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Magnesium ions play a fundamental role in cellular function, but the effects of changes 
in the concentration of intracellular ionized magnesium ([Mg2+]i) on cell physiology 
have only recently received experimental attention. Increasing [Mg2+]i from 0.3 to 3.0 
mM in cardiac cells by internal perfusion has only small effects on the basal voltage- 
gated calcium current (ICa) or on ICa elevated by dihydropyridine calcium channel 
agonists. In contrast, ICa elevated by cyclic adenosine monophosphate (cAMP)- 
dependent phosphorylation decreases by more than 50 percent. The effect of [Mg2+], is 
not due to changes in the concentration of cAMP or in the velocity of phosphorylation 
but rather appears to be a direct effect on the phosphorylated channel or on channel 
dephosphorylation. 

T HE VOLTAGE-GATED CALCIUM CUR- 

rent, ICa, plays a key role in the 
development of the cardiac action 

potential (1), in the generation of electrical 
pacemaking in nodal tissue (2), and in the 
initiation of contraction (3). ICa is modulat- 
ed by cyclic adenosine monophosphate 
(cAMP)-dependent protein phosphoryl- 
ation by neurotransmitters and drugs that 
influence 3-adrenergic and cholinergic re- 
ceptors on cardiac cells (1, 4, 5). Other 
intracellular constituents that might affect or 
regulate ICa in cardiac cells, however, have 
not received much attention. We have exam- 
ined the effects of changes in the concentra- 
tion of intracellular free magnesium 
([Mg2+],) on ICa because magnesium ions 
are an essential cofactor in hundreds of 
enzymatic reactions, have a large effect on 
certain potassium channels (6), and proba- 
bly play a role in cellular regulation (7, 8). 
We show that changes in [Mg2 ]i have a 
major effect on the amplitude of ICa elevated 
by cAMP-dependent mechanisms but that 
this effect is not mediated by changes in 
intracellular cAMP concentration. 

We measured ICa in single isolated myo- 
cytes from frog ventricle by using the whole- 
cell configuration of the patch clamp tech- 
nique (9) as described (4). Sodium current 
was blocked with tetrodotoxin, and potassi- 
um currents were blocked with both internal 
and external cesium. ICa was measured as the 
net inward current (peak current minus 
steady-state current at the end of the 400- 
msec voltage pulse) in response to a voltage 
pulse to 0 mV from a holding potential of 
-80 mV. 

The [Mg2+ ]i was changed during record- 
ing by a system that permitted continuous 
perfusion of the patch electrode as previous- 
ly described (4). The composition of the 
internal solutions was calculated by a com- 
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puter program provided by Godt and Lind- 
ley (10). The use of this program allowed us 
to maintain a constant MgATP concentra- 
tion while varying [Mg2+ ]. Concentrations 

of Mg2+ between 0.3 mM and 3.0 mM were 
used because the best estimates for [Mg 2+ 

in muscle lie in this range (8, 11). 
We examined the effect of [Mg2+], on 

cardiac P-adrenoceptor-elevated 'Ca by su- 
perfusing cells with isoproterenol (1.0 FiM) 
in the presence of low (0.3 mM) or high 
(3.0 mM) [Mg2+],. Changing [Mg2+], from 
0.3 mM to 3.0 mM caused a significant 
reduction in the isoproterenol-stimulated 
lCa (Fig. IA). When [Mg2+]i was returned 
to 0.3 mM, 'Ca increased. Analysis of the 
data was somewhat complicated by the run- 
down of 'Ca that occurred. Nevertheless, in 
three cells in which a reversible effect of 
changing [Mg2+]i was achieved, the ampli- 
tude of the isoproterenol-elevated 'Ca in 0.3 
mM [Mg2 + 

], was 88 ? 5.7% larger thanlca 
in 3.0 mM [Mg2+]i (Table 1). This effect of 
[Mg2+], on the isoproterenol-elevated ICa 
could be due to an effect on several Mg2+- 
requiring steps between P-receptor activa- 
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Fig. 1. Effect of changing [Mg2+]i on 'Ca* Cells were bathed in Cs-Ringer solution containing 88 mM 
NaCl, 20 mM CsCl, 0.6 mM Na2PO4, 24 mM NaHCO3, 1.8 iM MgCl2, 1.8 CaCl2, 5 mM sodium 
pyruvate, 5 mM glucose, 0.3 piM tetrodotoxin, pH 7.4, with 95% 02 and 5% CO2, and perfused 
internally with the solutions in (10). In (A) through (C) circles represent net ICa elicited by a 400-msec 
pulse to 0 mV from a holding potential of - 80 mV. Triangles represent the current at the end of the 
400-msec pulse (1400). Squares represent the holding current at -80 mV. (A) Effect of [Mg2+]i on the 
response to isoproterenol. Starting at t= 7 minutes, the cell was exposed extracellularly to 1 MA 
isoproterenol and perfused internally with solutions containing calculated [Mg2+] of 0.3 mM or 3.0 
mM as indicated. Increasing [Mg2+], to 3.0 mM caused a decrease in ICa that was reversible upon 
returning to 0.3 mM [Mg2+]i, on the assumption that 'Ca would have continued to run down at a 
constant rate. (B) Effect of [Mg2 ], on basal ICa and on ICa elevated by 3 pAl cAMP. The cell was 
bathed in Cs-Ringer solution for the entire experiment and perfused internally with solutions 
containing 0.3 mM, 1.0 mM, or 3.0 mM [Mg2+] as shown. (C) Reversibility of [Mg2+]i effect on 'ca 
elevated by 3 piM cAMP. The cell was initially perfused internally with solution containing 3.0 mM 
[Mg2+] . At t = 8 minutes, internal perfusion of the cell with 3 pM cAMP was begun, and [Mg2+]i was 
changed as indicated. (D) Concentration-response relation for the effect of internally perfused cAMP on 
'Ca in the presence of different [Mg2 +]. Curve 1 represents 0.3 mM [Mg2+],; curve 2, 1.0 mM 
[Mg2+]j; and curve 3, 3.0 mM [Mg2+] . 'Ca density was calculated by dividing the net calcium current 
by the cell capacitance. Each point is the mean of 3 to 48 cells; bars represent SEM. 

SCIENCE, VOL. 239 



tion and channel phosphorylation. To char- 
acterize this phenomenon further, we exam- 
ined the effect of [Mg2+]i on basal ICa and 
on ICa elevated by intracellular perfusion 
with cAMP. 

Changing the internal perfusion solution 
from one containing 0.3 mM [Mg2+] to one 
containing 1.0 mM [Mg2+] had little effect 
on basal ICa (Fig. 1B). Increasing [Mg2+] 
further (3.0 mM) caused ICa to decrease 
slightly. On average, basal ICa with 0.3 mM 
[Mg2+]i was 26% greater than ICa with 3.0 
mM [Mg2+]i (Table 1). 

In contrast to basal 'Ca, ICa elevated by 
intracellular perfusion with cAMP more 
than doubled as [Mg2 ]i was decreased 
from 3.0 mM to 0.3 mM (Fig. 1B). On 
average, decreasing [Mg2+]j from 3.0 mM 
to 0.3 mM increased by 180% the ICa that 
had been elevated by 10 pM cAMP (Table 
1). [Mg2l]i had no effect on holding current 
or on the current at the end of the pulse 
(14oo). The effect of changing [Mg2+]i oc- 
curred rapidly; the time course of change 
was similar to the time course of the increase 
in ICa produced by intracellular perfusion 

Table I. Effects of internal magnesium on calcium current amplitude. Values are means + SEM, and 
the number of cells is shown in parentheses. 

Cell ' Ca density (pA/pF) for [Mg2+li at 
treatment 0.3 mM 1.0 MM 3.0 mM 

Basal 3.18 ? 0.25 (48) 3.22 ? 0.54 (12) 2.52 ? 0.21 (32) 
Isoproterenol (1.0 pM) 42.73 ? 8.63 (3) 23.75 ? 4.55 (3) 
cAMP (10 pM) 29.5 ? 2.23 (8) 20.38 ? 1.80 (8) 10.96 ? 1.58 (7) 
8Br-cAMP (10 pM) 50.2 _ 4.7 (3) 22.4 ? 1.0 (3) 
Protein kinase (A-PK) 34.2 ? 5.0 (3) 15.2 ? 0.5 (3) 
(+)202-791 23.07 ? 1.95 (9) 17.16 ? 1.24 (9) 
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Figf 2. Mechanism of effect of [Mg2+]o oneIcaed Symbols are the same as in Fi 1B. (A) Effect of 
changing w i on Ica elevated by internal pe(2usion with 8Br-cAMP. At tpe 8 mineellsa 10 dM 8Br- 
cAMP was added to the intern. perfusion. Increasing [Mgf2+3]i to 3.0 mM u for the period indicated 
caused a reversible decrease in Ict (1) Efiect of changing [Mg2+]i on Icth elevated by internal perfusion 
with purified catalytic subunit of cAMP-dependent protein kinase (A-PK) (150 ,uLg/ml) (18). 
Decreasing [Mg2+], to 0.3 rnM caused a reversible increase in ICa elevated by the protein kinase. (C) 
Effect of changing [Mg2+], on ICa elevrated by (+)202-791 (Sandoz). Initially the cell was perfuased 
internally with 0.3 mM [Mg2l]i. Then (+)202-791 (2 ,uLg/ml) was applied extracellularly during the 
periods marked "S.") Increasing [Mg 2+ ]i from 0. 3 mM to 3. 0 rnMcaused a small decrease in Ic,, elevated 
by (+)202-791. At t = 40 minutes, 3 ,uA? cAMP was added to the internal perfsion, and [Mg 2+ jiwas 

changed as indicated. (D) Traces of ICa recorded with 3 ,M cAMP and either 0.3 mM [Mg2 ]i or 3.0 
mM [Mg2+]i. Currents from Fig. IC at t = 20 minutes and t = 45 minutes were digitized at 5 kHz and 
plotted. ICa in 0.3 mM [Mg2+]i was 2100 pA, and Ica in 3.0 mM [Mg2+]i was 875 pA. Current traces 
are 170 msec in duration. 
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with cAMP. The effect of changing [Mg2+ ] 
was usually reversible (Fig. IC). 

The effect of [Mg2+]i on cAMP-elevated 
ICa is further illustrated by the concentra- 
tion-response relation for cAMP (Fig. 1D). 
With lower [Mg2+ ], the amplitude of 'Ca 

was greater at all cAMP concentrations. The 
data for each [Mg2+ ] in Fig. 1D were fitted 
to an equation of the form ICa = 'maX 
[cAMP]/(EC5o + [cAMP]), to obtain the 
maximum ICa ('max) and the mean effective 
concentration (EC50) for cAMP. The calcu- 
lated Imax values in 0.3 mM, 1.0 mM, and 
3.0 mM [Mg2+]i were 36.6, 24.6, and 15.4 
pA/pF, respectively. The effect of [Mg2+], 
on EC50, however, was questionable; the 
EC50 values were 1.24, 1.28, and 3.65 pM 
for 0.3, 1.0, and 3.0 mM [Mg+2],, respec- 
tively. 

One possible mechanism that could ex- 
plain these results is that [Mg2+] alters the 
activity of phosphodiesterases (PDEs) that 
hydrolyze cAMP (12). We tested this hy- 
pothesis by examining the effect of [Mg2+], 
on ICa elevated by intracellular perfusion 
with 8-bromo-cAMP (8Br-cAMP), a non- 
hydrolyzable analog of cAMP. ICa elevated 
by 10 1M 8Br-cAMP was decreased revers- 
ibly about 60% by increasing [Mg2+], from 
0.3 mM to 3.0 mM (Fig. 2A). In three cells, 
ICa density in the presence of 10 pM 8Br- 
cAMP was 124% greater with 0.3 mM 
[Mg2+]i than with 3.0 mM [Mg2+], (Table 
1). Thus, the inhibitory influence of intra- 
cellular Mg2+ on cAMP-elevated ICa could 
not be attributed solely to enhancement of 
PDE activity. 

The above results suggested that the effect 
of [Mg2+], was exerted primarily on a site 
other than those regulating intracellular 
cAMP. To test this hypothesis further, we 
determined the effect of [Mg2+], on ICa 
elevated by intracellular perfusion with cata- 
lytic subunit of cAMP-dependent protein 
kinase (A-PK) (Fig. 2B). Lowering [Mg2+]i 
from 3.0 mM to 0.3 mM increased ICa by 
140% in this particular cell. On average, ICa 
elevated by A-PK in 0.3 mM [Mg2+]i was 
125% larger than that recorded with 3.0 
mM [Mg2+]i (Table 1). Therefore, the in- 
hibitory effect of Mg2+ was not primarily 
due to an action on cAMP concentration. 
Since A-PK activity is not significantly in- 
hibited by [Mg2 ] in this concentration 
range (13), the effect of [Mg2+] was not 
likely due to changes in velocity of channel 
phosphorylation unless [Mg2+]i alters the 
ability of the calcium channel to act as a 
substrate for A-PK. 

The final possibility we tested was wheth- 
er [Mg2+]i might affect the response to any 
agent that elevated 'Ca. The effect of altered 
[Mg2+]i on 'Ca elevated by (+)202-791 
(Sandoz), a dihydropyridine calcium chan- 
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