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Abstract. The aim of this study was to determine from 
macroscopic current analysis how intracellular magne- 
sium ions, Mg { ÷, interfere with sodium channels of mam- 
malian neurones. It is reported here that permeation 
across the sodium channel is voltage- and concentration- 
dependently reduced by Mg 2+. This results in a general 
reduction of sodium membrane conductance and an out- 
ward sodium peak current at large positive potentials. 
30 mM Mg 2 ÷ leads to a negative shift of voltage depen- 
dence of sodium channel gating parameters, probably due 
to the surface potential change of the membrane. This 
shift alone is, however, insufficient to explain the reduc- 
tion of outward sodium currents. The blockage by Mg 2 + 
is decreased upon increasing intracellular or extracellular 
Na ÷ concentration, which suggests that Mg 2 ÷ interferes 
with sodium permeation by competitively occupying sodi- 
um channels. Using a kinetic model to describe the sodi- 
um permeation, the dissociation constant (at zero mem- 
brane potential) of Mg~ 2-- for the sodium channel has been 
calculated to be 8.65 +__ 1.51 mM, with its binding site lo- 
cated at 0.26_+0.05 electrical distance from the inner 
membrane. This dissociation constant is smaller than that 
of Na~ + , which is 83.76-t-7.60 mM with its binding site 
located at 0.75_+0.23. The low dissociation constant of 
Mg ] + reflects its high affinity for the sodium channel. 
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Introduction 

Intracellular Mg 2+ is involved in several cellular func- 
tions, by regulating various biochemical reactions (Strata 
and Benedetti 1988). The regulation of Mg 2+ has been 
studied in different preparations (e.g. Altura and Altura 
1985; Baker and Dipolo 1984). Intracellular Mg 2-- is also 
known to interact with several ionic channels, such as the 
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N-methyl-D-aspartate-activated channel (Johnson and 
Ascher 1990), the ATP sensitive potassium channel (Horie 
et al. 1987), the muscarinic potassium channel (Horie 
and Irisawa 1987), the inward rectifier potassium channel 
(Matsuda 1988), and calcium channels (White and Hart- 
zell 1988). 

The reduction of outward currents through the sodi- 
um channel, expressed in Xenopus oocytes from rat brain 
cDNA, has also been described (Pusch et al. 1989; Pusch 
1990). The cerebellar granule cell in culture has been rec- 
ognized as an excellent model for studying electrophysio- 
logical (e.g. Hockberger et al. 1987; Cull-Candy et al. 1989; 
Sciancalepore et al. 1989; Lin and Moran 1990) and bio- 
chemical (e.g. Levi et al. 1984; Nicoletti et al. 1987) prop- 
erties of neurones, owing to the fact that it maintains the 
morphological and functional properties of native neu- 
rones (Levi et al. 1984). We have, therefore, investigated in 
detail the effect of Mg~ ÷ on macroscopic Na ÷ currents in 
cerebellar granule cells in order to study the possible ki- 
netic mechanism of the Mg 2 ÷ blockage. From our results, 
we propose that Mg { ÷ blocks sodium channels by enter- 
ing the sodium channel and binding to a site inside the 
pore with high affinity. 

Methods 

Cell preparation 

Experiments were performed on cerebellar granule cells 
dissociated from eight days old Wistar rats, and prepared 
according to Levi and co-workers (1984). In order to di- 
minish the problems of space-clamp produced by the neu- 
ritic processes growing, and of differences in the sodium 
channel expression during differentiation in vitro, cells 
were used only between 3 and 5 days in culture (DIC). 

Bath solutions were (in millimolar): CaC12 2, CoC12 5, 
HEPES-NaOH (N-2-hydroxyethylpiperazine) 10 and 
NaC1 40, 60 and 100 respectively. Pipette solutions, dia- 
lyzing the intracellular compartment, had different Na ÷ 
and Mg 2+ concentration ([Na+]i, [Mg2+]i), as described 
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Table 1. Intracellular (pipette) solutions. Osmolarities of solutions 
were adjusted with d-glucose (see text) 

Composit ion 15 Na + 20 Na + 30 Na + 30 Na + 
[mM] [mM] [mM] [mM 1 

NaC1 5 10 20 20 
MgCI 2 0, 0.5, 1, 0, 0.5, 1, 0, 0.5, 1, 30 

3 ,7  2 , 3 , 5 , 7  3 ,7  
CsF 110 105 95 70 
EGTA ~ 11 11 11 11 
HEPES-NaOH 10 10 10 10 

" EGTA: Ethylenglycol-bis-13-amino-ethylether 

in Table 1. Osmolarities of intracellular solutions were 
corrected to 295 mOsm and those of external solutions to 
310 mOsm with d-glucose. In all solutions, pH was ad- 
justed to 7.35. All experiments were performed at room 
temperature (17 to 21 °C). 

Voltage clamp experiments 

us to characterize the voltage dependence of steady-state 
sodium channel inactivation. All stimulations for sodium 
current measurements were followed by a similar pulse 
protocol in which pulse amplitudes were reduced to 1/4 
and the holding potential was brought to - 1 1 0  mV (P/4 
procedure, Bezanilla and Armstrong 1977). The P/4 re- 
sponses were used to subtract linear membrane respons- 
es. 

Data analysis 

Voltage-dependent properties of sodium currents were 
analysed in terms of the Hodgkin and Huxley model 
(Hodgkin and Huxley 1952). The peak sodium current Ip 
was estimated by fitting the experimental record in a 
short interval around the peak with a third order polyno- 
mial. Means of peak currents were obtained from be- 
tween 4 and 26 patches at each ionic concentration. All 
the fitting procedures are based on the standard least-chi- 
square procedure (Press et al. 1989). 

Ionic currents were measured in the whole-cell configura- 
tion of the patch-clamp technique (Hamill et al. 1981), 
using a standard patch-clamp amplifier (EPC-7, List 
Medical Electronics). Patch pipettes were pulled from 
borosilicate glass pipettes (Hilgenberg) and had resis- 
tances in the range of 2.5 to 4 MR after fire polishing, and 
determined with our intracellular/extracellular working 
solutions. In all experiments, potassium currents were 
negligible because of intracellular substitution of K + 
with Cs +. Calcium currents were also insignificant under 
our experimental conditions owing to the presence of 
5 m M  Co z +, known to be very potent blocker of calcium 
channels (Brown et al. 1981; Carbone and Lux 1984). 
Holding potential was maintained at - 9 0  inV. In all 
cases, the major part of the capacitive component of the 
membrane current in response to a voltage-step stimula- 
tion was compensated analogically. The full correction of 
capacitance and leak responses was made digitally on- 
line (see below). 

Data acquisition 

Stimulation and data acquisition were controlled by a 
microcomputer (Atari 1040ST), equipped with a 12 bit 
A/D-D/A converter (M2-Lab, Instrutech). Before digital 
acquisition at 50 kHz, currents were low-pass filtered by 
a 4-pole Bessel filter (Ithaco, 4302), at a cut-off frequency 
of 5 kHz or 10 kHz. 

Standard pulse protocols were used to study macro- 
scopic properties of sodium currents. The voltage depen- 
dence of sodium current activation and kinetics of activa- 
tion and inactivation were examined using a series of 
voltage pulses to various depolarizing levels between 
- 4 0  and 130 mV, preceded by a - 100 mV prepulse last- 
ing 5 ms. Double-pulse stimulations composed of a fixed 
test pulse preceded by a 40 ms conditional test pulse to 
various voltage levels, from - 80 mV to - 5 mV, allowed 

Results 

Mg 2+ blocking effect on the sodium channel 
is concentration and voltage dependent 

Macroscopic sodium currents were recorded in the 
whole-cell configuration of the patch-clamp technique, 
from - 4 0  to ] 30 mV with different [Mg 2 +]i. In order to 
compare results obtained from different cells, currents 
were scaled by membrane area, calculated from the 
compensation of the capacity transient of each cell (using 
the empirical relation: 1 pF/100 lam2). The scaled maxi- 
mum inward peak current measured from 3-5  DIC cells 
is 0.26 + 0.08 pA/gm 2 (mean + SD, n = 21 and Na +/Na + 
= 15/110). The membrane capacity is 2.2 + 0.3 pF (mean 
_+ SD, n = 63). Figure 1 shows families of sodium currents 
obtained with different [Mg2+]i. It illustrates that the 
blocking effect of Mg 2+ on sodium current increases 
upon increasing [Mg 2 +]i- 

Relations of peak current to test potential, I , -Vm,  
obtained at [Na+]i = 15 raM, 0 mM and 7 mM Mg) + are 
shown in Fig. 2A. Sodium peak currents appear to be 
reduced at applied V,,, > 0 mV in the presence of Mg~ +. 
However, this reduction of sodium current becomes strik- 
ing when V m is higher than the sodium equilibrium poten- 
tial. The blocking effect of 7 m M  [Mg2+]~ is still clearly 
observed when the intracellular Na + concentration is 
raised to 30 raM, as is shown in Fig. 2B. Nevertheless, the 
reduction of Ip by Mg 2 +, especially on the inward cur- 
rents, diminished upon increasing [Na+]i. 

In order to evaluate the blocking effect of Mg~ + under 
different experimental conditions, we normalized the 
peak current obtained in the presence of Mg~ + by that in 
the absence of Mg~ z +. Normalized peak currents, I , ,  ob- 
tained at 15 mM and 3 0 m M  Na + are compared in 
Table 2. It is shown that the blocking effect of Mg{ + 
increases when the intracellular Mg 2+ concentration is 
increased. However, the same [Mg2+]~ leads a lower 
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Fig. 1A-C. Families of sodium currents obtained from three 
whole-cell patches. The holding potential was maintained at 
- 9 0  mV. Voltage pulses to various test potentials from - 20  to 
- 8 0  mV in 20 mV steps, were preceded by a 5 ms prepulse of 
- J00 inV. Each trace is the average of 8 records after the subtrac- 
tion of linear leakage and capacitance currents. A was obtained with 
0 mM [MgZ+]~, B with 0.5 mM [Mga+]~ and C with 7 mM [Mg z +]~. 
All currents have been corrected by membrane areas. 
[Na+]i = 15 mM and [Na+]o = 110 mM 
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Fig. 2A, B. Peak current (lp)-membrane voltage (V,,) relationships. 
Triangles represent Ip obtained at [MgZ+]~=0 mM and pentagons 
are values obtained at [Mg z +]i = 7 mM. Results were obtained from 
4 different cells. A Peak currents were obtained at [Na+]/= 15 mM. 
Reversal potentials are 43.7 mV and 43.4 mV, in the presence of 0 
and 7 mM Mg~ + respectively. B Peak currents were obtained at 
[Na+]i= 30 mM. Reversal potentials are 28.5 mV and 29.8 mV in 
the presence of 0 and 7 mM Mg~ a +. All peak currents have been 
corrected by membrane areas. [Na+]o = 110 mM in both cases 
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T a b l e  2. Normalized mean peak currents (I,) obtained at an applied 
potential of 100 mV, and different [Na+]i and [Mg/+]i. Values repre- 
sent mean ±SD. [Na+]o is fixed at l l 0 m M  

[Mg2+]i I, ([Na+]~= 15 raM) I, ([Na+]~= 30 raM) 

0.0 1.00±0.08(n=20) 1.00±0.07(n=26) 
0.5 0.67±0.07(n=9) 0.84±0.08(n=4) 
3.0 0.51±0.09(n=9) 0.64±0.04(n=3) 
7.0 0.35±0.07(n=6) 0.47±0.04(n=6) 

T a b l e  3. Normalized mean peak currents (I,) obtained at an applied 
potential of 100 mV, and different [Na+]o and [Mg 2 +]i. Values repre- 
sent mean±SD. [Na+]~ is fixed at 30 mM 

[Mg2+], I, ([Na+]o I, ([Na+]o I, ([Na+]o 
=50 mM) =70 mM) =110 raM) 

0.0 
1.0 
3.0 
7.0 

1.00±0.13(n=10) 1.00±0.07(n=1~ 1.00±0.07(n=26) 
0.70±0.10(n= 8) 0.73±0.05(n=10) 0.78±0.09(n= 4) 
0.56±0.07(n= 8) 0.60±0.06(n:10) 0.64±0.04(n= 3) 
0.43±0.10(n= 7) 0.45±0.10(n= 9) 0.47±0.04(n= 6) 

T a b l e  4. The time to peak (ms), evaluated at different applied mem- 
brane potentials. Values are mean ± SD. ([Na +]~ = 15 raM, [Na+]o = 
110 raM) 

[Mg2+]i 10 mV 80 mV 100 mV N 

0.0 1.57±0.17 0.47±0.04 0.47±0.04 15 
0.5 1.29±0.19 0.48±0.03 0.45±0.03 4 
1.0 1.44±0.41 0.44±0.02 0.42±0.03 5 
3.0 1.22±0.19 0.45±0.04 0.40±0.04 9 
7.0 t.33±0.20 0.47±0.02 0.44±0.02 5 

b locking effect with increasing [Na+]~, I , ,  ob ta ined  in 
50 m M  and  110 m M  N a  + are compared  in Table 3. De- 
creasing extracellular N a  + concen t ra t ion  appears  to 
slightly enhance  the Mg 2 + b locking effect. These observa- 
t ions suggest a competi t ive b locking mechan i sm of Mg z + 
on the sodium channel .  Hence,  one can propose  that  Na  + 
and  Mg z+ competi t ively enter  the sod ium channel.  The 
occupancy  of the sodium channel  by Mg 2+, therefore, 
interferes with the sodium flux in bo th  directions. 

Sodium channel gating mechanism 
is not significantly affected by Mg~ + 

In  order to investigate whether  the reduc t ion  of sodium 
currents  is an effect of Mg~ ÷ on  the gating mechan i sm of 
the sodium current  we studied vol tage-dependent  gat ing 
parameters  of sod ium channels  in the presence of different 
[Mg2+]i . 

The first approach  consisted of a compar i son  of 
vo l tage-dependent  propert ies  of peak currents  in the pres- 
ence of different [Mg z +]~. The t ime to peak, tp, was esti- 
ma ted  as an app rox ima t ion  of the ac t iva t ion  t ime con- 
stant, The invar iance  of tp measured  at different applied 
potent ials  in the presence of [Mg 2 +]i-< 7 m M  is presented 
in Table 4. 
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Table 5. Half activation potential (Vh) and e-fold voltage depen- 
dence of activation (a). Data were obtained from fitting the peak 
current, estimated at each potential, with the equation: Ip=gm,x 
(V~- V~a)/[l --exp((V,~-- Vh)/a)] (Pr6bstle et al. 1988). Values are 
mean± SD. ([Na+]~= 15 raM, [Na+]o = 110 raM) 

[Mg: +]~ V h (mY) a (mY) N 

0.0 10.8±2.1 9.9±0.9 13 
0.5 10.5±2.1 10.1±1.3 6 
1.0 9.2±1.0 9.4±1.2 6 
3.0 11.8±1.9 10.1±1.0 5 
7.0 10.4±3.0 9.6±1.2 11 

Activation curves were constructed from Ip values ob- 
tained at different concentrations of Mg~ z ÷. The half acti- 
vation potential, ~ ,  and the e-fold dependence of Ip, a, 
were calculated according to Pr6bstle and co-workers 
(/988). No significant changes of Vh and a were found 
when [Mg2+]i_<7 mM, as shown in Table 5. 

A further and more precise analysis of the gating 
mechanism of sodium channels in the presence of 
Mg~ ÷ was performed, using the Hodgkin-Huxley model 
(Hodgkin and Huxley/952), as described by Moran and 
Conti (1990) and Lin and Moran (/990). In this case, 
sodium currents measured in the presence of different 
[ M r  +]i were analysed. 

With the addition of an empirical delay, &, at the 
onset of the classical rash kinetics (Keynes and Royas 
/974), sodium currents can be described as: 

I ( t ) = I '  1--exp zm / /  -- z-~-/ '  (1) 

, a ho Fitting current traces where, I =gm,x (Vm--V~of) moo . 
obtained at each potential with Eq. (1) give directly the 
voltage dependence of activation and inactivation kinet- 
ics time constants, % and Zh, and that of the steady state 
activation parameter, moo. We have estimated z~ and rh at 
different [Mg z +]~. It was found that both ~h and ~ are not 
significantly different at [Mg 2 +]~_< 7 mM. However, the 
voltage-dependence of % and Zh do significantly shift 
about - 2 5  mV when [MgZ+]i is changed from 0 to 
30 raM, as shown in Fig. 3 A and B. 

The voltage dependence of the steady-state activation 
parameter, m~, is characterized by the half-activation po- 
tential, Vz~'z, at which the open-state probability for each 
activation gate is 0.5, and by the apparent valence z m of a 
single activation process (m-gate). These parameters were 
obtained by a least-squares fit to the equation 

1 
m~(V.,) = ( V[72 c_V, , ] ,  (2) 

l + e x p  z,,e o k bT J 

where, eo is the proton charge (1.6 x 10-19 Coulomb), k~ 
is the Boltzmann constant and Tis the absolute tempera- 
ture. 

The voltage dependence of the steady state inactiva- 
tion parameter, h~, was obtained by fitting the peak cur- 
rent, obtained from traditional double-pulse experiments, 

against the prepulse potential: 

Ip 1 
hoo "~  m a x  Ip l +exp (.V, p z  V~/2~ , (3) 

\ ah / 

where, VI~ 2 and a h characterize the half-inactivation po- 
tential and the steepness of the voltage-dependence. I~ ax 
is the maximum peak current measured and Vpp is the 
prepulse potential. 

Activation and inactivation parameters, estimated 
with different [Mg 2 +]i, are compared in Table 6. Values 
of VI~ 2 and V~2 indicate no significant difference at 

2 +  . ~  m [Mg ]~_ 7 raM. However, both Vii z and V~2 show sig- 
nificant negative shifts, which are in the range - 2 5  to 
- 2 9  mV, when [ M r  ÷]i was increased from 0 to 30 mM. 
The voltage dependence of activation and inactivation 
processes, expressed as z m and ah, do not show any signif- 
icant change when [Mg2+]i is increased from 0 up to 
30 mM. The voltage dependence of m® and ho~, in the 
presence of 0 and 30 m M  Mg~ +, are compared in Fig. 3 C 
and D. 

These results suggest that the effect of Mg~ + on sodi- 
um gating processes is non-linearly dependent on its con- 
centration. There is a similar shift in the range - 2 5  to 
- 2 9  mV in the activation and inactivation processes. 
Nevertheless, the steepness of the voltage dependence of 
the gating processes, as revealed by the analysis of activa- 
tion and inactivation curves, was not affected by 30 m M  
Mg~ +. This is consistent with a local surface potential 
change produced by Mg 2+ on the intracellular mem- 
brane surface. Similar interpretations have been pro- 
posed by Hille (1968) and Hahin and Campbell (1983) to 
explain the effect of extracellular Ca 2+ on sodium cur- 
rents. 

Kinetic model o f  the Mg~ + blocking mechanism 

In order to account for the dependence of the Mg{ + 
blockage on Na + and Nao + , we investigated a simple 
permeation model based on Michaelis-Menten reaction 
kinetics in enzymatic reactions. 

Permeation of Na + through the sodium channel can 
be described as a binding process, i.e. Na + has to bind to 
sites inside the channel during its passage through the 
membrane, and one site can bind only one ion at a time. 
The sodium flux depends on the rate constants of the 
Na + binding and dissociation processes. The sodium 
permeation process can be described by the following 
scheme: 

S + Na/+ kl kCNal +1~ SNa + --k_,2-~ ~k2 ~ S + Nao + 

Although there may be more than one binding site inside 
the sodium channel (Hille/975; Begenisich and Cahalan 
1980a, b), we will use the one-binding site model to de- 
scribe the sodium flux in order to simplify quantitative 
calculations, based on the assumption that the flux is 
mainly determined by the rate constants for Na ÷ with its 
rate-limiting site. Therefore, in the sodium permeation 
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Fig. 3 A - D .  The voltage dependence of gating parameters of sodi- 
um channels. Triangles are values measured in the absence ofMg~ + , 
squares are those with [Mg 2 +]i = 30 mM. [Na+]i = 30 mM, [Na+]o = 
110 m M  in all experiments. Voltage-dependent inactivation (A) and 
activation (B) time constants. Each point represents the mean of 
measurements made from at least 8 different cells. Bars represent 
their standard deviations. Voltage shifts in both  cases are about  
- 2 5  mV, when [MgZ+]i is increased from 0 to 30 mM. Time con- 
stants measured in the presence of 7 m M  Mg~ + (not shown) overlay 
quite well with those obtained at 0 m M  Mg~*. C Steady state 
activation parameter n% of sodium currents is shown as a function 

I 

-90 -60 -30 13 
v,,(mv) 

of test potential. Data  points are mean values obtained from seven 
patches with 0 m M  Mg~ + and six patches with 30 m M  Mg~ + . Bars 
represent their standard deviations. Smooth lines were obtained by 
fitting data with (2). V~2 shifts is - 29.1 + 0.4 inV. (D) Voltage depen- 
dence of steady state inactivation parameter  h~ of sodium currents. 
Normalized peak inward current responses to the test pulse are 
plotted as a function of the prepulse potential as described in the 
text. Data  points represent means obtained from five patches with 
0 m M  Mg~ + and four patches with 30 m M  Mg[ +. Smooth lines are 
the least-square fitting data to (3), V~n shift is -25.7_+ 7.8 mV 

m i ' " Table 6. Activation (V~/2,2m) and nacUvauon (V~/z,h ah) parameters, which characterize the voltage dependence of steady state activation and 
inactivation parameters of the Hodgkin-Huxley model. ([Na+]i = 30 m M  [Na+]o = 110 mM)  

[MgZ+]i V1~ 2 (mV) z m N V~. 2 (mV) a,, (mV) N 

0.0 --1.8±0.1 2 .1 !0 .2  7 --21.8±3.9 - 6 . 9 + 0 . 6  5 
0.5 --19.2 --6.1 1 
1.0 - 6 . 5 ± 4 . 3  2.0±0.4 3 --26.9 --6.7 1 
3.0 - 1 . 4  1.9 1 
7.0 - 4 . 3 ± 3 , 1  2.0±0.2 5 - 2 6 . 6 ± 4 . 5  - 6 . 8 ± 2 . 2  2 

30.0 - 3 0 . 9 ± 0 . 1  2.2±0.2 6 - 4 7 . 5 ± 3 . 9  - 6 . 9 ± 0 . 3  4 

scheme above, S represents the sodium channel, SNa  + is 
the binding state of  Na  ÷, k 's  represent rate constants of  
Na  ÷ reactions in different directions. All of  the rate 
constants are functions of  membrane  potential and de- 
pend on the chemical potential  associated with their 
relative reactions. The binding of Na  ÷ with its rate- 
limiting sites can be directly described by voltage-depen- 
dent Michaelis constants KN, and KN~ , which are de- 
fined as" KN,  ' (V  m ) = (k -1  -t- k2)/J¢ 1 for N a y  and KNa ° (V  m ) = 
(k 1 + k2)/k z for Nao + . In the presence of a competitive 

blocker, Mg 2 +, the permeat ion through sodium channels 
described above may be modified as: 

S + Na~ + kl [Na+]< SNa + h " k ,  Y ~ , + ~  S+Na°+ 
+ 

M g ~  + 

SMg 2+ ** Blocked state 
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where SMg 2+ represents Mg~ z+ bound to the sodium 
channel S. Because no magnesium ion exists on the extra- 
cellular side of the membrane, binding of Mg 2+ to the 
sodium channel can be directly characterized by a 
voltage-dependent dissociation constant KMg(V,,), de- 
fined as KMg(Vm)=k_3/k3. 

Therefore, the sodium flux in the presence of Mg~ + is 
described as: 

I(t, V~, [Na+]~, [Na+]o, [Mg2+]¢) 

/-(t, V~, [Na+],, [Na+]o, 0)(1 +A) 
= ( [Mg 2 +1/) (4) 

where, A = 1/(KN,, (Vm)/[Na +], + KNao (V,,)/[Na + ]o). I is the 
sodium current directly measured in the presence of 
Mg 2 +. It is a function of time, t, membrane potential, V,,, 
and [Na +]~, [Na +]o, [Mg z+ ]i. i-is the current measured in 
the absence of Mg~ 2 +. In order to supersede the time vari- 
able, the peak sodium current If  was applied in our anal- 
ysis. 

Ip (V~, [Na+]~, [Na+]o, [Mg2+],) 

= I'p (V=, [Na+]i, [Na+]o, [Mg2+],) 

• Po (V,,, [Na+]¢, [Na+]o, [Mg2+]~), (5) 

where Ip is the peak current which can be measured di- 
rectly at applied membrane potential V=, I'p is the theoret- 
ical peak current when all sodium channels are in conduc- 
tive states and Po is the probability of a channel being in 
a conductive state. Normalizing peak current (I,) as: 

I,  (Vm, [Na÷]i, [Na÷]o, [Mg2+]~) 

= Iv (V,,, [Na+]i, [Na+]o, [Mg2+]~)/ 

I ,  (V,,, [Na+]g, [Na+]o, 0), 

Equation (4) can be simplified to: 

I ,  (V,,, [Na+]~, [Na+]o, [Mg2+]~) 

1 
[Mg 2 + ]i 

1+ 
Na~p~v [Na÷]~, [Na÷]o) Mg \ m ,  

where the apparent binding constant K~Pg p is defined as: 

K~PgP(V~, [Na+],, [Na+]o) 

(6) 

[Na+]i [Na+]o 
= K~0(v.,) 1 + ~ )  ~/G.o(V~)J (7) 

It is noteworthy that the peak current analysis method, 
proposed above, can be applied only if the gating mecha- 
nism of the sodium channel is not significantly influenced 
by M -2g~ ÷, i.e. Po in Eq. (5) is not signficantly influenced by 
the presence of Mg{+. This condition is satisfied when 
[Mg2+]~_<7 mM, which has been demonstrated in the 
previous section (see also Tables 4, 5 and 6). If this is the 
case I .  would be expected to approach a constant, at least 

t in a range where Ip is not significantly influenced by 
Mg2 4. Figure 4 illustrates this behavior of I,.  It shows 
that I ,  is quite constant at potentials lower than the sodi- 
um equilibrium potential, which is around 31 mV with 0 
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Fig. 4. Normalized sodium peak currents I,, evaluated at different 
membrane potentials V,,. Data points I, were obtained by normal- 
izing Ip([Mg/Z+]) obtained with 7 mM Mg~ z+ by Ip obtained in the 
absence of Mg 2+. Bars represent their standard deviations after 
such normalization. Normalized data points were from 23 control 
patches and 8 Mg,. z+ patches. Sodium equilibrium potentials are 
30.8_+2.7mV (0mM Mg 2+) and 31.3_+3.7mV (7mM Mg2+). 
[Na+]i= 30 mM and [Na+]o = 110 mM. I n fluctuates around 1 when 
membrane potential is lower than the sodium equilibrium potential, 
which suggests there is no significant influence of Mg 2+ on the 
gating mechanism of the sodium channel. The decrease of I, at 
membrane potentials higher than the sodium equilibrium potential 
indicates the voltage-dependent blockage of sodium currents by 
Mg2 + 

or 7 m M  Mg 2+, and decreases in a voltage-dependent 
way when the potential increases. 

K"PP has been calculated from I,  at different mem- Mg 
brane potentials V,, and different ionic concentrations, 
[Na+]i and [Na+]o, according to Eq. (6). Its dependence 
on V,,, [Na+]i and [Na+]o is illustrated in Fig. 5. The dis- 
sociation constant KMg (V~), Michaelis constants KN., ( Vm ) 
and Kyao (V~) are further obtained by fitting K~Pg p against 
[Na+]i and [Na+]o, using Eq. (7). Results are represented 
as data points in Fig. 6. 

In the Appendix we show that the voltage-dependent 
dissociation constant KMg(gm) of Mg 2+ for the sodium 
channel, as well as Michaelis constants for Na +: Kya, (Vm) 
and KN,o(V,,), can be further expressed in term of the free 
energy of the ionic binding-dissociation process. They are 
given as: 

KMg (V,,) = KMg (0) exp ( -- 2 B V,, 6') (8) 

KNa,(Vm) = Kf(0) exp(--BVm c~) 

+Kiexp(B~)exp(-BV, ,6)  (9) 

KNao (Vm) = Ko (0) exp (BV,, (1 - 6)) 

+K'oexp(--~)exp(BV,,(1--6)) ,  (10) 

where, B is defined as F/R T. F is the Faraday constant 
and R the ideal gas constant. 6' and 6 represent the frac- 
tion of total electrical potential drop, between the inside 
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Fig. 5A, B. Apparent binding constant K ~  p as 
a function of [Na+]i (A) and [Na+]o (B). K~PeP 
were obtained from Eq. (6), at different 
membrane potentials V,,, and different ionic 
concentrations [Na+]i and [Na+]o. K ~  p were 
plotted as data points in figures, bars 
represent their standard deviations. K~g p were 
further fitted with Eq. (7) against [Na+]~ with 
[Na+]o fixed at 10 mM (A), or against [Na+]o 
with [Na+]~ fixed at 30 mM (B). Fitting results 
are represented as smooth lines in figures 
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Fig. 6A, B. The voltage dependence of 
dissociation constants Kug(Vm) (squares) and 
Michaelis constants KNa~(V,,) (triangles) are 
illustrated in A. The voltage dependence of 
Michaehs constant KN~o(V,, ) is shown in B. 
Each data point was obtained by fitting Kh~ p 
(V,,, [Na+]i, [Na+lo) as a function of [Na+]i and 
[Na+]o respectively, using Eq. (7). Bars are 
standard deviations obtained from calculations. 
Smooth lines were obtained by fitting KMg(V~n ) 
to Eq. (8) and KNa,(Vm) , KNao(Vm) to Eqs. (9) 
and (10). Fitting results are detailed in the text 

surface of the membrane  and the Mg  2+ and N a  + binding 
sites respectively (in this text, it will be called the electrical 
distance from the inside). KM~ (0) is the dissociation con- 
stant  of Mg  2 + for the sodium channel  at zero membrane  
po ten t i a l .  KMg(0)= ~ -  1 exp(_&GMg/(kB T)). Fixing the 
zero react ion free energy level at ~ = 1, which corresponds  
to K~g(0) = I M, i.e. the equil ibrium state, the free energy 
of the Mg  2+ binding dissociat ion reaction, •GMg , can be 
expressed as: 

6GM~ = -- k B T I n  (K~g (0)) (11) 

Ki(O)=-k 1/kl and Ko(O)=-k2/k_z are dissociation con- 
stants of N a  + and N a  + for the sodium channel  at zero 
m e m b r a n e  potential.  Relat ions between K~(0) and K o(0) 
and the react ion free energy are similar to Eq, (11). K'i and 
K' o represent the ou tward  and inward sodium flux proba-  
bility (see Appendix). 

Values of KMg(V,,,) , KNa¢(V,, ) and KNao(Vm) , obta ined 
f rom Eq. (7) have been further fitted with Eqs. (8), (9) and 

(10) respectively. Results are shown as smoo th  lines in 
Fig. 6. F r o m  these fittings, dissociat ion constants  of 
Mg  2+, N a  + and N a  + with their binding sites inside the 
sodium channel  at V~, = 0 mV have been estimated. For  
Mg  2 +, KMg(0 ) was est imated to be 8.65 + 1.51 raM, which 
corresponds  to a react ion free energy of 4.75+_0.17 kBT. 
The locat ion of the Mg  2+ binding site inside the sodium 
channel  is 0 .26+0.03  electrical distance from the inner 
membrane  surface. The zero membrane  potential  dissoci- 
at ion constant  for N a  +,  Ki(0), is est imated to be 
83.76_+ 7.60 raM, cor responding  to 6G = 2.48 + 0.09 k B T, 
which is smaller than  that  of Mg  2+. The locat ion of the 
N a  + binding site is at 0.75 + 0.23 electrical distance f rom 
inner membrane  surface. Finally, for extracellular N a  +, 
the dissociat ion constant  Ko(O) is 20.86 + 1.49 m M  with 
6=0.58_+0.05 electrical distance from the inner mem-  
brane surface. The free energy of the N a  + binding-disso- 
ciation process is calculated to be 3.87___0.07 k B T unit, 
which is smaller than  that  for N a  + . This difference be- 
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tween Na + and Na + reaction free energies reflects that 
chemical potential differences exist between Na + on the 
both sides of the membrane. This difference should lead 
to different favourable reaction directions for Na + and 
N a o  + 

Discussion 

The blockage of sodium current by intracellular Mg 2+ 
already described by Pusch et al. (1989) and Pusch (1990) 
has been used to explain the observed reduction of out- 
ward Na + current as a deviation from the Goldman- 
Hodgkin-Katz  equation. The aim of this work was to 
investigate if this blockage also occurs in neural cells, 
and if it is possible to describe it in more molecular terms, 
based on a kinetic model. 

In order to investigate if Mg 2 + influences the voltage- 
dependent gating process of the sodium channel we 
analysed sodium currents in terms of the Hodgkin-Hux- 
ley model. We found no significant influence on gating 
parameters at [Mg 2 +]~ < 7 raM. Nevertheless, all steady- 
state and kinetic gating parameters show a similar shift in 
the range - 25 mV to - 29 mV when [Mg 2 +]z is increased 
from 0 to 30 raM, while the steepness of voltage-depen- 
dence of activation and inactivation are not affected. 
These equal shifts could be explained as a change ofintra- 
cellular surface potential caused by Mg 2 +, which screens 
negative charges on the inner surface and changes the 
local electrical field. From these findings, we concluded 
that the modification of the gating mechanism may en- 
force the reduction of sodium currents, but it is insuffi- 
cient to explain Mg 2+ blocking behaviour which is 
voltage-, [Mg 2 +]i-, [Na +]i- and [Na +]o-dependent. 

We have proposed a model in which Na + and Mg 2+ 
competitively occupy the sodium channel. In this model, 
Na + and Mg 2+ have to bind to the sodium channel dur- 
ing their passage through the membrane. The blockage of 
sodium currents may be caused by Mg 2+ occupying the 
sodium channel, which prevents the further binding of 
Na ÷ (if the binding site for Mg 2+ is one of binding sites 
for Na + during its passage) or interferes with the normal 
accommodat ion o f N a  + by sodium channels. The sodium 
permeation in the presence of the competitive blocker 
Mg 2 + has, therefore, been described as a voltage-depen- 
dent binding-unbinding process, based on Michaelis- 
Menten reaction kinetics. The normalized peak sodium 
current, I , ,  has been introduced to describe quantitatively 
the Mg { + blockage model, with the condition that there 
is no significant influence of Mg 2 + on the gating mecha- 
nism of sodium currents. Using this simple model we can 
explain the Mg 2+ blockage quite well. Furthermore,  the 
model also provides a simple way to calculate the voltage 
dependence of the dissociation constant of Mg 2+ with 
site S, as well as Michaelis constants for intracellular and 
extracellular Na + with this site (Fig. 6). The former di- 
rectly illustrates the blocking capability of Mg 2 +. The 
latter two constants illustrate the influence of Na + from 
different sides on the binding site as functions of mem- 
brane potential, as well as the interdependence between 
Na + and Na + in the sodium permeation. 

Relations between the dissociation constant KMg(Vm) , 
Michaelis constants KNa~(V~), KN,o(V,,) and membrane 
potential Vm have been further described in terms of the 
reaction free energy, with additive Eyring rate factors to 
account for the effect of the applied electrical field (see 
Appendix). With these relations, it provides a way to lo- 
cate the binding site of Na + and Mg 2+ in the sodium 
channel. It was found that the rate-limiting binding site of 
Na + and Na + appears to be the same, it is located in the 
range of 0.58 _+ 0.05 to 0.75 + 0.23 electrical distance from 
the inner membrane surface. This location of the Na + 
binding site, 6, is in agreement with those calculated by 
others: 1 - 6  =0.36 for guinea pig heart sodium channel 
(Nilius 1988), 1 - 6 = 0.37 _+ 0.2 for neuroblastoma (Yama- 
moto ct al. 1984). Nevertheless, the rate-limiting binding 
site of Mg 2+ with the sodium channel appears to be 
different from that of Na +, since 6'=0.26_+0.03. This 
difference supports the argument that there may be more 
than one binding site inside the membrane (Hille 1975; 
Begenisich and Cahalan 1980a, b). However, indepen- 
dent of how many binding sites are necessary to accurate- 
ly describe the sodium current, which would lead to dif- 
ferent transient states of Na +, i.e. NaS1, NaS2 etc., in the 
sodium permeation scheme, the kinetic model of Mg~ + 
blockage we proposed is still efficient, since one binding 
site can bind only one ion at a time. Mg 2 + is probably not 
permeable but prevents Na + permeation by competitive 
binding to a site located at an electrical distance of 0.26 _+ 
0.03 from the internal surface of the membrane. 

With voltage dependent relations of dissociation 
constants KMg (Vm) and Michaelis constants KN~, (Vm) and 
KN,o(V,,), dissociation constants of Mg 2+ and Na + for 
the sodium channel at zero membrane potential, KMgo (0), 
Ki (0) and Ko (0) have been calculated. The value of KMg (0) 
is much smaller than that of Ki (0), which reflects the high 
affinity of Mg 2 + for the sodium channel. In fact, the reac- 
tion free energies of both reactions calculated reflect the 
fact that the dissociation of Mg 2 + from the sodium chan- 
nel is less energy-favorable than that of Na + , since 
6 GMg = 4.75 _+ 0.17 and ~Gi = 2.48 + 0.09 k B T. Dissociation 
constants of Na + and Na + also appear to be different, 
which reflect the reaction free energy differences of Na + 
and Nao + , which leads to the different effect on sodium 
permeation by Na + and Na + . 

The blocking of the sodium channel by Mg z + may be 
due to two different reasons. The first possibility is related 
to the selectivity of sodium channels. Mg 2+ enters the 
sodium channel and binds to an inside site during mem- 
brane depolarization. Because of the selectivity of the 
pore (the permeability ratio of Mg 2 + to Na + through the 
sodium channel is less than 0.1 (Hille 1972)), Mg 2+ is not 
further permeable and is even kicked back due to the 
small extracellular Na + inward flux through the channel. 
The other possibility is that the strong binding force be- 
tween Mg 2 + and the site retards the release o fMg 2 + from 
the channel. In fact, the dissociation constant value for 
Mg 2+ binding within the sodium channel at zero mem- 
brane potential, is 8.65 + 1.51 raM, which is much smaller 
than that for Na + : K~(0) = 83.76 + 7.60 raM. Most proba- 
bly, these two possibilities may coexist and influence each 
other, which may lead to the entrance of Mg z+ into the 
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channel several times during the depolarization, giving a 
high frequency of flickering at the single channel level and 
thus produce an apparent single channel conductance 
decrease. This phenomenon has been observed in single 
channel measurements of a mutant  sodium channel ex- 
pressed in Xenopus oocytes (Pusch 1990). However, be- 
fore choosing between these hypotheses, more experi- 
ments on the microscopic properties of the wild-type 
sodium channel, either in cells or expressed in oocytes, are 
needed. 

The data presented here have shown that sodium cur- 
rents of rat cerebellar granule cells can be blocked by 
intracellular magnesium in a voltage- and concentration- 
dependent manner, by Na ÷ and Mg 2÷ competitively 
occupying the sodium channel. In a summary, we could 
get some general information from our analysis: (1) The 
affinity of Mg 2 ÷ for sodium channels is much higher than 
those of Na~ + and Nao +. At zero membrane potential, 
ionic affinities with sodium channels satisfy the relation 
Na, + < Nao + < Mg 2 +. (2) The entrance of Mg z + into the 
channel may be blocked at a site very close to the intracel- 
lular membrane surface. This location differs from that of 
the Na ÷ rate-limiting binding site. 

From our results, the half blocking concentration of 
Mg~ ÷ is shown to be a decreasing function of applied 
membrane potential: KMg is 8.65-}-1.51 mM at 0mV; 
1.37_+0.33 mM at 85 mV and 0.99+0.10 m M  at 105 mV. 
Dissociation constants obtained at high membrane po- 
tentials are comparable with the physiological intracellu- 
lar Mg 2+ concentration, which should be in the order of 
1.7 raM, as measured in frog skeletal muscle (Alvarez- 
Leefmans et al. 1986). Our data suggest that the physio- 
logical Mg{ + concentration is sufficient to block sodium 
channels significantly when cells are exposed to consider- 
able depolarization. This effect may correspond to a 
physiological regulation mechanism of sodium channels. 

Appendix 

The free energy of  the reaction 

A general process for the ionic binding-dissociation reac- 
tion, as indicated in our kinetic scheme for sodium perme- 
ation, can be described in terms of tunneling through 
barriers and wells. The corresponding partition function 
is the sum over all possible configurations of the reaction 
with appropriate Boltzmann factors. In terms of path- 
integral formalism, the partition function is given by 

= S ¢ exp - k Y/' 

where, ~b is a general configuration of the reaction, G [~b] 
is the free energy function, k B is the Boltzmann constant, 
T is the absolute temperature and N is a normalization 
factor. 

For the Mg~ + dissociation reaction, the dissociation 
rate constant, k_3, can be expressed as 

_3 = ~ ~ 4) 2 ~ co [4;] exp ( G [ q b l )  (A-2) k 
k~ YJ k 

in which, 2 ~z co [qS] is the reaction rate for a given configu- 
ration qS. In the case of heavy ions, e.g. Mg 2-- and Na +, 
fluctuation effects can be ignored and a saddle point ap- 
proximation is valid. In this approximation, we have 

( k_ 3 = 2~rco_ 3 exp -- kBT ] (A-3-a) 

where, GMg is the free energy associated with the most 
probable configuration of the dissociation reaction, and 
2n c o  3 is the corresponding reaction rate which can be 
further expressed in terms of the thermal energy k B T, i.e. 
2 rc co_3 = kB T/h, where h is the Planck constant. 

Analogously, the rate constant of the Mg 2÷ binding 
process can be expressed as 

k,  r ( GM+g~ (A-3-b) 
k 3 = e ~ e x p  - k B T ] 

where G+g is the free energy of the binding reaction. ~o is 
a constant with the dimension of M -  ~, to be fixed by the 
zero-free energy level of the reaction. 

Similarly, binding and dissociation rate constants for 
Na + and Na + are expressed as 

kBT ( -  G'+ ~ (A-B-c) 
k l = ~ i ~ e x p \  k~ r ]  

- 1 -  h exp - (A-3-d) 

k~ T ( G°+~ (A-3-e) 
k__,=Qo h ~ e x p  - k B T ]  

k 2 kBT exp ( G ° )  
- h - k~T (A-B-f) 

in which, subscripts of G, 'i' and 'o' refer to reactions of 
N a (  and Nao + respectively. ' + '  and ' - '  refer the binding 
and dissociation processes. Q¢ and 9o are constants fixed 
by zero-free energy levels for reactions of Na + and Na + . 

In the presence of an applied membrane potential V~, 
additional Eyring rate factors (Eyring 1935) have to be 
included in equations (A-3), in order to take into account 
the electrical field effect introduced. Therefore, the disso- 
ciation constant of Mg a + is: 

k -  3 
KMg(Vm) = k3 - KMg(0 ) exp(--2BVm£ ) . (A-4) 

Analogously, voltage-dependent Michaelis constants, 
KNa~(V~n) and KNao(Vm), are expressed as: 

k_l  +k l  
KNa,(Vm) =-- k~ - Ki(O) e x p ( - B V  m 6) (A-4) 

+ K :  exp ( ~ ) e x p ( - B V m ~  ) 

k_l +k~ 
KNao(V~,) -- kl Ko(O) exp (BV,, (1-6)) (1-5) 

in which, B is defined as F/R T. 6' and 6 represent the 
fraction of total electrical potential drop, between the 
inside surface of the membrane and the Mg 2+ and Na + 
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K'i = - -  exp 
Qi 

and  

I exp ( 
K ' = o o  

b ind ing  sites respect ively (the to ta l  e lectr ical  po ten t i a l  
d r o p  across  the m e m b r a n e  is a s sumed  to be 1). 

G;-< +) 
kBT / 

GC G 
kBT / "  

KM~(O), Ki(O) and  Ko (0) are the d i s soc ia t ion  cons tan t s  of  
M g  2+, N a ~  and  Nao ~ for the sod ium channe l  at  zero  
m e m b r a n e  potent ia l .  They  are defined as 

KMd0 ) = 1 / ~ G M ~  exp-tk T), 

Ki(O) = o~ 

and  

where  ~G represents  different ionic  b ind ing -d i s soc i a t i on  
r eac t ion  free energies at  zero m e m b r a n e  poten t ia l ,  wi th  
subscr ip ts  re la ted  to M g  2 +, Na~ + and  Nao + . 

F ix ing  the zero-free energy level a t  Q -- 1, which  corre-  
sponds  to d i s soc ia t ion  cons tan t s  of 1M,  i.e. fixing the 
zero-free energy levels at  equ i l ib r ium states  a t  V = 0 mV, 
free energies  of  reac t ions  of  M g  2+, N a  + and  N a  + systems 
can be ca lcu la ted  as: 

bGMg = --  k B T In KMg (0) (A-7) 

6G, = - k~ T In K,(0) (a-8)  

6Go = - kB TIn K o (0) (A-9) 
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