 3, guanosine-
5-triphosphate (GTP, sodium salt, Sigma) 1 and HEPES-
CsOH buffer 5 (pH 7.2). In some cells, guanosine-5-0-(3-
thiotriphosphate) (GTPvS, Boehringer-Mannheim,
Mannheim, Germany) or EGTA (10 mM) was included in
the patch pipette. Various concentrations of magnesium
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Fig. 1. Activation of a non-selective cation channel by vasopressin and the effects of nifedipine, Cd>* or La®" on the channel in aortic smooth muscle
cells. (A) Activation of an inward current by vasopressin. The cell was held a8 —60 mV. The patch pipette contained the Cs*-internal solution.
Ramp-voltage pulses from —80 mV to +40 mV (100 ms in duration) were applied before (a), and during application of vasopressin (100 nM) (b). The
current traces of the ramp pulses (a, b) were recorded at the times indicated in the upper part of the trace. The zero-current level is denoted by dotted lines.
The current-voltage (I-V) relationships of the subtraction current from (b) to (a) are shown in the lower part of (A). (B) Effects of nifedipine (10 wM, a),
Cd?* (1 mM, b) and La®>* (1 mM, c) on vasopressin-activated non-selective cation currents. The cells were held a —40 mV. The zero-current level is

illustrated by dotted lines.
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were added to the standard bathing solution.
[Arg®]Vasopressin and endothelin-1 were obtained from
Sigma (St. Louis, MO, USA).

2.3. Recording technique and data analysis

Membrane currents were recorded with glass pipettesin
the whole-cell voltage-clamp condition (Hamill et al., 1981;
Nakagiima et al., 1992), using a patch-clamp amplifier
(EPC-7, List Electronics, Darmstadt, Germany). Heat-
polished patch pipettes, filled with the artificial internal
solution (for composition, see above), had a tip resistance
of 2-4 M. Membrane currents were monitored with a
high-gain storage oscilloscope (COS 5020-ST, Kikusui
Electronics, Tokyo, Japan). At the start of the experiment,
the series resistance was compensated. The data were
stored on video tapes using the PCM converter system
(RP-880, NF Electronic Circuit Design, Tokyo, Japan).
Later, the data were reproduced, low-passed filtered at 2
kHz (—3 dB) with a Bessdl filter (FV-665, NF, 48 dB /oc-
tave slope attenuation), sampled at 5 kHz, and analysed
off-line on a computer using p-Clamp software (Axon
Instruments, CA, USA). Voltage-ramp command pulses
were used to generate a quasi-steady-state current-voltage
(1-V) relationships. Results are expressed as mean + S.D.
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Student’s t-test was used for statistical evaluation, and
P < 0.05 was considered to be significant.

3. Results

Fig. 1A shows the effects of vasopressin on membrane
currents in rat aortic smooth muscle cells (A7r5 cells).
Under the condition with Cs*-internal solution, vaso-
pressin (100 nM) induced a long-lasting inward current
with a high noise level at a holding potential of —40 mV.
The current-voltage relationships of the inward current
were investigated with the ramp-voltage steps (—80 mV to
+40 mV, 100 ms in duration). In control bathing solution,
the current-voltage relationships of the vasopressin-in-
duced current reversed a8 —2+ 3 mV (n=12, Fig. 1A,
lower part and Table 1). The reversa potentia (E,,,) of
the current was unchanged by decreasing [Cl ], from 140
mM to 0 mM or [Cl~]; from 140 mM to 0 mM (Table 1).
These results suggest that vasopressin activates a non-
selective cation current, but not a Cl~ current (Nakajima et
al., 1995; Hazama et al., 1996) under our conditions as
described previously (Van Renterghem et al., 1988;
Krautwurst et al., 1994; Nakgjima et al., 1996). Similarly,
vasopressin induced the inward current with 10 mM EGTA
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Fig. 2. Effects of extracellular Mg?™ on the current-voltage (1-V) relationships of the vasopressin-induced current. The cell was held at —60 mV, and the
ramp-voltage command steps (—80 mV to +40 mV in 100 ms duration) were applied in control (a), during application of vasopressin (100 nM, b),
vasopressin plus Mg2™ (10 mM, ¢) and vasopressin plus La®" (1 mM, d). The original current traces of a—c are shown in the left side of the lower part.
The I-V relationships of the subtraction current from (b) to (a), (b) to (c) and (a) to (d) are shown in the right side of the lower part.
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Table 1
Effects of extracellular or intracellular CI~ concentration on the reversal
potential (E,,) of the vasopressin-induced current in A7r5 cells

Bath /pipette solution E,ew (Mean+S.D.)

140 mM [CI~ ], /140 mM [CI~ ]; —2+3mV (n=12)
140mM [CI"],/ OmMI[Cl~]; —3+5mV (n=5)
OmM [CI™ ], /140 mM [CI~ ], —2+4mV (n=5)

Extracellular or intracellular ClI~ was replaced by aspartate. The data
represent the mean+ S.D. and the number of cells tested is shown. No
significant difference (P < 0.05) was observed when compared with the
control (140 mM [CI~ ], /140 mM [CI™ ).

in the patch pipette to chelate intracellular Ca?*. Endothe-
lin-1 (100 nM) also activated the currents in A7r5 cells as
indicated in Fig. 3B. In addition, even when extracellular
Na* was totally replaced by Ca?*, vasopressin (100 nM)
still activated the non-selective cation currents (data not
shown), suggesting that Ca?™" is also a charge carrier of the
vasopressin-induced non-selective cation current. These
results are compatible with previous papers showing that
both vasopressin and endothelin-1 activate Ca?*-permeable
non-selective cation channels in aortic smooth muscle cells
(A7r5 cells) (Van Renterghem et al., 1988; Krautwurst et
al., 1994; Nakgjimaet a., 1996). Fig. 1B shows the effects
of nifedipine, Cd**, or La*" on vasopressin-induced
Ca’*-permeable non-selective cation currents. Nifedipine
(10 wM) failed to affect the holding current, and to inhibit
the vasopressin-induced non-selective cation currents sig-
nificantly (Fig. 1Ba). However, Cd** (1 mM, Fig. 1Bb)
and La®* (1 mM, Fig. 1Bc) amost completely inhibited
the vasopressin-induced non-selective cation currents. Sim-
ilar results were obtained from four different cells in each
case. The reduction of the non-selective cation channels by
these agents was associated with a decrease in the noise
level and the inhibitory effects of these agents were re-
versible.

Figs. 2 and 3 (A, B) illustrate the effects of extracellular
Mg?* on the vasopressin- or endothelin-induced non-
selective cation currents. Mg?* (3—20 mM) by itself failed
to affect the holding current significantly (data not shown),
but Mg?* (3-20 mM) dose-dependently inhibited the
vasopressin- (Fig. 3A) or endothelin-1-induced non-selec-
tive cation currents (Fig. 4, and Table 2). The inhibitory
effect of extracellular Mg?*™ was reversible. The Mg?*-in-
duced suppression of the current was examined with
ramp-voltage steps (Fig. 2). Mg?* (10 mM) suppressed
the vasopressin-induced non-selective cation currents at
any voltages (Fig. 2, left side of the lower part). The
reversal potential of the current was not altered by Mg?*
(10 mM) significantly (Fig. 2, right side of the lower part),
suggesting that ionic selectivity of the channels was not
atered by Mg?*. Fig. 4 and Table 2 show the effects of
various concentrations of extracellular Mg?* on the vaso-
pressin- or endothelin-1-activated non-selective cation cur-
rents. Mg®* (3-20 mM) inhibited the vasopressin- or

endothelin-1-induced current in a concentration-dependent
manner, and the half-maximal inhibitory dose (IC,) of
Mg?* was about 7 mM in both cases.

To investigate the inhibitory site of Mg®" on the
non-selective cation currents, the effects of Mg?" on
GTPyS-induced non-selective cation currents were aso
examined. The patch pipette contained the non-hydrolysa-
ble GTP analogue (GTPyS, 1 mM). Non-selective cation
currents were activated by the addition of GTPyS intra-
cellularly through the patch pipette. Immediately after the
rupture of the membrane (Fig. 3C), the holding current
was gradually increased into the inward direction at a
holding potential of —40 mV even in the absence of
agonists (vasopressin or endothelin-1). In addition, inclu-
sion of GDPBS (2 mM) in the patch pipette completely
inhibited the activation of the current by vasopressin and
endothelin-1, suggesting that GTP-binding proteins were
involved in activating the current (Fig. 3E). La®* (1 mM)
inhibited the GTPyS-induced current (Fig. 3C and 3D).
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Fig. 3. Effects of extracellular Mg?* on the vasopressin-, endothelin-1-
or GTPyS-induced non-selective cation currents. (A and B) Effects of
extracellular Mg2* on the vasopressin- or endothelin-1-activated non-
selective cation currents. The cells were held &t —40 mV. Various
concentrations of Mg?* were added into the bath solution. The zero-cur-
rent level is denoted by the dotted lines. (C and D) Effects of extracellular
Mg?* on GTPyS-induced non-selective cation currents. The patch pipette
contained the Cs*-internal solution with GTPyS (1 mM). Immediately
after rupture of the membrane, the continuous holding current is shown in
(©). In (D), the holding current is shown after the increased current
reached to a steady-state level. The zero current is denoted by the dotted
lines. (E) Effects of GDPBS on vasopressin or endothelin-1-induced
non-selective cation currents. The patch pipette contained GDPBRS (2
mM).




T. Nakajima et al. / European Journal of Pharmacology 320 (1997) 81-86 85

%
100
AGIPYS
® Vasopressin
© Endothelin-1
e
£
£
=
S 50
4
7’
0 - _ — mM
1 10 25

Mg concentration

Fig. 4. The dose-response curves for extracellular Mg?*-induced suppres-
sion of vasopressin-, endothelin-1- or GTPyS-induced non-selective cation
currents. The per cent inhibition by extracellular Mg?* (3-20 mM) on
vasopressin- (closed squares), endothelin-1- (open circles) or GTPyS-
(closed triangles) induced currents is illustrated. Each value represents the
mean+ S.D. of six different cells. No statistical significance between the
per cent inhibition by Mg?™ on vasopressin- or endothelin-1-induced
currents and that by Mg?* on GTPyS-induced currents at each Mg?*
concentration was observed.

The reversal potential of the GTPyS-induced current was
—1+ 3 mV (n=5), and was unaffected by the alteration
of the external or internal concentration of Cl~. These
results suggest that GTPyS activates the non-selective
cation currents even in the absence of agonists, possibly by
the direct activation of the GTP-binding proteins coupled
to the receptors (vasopressin and endothelin receptors).
Mg?* aso inhibited the GTPyS-activated non-selective
cation current in a concentration-dependent manner (Fig.
3D). The concentration-dependence curve of extracellular
Mg?* on GTPyS-induced non-selective cation currents is
indicated in Fig. 4 (closed triangles) and Table 2. The IC,
value was approximately 7 mM, and the concentration-de-
pendence curves of extracellular Mg?* on the vasopressin-,
endothelin-1- and GTPyS-induced currents are almost su-
perimposable.

Table 2
Per cent inhibition by extracellular Mg?* on vasopressin-, endothelin-1-
and GTPyS-induced currects in A7r5 cells

[Mg2* ], % Inhibition (mean+S.D.)

Vasopressin Endothelin-1 GTPyS
3mM 23+ 9(n=6) 26+11(n=16) 224+ 7(n=6)
5mM 444+ 15(n=6) 43+11(n=6) 46+ 16 (n=6)
10 mM 66+11(n=16) 63+12(n=16) 60+17(n=16)
20 mM 90+ 5(n=6) 88+ 6(n=6) 91+ 4(n=6)

The per cent inhibition by extracellular Mg?* (3-20 mM) on vaso-
pressin-, endothelin-1- or GTPyS-induced non-selective cation currentsis
indicated. The mean+ S.D. value is shown, and the data were obtained
from six different cells.

4, Discussion

The present study indicates that extracellular Mg?*
(3-20 mM) inhibited the receptor (vasopressin and en-
dothelin)-mediated Ca?*-permeable non-selective cation
channels in aortic smooth muscle cells. The functiona
importance of this channel is considered as follows. (1) It
depolarizes the membrane potential, which indirectly acti-
vates the voltage-dependent Ca?* channels, and then in-
creases Ca?* influx. (2) In various kinds of cells including
vascular smooth muscle cells, the activation of the channel
itself can evoke Ca?* influx through the channel that is
highly permeable to divalent cations, i.e. Ca®* (Benham
and Tsien, 1987; Van Renterghem et al., 1988; Matsunaga
et al., 1994; Nakajima et al., 1996), which can contribute
to the sustained rise of [Ca®"] evoked by contractile
agonists, such as vasopressin, endothelin or platelet-de-
rived growth factor (PDGF). Therefore, the inhibitory ef-
fects of extracellular Mg®* on the channels are thought to
contribute to the vasorelaxant effects of Mg?*. Nifedipine,
a dihydropyridine Ca?* antagonist, failed to inhibit the
receptor-mediated non-sel ective cation channels, proposing
that Mg?* has a unique therapeutic effect which is differ-
ent from that of organic L-type Ca?* channel blockers.

The inhibitory effects of Mg?* on the channels can
occur at any of the steps that exists between receptor
binding and channel opening. High EGTA in the patch
pipette could not block the activation of the channel by
vasopressin or endothelin-1, suggesting that it is not di-
rectly mediated by the rise of [Ca?™ ];, which is consistent
with earlier papers (Van Renterghem et al., 1988;
Krautwurst et al., 1994; Nakgjima et al., 1996). Therefore,
the inhibitory action of Mg?* on the receptor-mediated
non-selective cation channels does not seem to be medi-
ated secondarily by the alteration of [Ca?*],. Extracellular
Mg?* has been shown to affect binding of pressor hor-
mones (including histamine) to vascular smooth muscle
(Howell and Carrier, 1986; Karaki, 1989). However, it
seems unlikely that the direct inhibition of receptor
(vasopressin or endothelin-1) is mainly involved in Mg?*
actions on the non-selective cation channels. As indicated
in Fig. 3 and previous papers (Krautwurst et al., 1994;
Nakajima et al., 1996), the activation of the non-selective
cation channels by vasopressin and endothelin-1 is medi-
ated by GTP-binding proteins. Inclusion of GDPBS in the
patch pipette abolished the activation of the current, and
the addition of GTPyS, a non-hydrolysable GTP analogue,
activated the channels even in the absence of agonists,
probably due to the direct activation of GTP-binding pro-
teins coupled to the receptors. Extracellular Mg?* inhib-
ited both the agonist-dependent activation of non-selective
cation channels and the activation of the channels by
GTPyS in a similar manner, suggesting that the receptor
sites are not mainly involved in the Mg?* effects. Further-
more, the inhibitory effect of extracellular Mg?* was quite
rapid, and easy to wash out. Also, D' Angelo et al. (1992)
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have reported that increased extracellular Mg2* concentra-
tion [Mg®* 1, (1.2—10 mM) induces relaxation by decreas-
ing myoplasmic [Ca?*] without changing intracellular
Mg?* concentration [Mg?*], in carotid arteries. From
these findings, extracellular Mg?* does not appears to
inhibit the channel by affecting [Mg?* ], indirectly, but
appears to block it from the outside.

The voltage-dependent Ca channels (L- and T-type) can
be blocked by awide variety of multivalent cations includ-
ing Cd®*, Co?" and La®*. Externa Mg?* (1-10 mM)
also blocks the voltage-dependent L-type Ca?* channels
(Lansman et al., 1986; Ohya and Sperelakis, 1990) with an
IC, of about 12 mM (Ohya and Sperelakis, 1990). Re-
cently, Krautwurst et al. (1994) showed that multivalent
cations can inhibit receptor (vasopressin)-mediated non-
selective cation channels with a rank of potency (Gd** >
La®* > Cd?*) in A7r5 cells where the IC,, values for
these cations were 0.09 puM, 27 uM, and 243 uM,
respectively. The present study illustrated that extracellular
Mg?* can also inhibit the receptor-mediated non-selective
cation channels with ICg, values of approximately 7 mM.
Therefore, Mg?* seems to be a less potent blocker than
some other multivalent cations, but appears to work as
blockers as other multivalent cations. In aortic smooth
muscle cells (Ruegg et al., 1989; Wallnofer et al., 1989),
extracellular Mg?* (1-10 mM) inhibits agonist (vasopres-
sin, angiotensin Il or purinergic agonist)-induced Ca?*
influx with arank of potency (La®* > Cd?* > Mg?*) which
is somewhat compatible with the potency of extracellular
Mg?" on receptor-operated Ca?"-permeable non-selective
cation channels in the present study.

In conclusion, extracellular Mg?* inhibits receptor-
mediated non-selective cation channels in a physiological
range of 3—-10 mM in vascular smooth muscle cells,
probably due to the direct blockade of the channels, which
may contribute to the vasorelaxant effects of Mg?2*.
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