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This study aimed to investigate the intracellular Mg2þ regulation of the L-type Ca2þ channels in guinea
pig ventricular myocytes. By adopting the inside-out configuration of the patch clamp technique, single
channel currents of the L-type Ca2þ channels were recorded at different intracellular Mg2þ concentra-
tions ([Mg2þ]i). At free [Mg2þ]i of 0, 10�9, 10�7, 10�5, 10�3, and 10�1 M, 1.4 mM CaM þ 3 mM ATP induced
channel activities of 44%, 117%, 202%, 181%, 147%, and 20% of the control activity in cell-attached mode,
respectively, showing a bell-shaped concentration-response relationship. Moreover, the intracellular
Mg2þ modulated the Ca2þ channel gating properties, accounting for alterations in channel activities.
These results imply that Mg2þ has a dual effect on the L-type Ca2þ channels: facilitation and inhibition.
Lower [Mg2þ]i maintains and enhances the basal activity of Ca2þ channels, whereas higher [Mg2þ]i in-
hibits channel activity. Taken together, our data from the application of an [Mg2þ]i series suggest that the
dual effect of Mg2þ upon the L-type Ca2þ channels exhibits long open-time dependence.

© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Voltage-gated Ca2þ channels mediate Ca2þ entry into cells in
response to membrane depolarization. The Ca2þ channels can be
divided into high-voltage-activated (L, N, P/Q, and R-types) and
low-voltage-activated (T-type) Ca2þ channels. They have been
biochemically characterized, revealing their existence as a com-
plex consisting of a pore-forming a1 subunit of approximately
190e250 kDa, a transmembrane, disulfide-linked complex of a2
and d subunits, an intracellular b subunit, and in some cases, a
transmembrane g subunit. The a1 subunit is encoded by three
gene families: Cav1 (L-type Ca2þ channels), Cav2 (N, P/Q, and R-
type Ca2þ channels), and Cav3 (T-type Ca2þ channels). More spe-
cifically, the Cav1 family contains several sub-types, which
consequently denote their corresponding channel sub-types:
utical Toxicology, School of
2, China.
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Cav1.1 (a1S) is expressed in mammalian skeletal muscle, Cav1.2
(a1C) is expressed in the heart and brain, and Cav1.3 (a1D) is
expressed in the kidneys and endocrine tissue (1). Functionally,
activation of the L-type Ca2þ channels initiates muscle contraction,
excitation-contraction coupling, endocrine secretion, and gene
transcription (1). The blocking of L-type Ca2þ channels by clinically
used Ca2þ channel blockers (such as nifedipine, amlodipine,
verapamil, and diltiazem) explains most of the therapeutic effects
of these drugs, such as lowering of blood pressure and improve-
ment in conditions that can otherwise lead to myocardial infarc-
tion and arrhythmia (2).

L-type Ca2þ channels contain multiple binding sites for divalent
cations such as Ca2þ and Mg2þ, which allow intracellular Ca2þ and
Mg2þ to regulate the Ca2þ channel at physiological concentrations
(3e5). The intracellular Ca2þ concentration ([Ca2þ]i) is ~100 nM
whilst the extracellular Ca2þ concentration is ~2 mM, forming a
steep concentration gradient that favors voltage-gated Ca2þ influx
when cell membrane excitation is stimulated. The increased
intracellular Ca2þ induced by Ca2þ influx modulates the Ca2þ

channels by the mechanisms known as Ca2þ-dependent facilitation
(CDF) and inactivation (CDI) (1).
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Magnesium ions, as the most abundant divalent cation in the
internal milieu, also play important roles in living cells, including as
a cofactor for enzymatic reactions, stabilizing protein structures,
and blocking Ca2þ/Kþ channels (6). However, the mechanism un-
derlying the regulatory effects of Mg2þ on intracellular signaling
transduction systems has not yet been fully understood (7), perhaps
due to the absence of large fluctuations in intracellular Mg2þ con-
centration ([Mg2þ]i) in the cardiovascular system and a present lack
of any effective techniques to measure [Mg2þ]i in subcellular re-
gions. On the other hand, clinically, Mg2þ has been shown to be an
effective therapeutic agent (8,9) in the treatment of many diseases,
such as eclampsia and T-cell immunodeficiency. In particular, Mg2þ

supplements are thought to be an effective therapy in the preven-
tion, management, and even in the treatment of cardiovascular
diseases (CVDs) such as arrhythmia (10), hypertension (11), or heart
failure (12). Given the importance of the L-type Ca2þ channels in
cardiac function, Mg2þ modulation of the channels may play a sig-
nificant role in these CVD-associated pathophysiological processes.

Previous studies have confirmed the marked inhibitory actions
of increased Mg2þ concentration on ICa. A study of the effects of
Mg2þ on the Ca2þ currents (ICa) in frog myocytes showed that
increasing [Mg2þ]i between 0.3 and 3 mM caused a decrease in ICa
by more than 50% (13). Both the groups of Catterall and of Berlin
have focused on the mechanisms that underlie regulation of the L-
type Ca2þ channels by Mg2þ, at [Mg2þ]i between 0.1 and 10 mM
(14e19). Their studies showed marked inhibitory effects on ICa
around physiologically relevant [Mg2þ]i of 0.3e1.3 mM (8,20e22).
In addition, Brunet et al. considered the Ba2þ current (IBa) and
examined ICa/IBa via the L-type Ca2þ channels over a range of
[Mg2þ]i, from 0.1 to 7.2 mM (18), and found that the data could be
described by a one-binding-site model. On the other hand, low
Mg2þ concentration can lead to arrhythmia in which ICa plays an
important role. However, the changes in ICa under conditions of
[Mg2þ]i lower than physiological levels are still unknown.

Themechanism responsible forMg2þmodulation of ICa in cardiac
cells is controversial, but several alternatives have been proposed.
Onepossiblemechanism is a direct pore blockbyexternalMg2þ (23),
the other is an indirect mode of interaction of internal Mg2þ via
modification of the activities of protein kinases or phosphoprotein
phosphatases (13,19,24). It is also suggested that an internal Mg2þ

may induce a change in channel gating kinetics. Yamaoka and
Seyamafirst reported thatMg2þ acts upon channel gating properties
(25). Recently, Wang and Berlin discussed channel gating kinetics as
a compelling explanation for these results (17). However, direct
experimental support for this mechanism remains elusive.

The purpose of this studywas to investigate the [Mg2þ]i-induced
modulation of the L-type Ca2þ channels over a wider range of
[Mg2þ]i than had been considered previously: from 0 to 100 mM,
covering concentrations close to and far fromphysiological levels. In
the present study, we employed calmodulin (CaM) and ATP to pre-
vent “rundown” of cardiac L-type Ca2þ channels (26e28), which
enabled us to analyze the effect of Mg2þ on the IBa through the Ca2þ

channel, under conditionswhere control of the [Mg2þ]i was feasible.
We found that intracellular Mg2þ has a dual effect on the regulation
of L-type Ca2þ channels activities: facilitation and inactivation.

2. Materials and methods

2.1. Animals

Adult, healthy guinea pigs, weighing 250e350 g, were pur-
chased from the animal center of China Medical University. All
animals were housed in clear cages with ad libitum access to food
and water, and a 12 h light/dark cycle. The surgery was performed
under sodium pentobarbital anesthesia, and all efforts were made
to minimize suffering. This study was carried out in strict accor-
dance with the recommendations of the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health.

2.2. Solutions and chemicals

Tyrode solution was used as the standard solution for isolating
guinea pig ventricular myocytes. Tyrode solution was composed of
(all concentrations listed have units of mM, unless otherwise
stated) NaCl 135, KCl 5.4, NaH2PO4 0.33, MgCl2 1, glucose 5.5, CaCl2
1.8, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)eNaOH buffer 10 (pH 7.4). Ca2þ-free Tyrode solution had
CaCl2 excluded. Ca2þ-free Tyrode solution containing 0.25 mg/ml
collagenase type I (Worthington, NJ, USA) was used as the colla-
genase solution for digesting single guinea pig ventricular myo-
cytes. Kraftbrühe-modified (KB) solution was used as a storage
solution for ventricular cells and contained (mM) KOH 70, glutamic
acid 50, KCl 40, taurine 20, KH2PO4 20, glucose 10, EGTA 0.5, MgCl2
3, and HEPESeKOH buffer 10 (pH 7.4).

To record the unitary IBa via the L-type Ca2þ channels, in guinea
pig ventricular myocytes, a pipette solution and basic internal so-
lution were used. The pipette solution contained the following
components (mM): BaCl2 50, tetraethylammonium chloride (TEA
Cl) 70, EGTA 0.5, Bay K8644 0.003 and HEPESeCsOH buffer 10 (pH
7.4). The supplement of Bay K8644 0.003 in the pipette solutionwas
to enhance the open-state probability of L-type Ca2þ channels
(29e31). The basic internal solution consisted of (mM): aspartic
acid 120, KOH 120, KCl 30, MgCl2 0.5, EGTA 1, CaCl2 0.5, and
HEPESeKOH buffer 10 (pH 7.4). According to our previous reports
(26e28), CaM (1.4 mM) þ ATP (3 mM) were added in the basic in-
ternal solution when Ca2þ channel activity was recorded in the
inside-out configuration to prevent rundown of the channel ac-
tivity. To examine the effects of different free [Mg2þ]i while main-
taining constant Ca2þ and other ion concentrations, MaxChelator
software (website: http://maxchelator.stanford.edu/) was used to
calculate the total and free concentrations of MgCl2 and CaCl2 to
obtain pCa¼ 7 and pH¼ 7.2 at room temperature. The composition
of these solutions is shown in Table 1.

Escherichia coli BL21 was transformed with the CaM-cDNA-
inserted pGEX6P plasmid (27). The expression of glutathione S-
transferase (GST) fusion protein of CaM was induced by isopropyl-
b-D-1-thiogalactopyranoside (IPTG), and purified using glutathione
Sepharose 4B (GE Healthcare, NJ, USA). PreScission Protease (GE
Healthcare, NJ, USA) was used to remove the GST region of CaM.
Finally, we detected CaM expression levels by SDS-PAGE and
quantified these levels by the Bradford method. CaM was kept in
the basic internal solution used for patch-clamp electrophysiology.

2.3. Ventricular myocyte isolation

Single ventricular cells were obtained from adult guinea pig
hearts by enzymatic dispersion, as described previously (32).
Briefly, the isolated heart was mounted on Langendorff apparatus
to carry out aortic retrograde perfusion. Tyrode solution, Ca2þ-free
Tyrode solution, and collagenase solution were perfused for 3, 6,
and 10e15 min, respectively, at 37 �C. The collagenase solution was
then washed with KB solution. Finally, the left ventricle tissue was
cut into pieces and filtered through a 105-mm stainless-steel mesh
filter. The obtained single ventricular myocytes were maintained in
the KB solution, at 4 �C, until use.

2.4. Patch-clamp electrophysiology

Electrophysiology using inside-out single-channel patch mode
was carried out according to published methods (27). Single ICa

http://maxchelator.stanford.edu/


Table 1
Composition of internal solutions. All values have units of millimolar (mM). Ion concentrations were calculatedwith CaeMgeATPeEGTA calculator v1.0 which is available from
the Stanford University website (http://maxchelator.stanford.edu/), using their stability constants. CaM: calmodulin, [Mg2þ]i: intracellular Mg2þ concentration, [Ca2þ]i:
intracellular Ca2þ concentration.

Free [Mg2þ]i 0 10�9 M 10�7 M 10�5 M 10�3 M 10�1 M

Total component concentrations
MgCl2 0 0.00003 0.0025 0.24 3.7 103.7
CaCl2 0.46 0.46 0.46 0.46 0.45 0.10
Aspartic acid 120 120 120 120 120 120
KOH 120 120 120 120 120 120
KCl 30 30 30 30 30 30
EGTA 1 1 1 1 1 1
CaM 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014
K2ATP 3 3 3 3 3 3

Calculated ion concentrations
pH 7.4 7.4 7.4 7.4 7.4 7.4
EGTA 1 1 1 1 1 1
ATP 3 3 3 3 3 3
Free [Mg2þ]i 0 0.000001 0.0001 0.01 1 100
Free [Ca2þ]i 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Free EGTA 0.539 0.539 0.539 0.539 0.522 0.154
Free ATP 2.998 2.998 2.996 2.771 0.326 0.007
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were recorded using the patch-clamp technique at room temper-
ature (23e25 �C) using a patch pipette (2e4 MU). After recording
the Ca2þ channel activity in cell-attached mode for 2 min, the
membrane patch was excised to establish an inside-out patch
configuration (represented as i.o. in the figures). One minute later,
the clamped patches weremoved into a small inset in the perfusion
chamber and test solutions were applied, containing different Mg2þ

concentrations. Unitary Ba2þ currents (IBa) through the Ca2þ

channels were elicited by depolarizing pulses, from �70 mV to
0mV, for 200-ms duration, at a rate of 0.5 Hz, recordedwith a patch
clamp amplifier (Axopatch 200B, Axon Instruments, USA), and they
were then fed to a computer at a sampling rate of 3.3 kHz after
being filtered at 1 kHz.

2.5. Data analysis

In the analysis of single-channel events, a computer program
(Clampfit 10.0, Axon Instruments, USA) was used. Since the mean
current (I) is a product of the number (N), the time-averaged open-
state probability (Po), and the unitary current amplitude (i), of
channels in the patch, channel activity (NPo) was equal to I divided
by i. The relative channel activity, used as a further channel activity
parameter, was represented as the NPo ratio obtained from the
inside-out patch and the cell-attached patch, when using the same
patch; in the other words, this parameter eliminated the differ-
ences in channel activity before the intracellular Mg2þ treatment.
We analyzed the open time by using current traces filtered at 1 kHz,
and compiled the data into histograms with equal bin widths of
2 ms.

Data were presented as means ± standard error (SE). Statistical
significance between groups was calculated by unpaired two-tailed
Student's t-test, and P < 0.05 was considered significant.

3. Results

3.1. Mg2þ concentration-dependent facilitation of Ca2þ channel
activities

Previous studies have characterized the Mg2þ dependence of
cardiac ICa in the whole-cell configuration and showed that ICa is
inhibited by intracellular Mg2þ over a concentration range of
0.1e10 mM (13e19). Despite the availability of evidence that ex-
plains the modulation of the L-type Ca2þ channels by free intra-
cellular Mg2þ as a transduction message at the physiological level,
the effects of intracellular Mg2þ depletion or very high Mg2þ con-
centrations remain elusive. We employed the inside-out configu-
ration of the single patch-clamp technique to investigate a wide
range of [Mg2þ]i and their regulation of the L-type Ca2þ channels.

In our previous studies, we demonstrated that CaM
(1.4 mM) þ ATP (3 mM) reversed the rundown of the L-type Ca2þ

channels in the inside-out patch at a free [Ca2þ]i of 0.1 mM (27).
Adopting this method in our present study, we observed the effects
of a series of [Mg2þ]i on single Ca2þ channel activity in guinea pig
ventricular myocytes. We found that Mg2þ depletion or
10�1 M Mg2þ could not reverse the rundown of the L-type Ca2þ

channels in the inside-out patch, as shown in Fig. 1A and F.
Whereas,10�9 to 10�3 MMg2þ could reverse the rundown of L-type
Ca2þ channels, to a certain extent (Fig. 1BeE).

3.2. Mg2þ concentration-dependent inactivation of Ca2þ channel
activities

The highest channel activity, of ~202 ± 4% (n ¼ 7), was induced
at 10�7 M [Mg2þ]i, as shown in Fig. 2. However, further increasing
the [Mg2þ]i did not cause the channel activity to increase further. At
[Mg2þ]i of 10�5 and 10�3 M, the channel activities were 181 ± 2%
(n ¼ 6) and 147 ± 1% (n ¼ 6) respectively, showing a decline in the
channel activity. When [Mg2þ]i was increased to 10�1 M, the
channel activity decreased even further to 20 ± 1% (n ¼ 7). On the
other hand, at the low [Mg2þ]i of 0 and 10�9 M, the channel ac-
tivities were as low as 44 ± 4% (n ¼ 6) and 117 ± 1% (n ¼ 6),
respectively. Thus, the concentration-dependence of Mg2þ showed
a clear, bell-shaped concentration-response relationship, implying
that Mg2þ has a dual effect: facilitation and inhibition.

The [Mg2þ]i series was applied successively. We first observed
that 10�5 MMg2þ induced a channel activity of 182% relative to that
recorded in the cell-attached mode at a free [Ca2þ]i of 0.1 mM.
However, rather than inducing further increase in the channel ac-
tivity, the subsequent application of 10�1 M Mg2þ only induced a
small amount of channel activity (22%) (Fig. 3). These results provide
further support for the conclusion thatMg2þ does have a dual effect.

3.3. Mg2þ-dependent mode 2 activity of the L-type Ca2þ channels

The mechanism by which Mg2þ regulates the L-type Ca2þ

channels is still unclear. Recently, growing evidence has demon-
strated that Mg2þ modulation of Ca2þ channel gating properties is
likely to be an underlying mechanism (17,25). Therefore, we then
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Fig. 1. Concentration-dependence of the Mg2þ effects on L-type Ca2þ channels. The
effects of different intracellular Mg2þ concentrations [Mg2þ]i on the channel activities
(NPo) were plotted against time. The pipettes contained 50 mM Ba2þ to enhance the
single-channel conductance, and 3 mM Bay K8644 to increase the open-state proba-
bility (Po) of the L-type Ca2þ channels. The inside-out patch mode (i.o.) was initiated at
the times indicated by arrows. The external solution contained 1.4 mM CaM and 3 mM
ATP to prevent rundown of the L-type Ca2þ channels in the inside-out mode. [Mg2þ]i of
0 M (A), 10�9 M (B), 10�7 M (C), 10�5 M (D), 10�3 M (E), and 10�1 M (F), as indicated by
the boxes, were administered together with 1.4 mM CaM and 3 mM ATP at an intra-
cellular Ca2þ concentration [Ca2þ]i of 100 nM.
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considered the functional effects of Mg2þ on the gating of L-type
Ca2þ channels, in order to study the mechanisms by which changes
in [Mg2þ]i, between 0 and 10�1 M, might affect single Ca2þ channel
activity.
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Fig. 2. Mg2þ-dependent facilitation and inactivation of Ca2þ channel activity. Sum-
mary of the mean relative channel activities recorded in the inside-out patch mode,
with various intracellular Mg2þ concentrations [Mg2þ]i and a fixed intracellular Ca2þ

concentration [Ca2þ]i of 100 nM. When [Mg2þ]i was 10�7 M, the channel activity
reached maximal effect. After this point, higher [Mg2þ]i inhibited the channel activity
in a dose-dependent manner. *P < 0.05, **P < 0.01, ***P < 0.001, versus 10�7 M [Mg2þ]i
group. n ¼ 5e8 in each group.
Quantification of the open times of single L-type Ca2þ channels
is illustrated in Fig. 4. Open time histograms were best described by
short (to1) and long (to2) open time constants. Addition of different
[Mg2þ]i to the cytoplasmic face of the channels did not affect the
duration of short open time but did alter the long open-time. At an
[Mg2þ]i of 10�7 M, the to2 was the highest, at ~12.2 ± 0.7 ms (n¼ 3)
(Fig. 5A). At higher [Mg2þ]i, of 10�5, 10�3 and 10�1 M, the to2 were
11.5 ± 0.5 ms (n ¼ 3), 12.3 ± 0.5 ms (n ¼ 3) and 9.4 ± 0.3 ms (n ¼ 3),
respectively, but only the 10�1 M Mg2þ group result was signifi-
cantly low in comparisonwith the 10�7 M group. However, at lower
[Mg2þ]i, of 0 and 10�9 M, the to2 were 3.6 ± 0.4 ms (n ¼ 3) and
6.9 ± 0.5 ms (n ¼ 3) respectively, and both were significantly lower
than the to2 for the 10�7 M Mg2þ group. On the other hand, At
10�7 M Mg2þ, the mode 2 frequency was the highest, at ~40 ± 1.7%
(n ¼ 3) (Fig. 5B). At higher [Mg2þ]i, of 10�5, 10�3 and 10�1 M, the
mode 2 frequencies were 31 ± 2.2% (n ¼ 3), 20 ± 1.4% (n ¼ 3) and
4 ± 0.6% (n ¼ 3), respectively, which were all significantly lower
than the 10�7 M Mg2þ group. However, at lower [Mg2þ]i, of 0 and
10�9 M, the mode 2 frequencies were 5 ± 0.5% (n¼ 3) and 16 ± 1.7%
(n ¼ 3) respectively, both of which were significantly lower than
the frequency for the 10�7 M Mg2þ group. Thus, the data suggest
that the effects of [Mg2þ]i, between 0 and 10�1 M, are dependent on
channel gating kinetics, especially mode 2 gating.

4. Discussion

In the present study, we have investigated the regulatory effects
of intracellular Mg2þ on the L-type Ca2þ channels of isolated guinea
pig ventricular myocytes in cell-free patches, where the concen-
tration of Mg2þ in the intracellular surface of the membrane has
been relatively finely controlled. Here, by constructing the
concentration-response curve of Ca2þ channel activity versus
intracellular Mg2þ concentration ([Mg2þ]i), we confirmed that
higher [Mg2þ]i inhibited Ca2þ channel activity, a result that is in
agreement with an earlier study. More interestingly, for the first
time, we have found that a certain level of intracellular Mg2þ was
required to maintain the basal activity of Ca2þ channels, and an
increase in the [Mg2þ]i from 0 to 10�7 Mmay enhance Ca2þ channel
activity. Thus, the major finding of the present study is that Mg2þ

exhibits a dual effect on the L-type Ca2þ channels: facilitation and
inhibition.

The Mg2þ-induced Ca2þ channel facilitation occurred at a rela-
tively lower [Mg2þ]i from 0 to 10�7 M. Since the fine control of
[Mg2þ]i is not easy at levels less than the physiological level of Mg2þ

(at least 0.3mM) in thewhole-cell Ca2þ current recording condition
unless intracellular perfusion was used, the effects of Mg2þ at this
low concentration range had not beenwell documented in previous
studies. In present study, we employed the inside-out configuration
for single channel recording, in which it was possible to control the
[Mg2þ]i by changing the Mg2þ concentration of the perfusion so-
lution (internal solution, see Table 1). When the [Mg2þ]i was free,
there was no apparent Ca2þ channel activity, but when [Mg2þ]i was
increased to 10�9 M, the channel opening was evident, with a
relative channel activity of ~100% versus that in cell-attachedmode,
indicating that [Mg2þ]i 10�9 M was required to maintain the basal
activity of the Ca2þ channels. Further increasing [Mg2þ]i from 10�9

to 10�7 M, the Ca2þ channel activity was shown to be ~200%,
indicating that the channel was significantly facilitated by Mg2þ. A
previous study by Lansman et al. has also reported the effects of
external Mg2þ ([Mg2þ]o) at zero concentration in cell-attached
patch recordings from guinea pig ventricular cells (33). Their re-
sults showed that without [Mg2þ]o, the single Ca2þ channel cur-
rents were at their highest. These opposing changes in Ca2þ

channel activity caused by [Mg2þ]i and [Mg2þ]o may be the reason
for the different mechanisms underlying Mg2þ regulation. For
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instance, in the cell-attached mode used in Lansman's experiment,
the ventricular myocyte was intact, and [Mg2þ]i was at physiolog-
ical concentration of at least 0.3 mM.

In our study, we also found the Mg2þ induced inhibitory effects
in Ca2þ channels at higher [Mg2þ]i (10�7 to 10�1 M). Previous
studies referring to macroscopic Ca2þ current have also shown
marked inhibitory effects of increased [Mg2þ]i (13,18,19,25). The
study of [Mg2þ]i effects on L-type Ca2þ current (ICa) in frog ven-
tricular myocytes showed that ICa was dramatically decreased by
increasing [Mg2þ]i from 10�6 to 10�3 M at an intracellular Ca2þ

concentration ([Ca2þ]i) of 10�8 M (13,25). The inside-out single
channel recoding method preserved the property of Mg2þ sensi-
tivity, but the profile of this concentration dependence did not
seem to be identical to that observed in the whole-cell recoding
condition. We found that [Mg2þ]i between 10�7 and 10�1 M
inhibited Ca2þ channel activity in a dose-dependent manner, using
the inside-out configuration of the patch-clamp technique. The
differences in the concentration-dependence profiles obtained
using these two technique configurations may be due to the dif-
ference in their experimental conditions. For instance, in the cell-
free patch condition, cytoplasmic proteins which might influence
channel activity are absent.

Therefore, the concentration relationship for [Mg2þ]i from 0 to
10�1 M we obtained is bell-shaped. This relationship is similar to
that exhibited for [Ca2þ]i, that is explained by the well-known
mechanisms of Ca2þ-dependent facilitation (CDF) and Ca2þ-
dependent inactivation (CDI). Intracellular Mg2þ also appeared to
have a dual effect on the L-type Ca2þ channels, which consisted of
facilitation and inhibition. The underlying mechanism of CDF and
CDI is well documented, which are mainly thought to be mediated
by the binding of CaM as a Ca2þ sensor to the channel (1). However,
the underlying mechanism of Mg2þ-induced facilitation and inac-
tivation on Ca2þ channel activity has not yet been determined.

Since the facilitation effect of Mg2þ was first reported in the
present study, we deduced the possible mechanism based on the
reported literature on the inhibitory effect of Mg2þ on Ca2þ chan-
nel. Basically, direct or indirect effects could be considered. For the
direct effect, Mg2þ may directly block the pore of the channel to
inhibit the Ca2þ currents as suggested in Kuo and Hess's work with
cultured pheochromocytoma cells (23). Meanwhile, recently it was
suggested that the EF-hand motif region in the COOH-terminal tail
of the a-subunit of the channel may be a direct binding site of Mg2þ

to regulate the channel gating (18). For the indirect mechanisms, at
least three possibilities could be considered. First, it was reported
that increasing Mg2þ shifted both the IeV relationship and inacti-
vation curve in a negative direction (16,34). Similar effects were
also observed in our study in whole cell recording configuration in
the range of [Mg2þ]i from 10�5 M to 10�1 M (data not shown). These
effects might due to the altered surface charge shielding and/or a
change in the kinetics of the Vm (membrane potential)-dependent
gating process, suggesting that a shift in voltage-dependent inac-
tivation might be one of the mechanisms to account for Mg2þ-
dependent modulation of Ca2þ currents. Second, Mg2þ may regu-
late ICa through changing the phosphorylation level of the channel
by kinase/phosphatase (13,19,24), or through influencing on the
PIP2 system by affecting PIP2 synthesis and hydrolysis (35). Third,
Mg2þ may possibly affect the Ca2þ dependent gating process of the
channel activity (19).

The common point of the above mentioned possible mecha-
nisms is that Mg2þ may modulate the channel gating kinetics.
Based on our present results, we also propose that Mg2þ may affect
the L-type Ca2þ channel gating kinetics to lead to Mg2þ-induced
facilitation and inactivation of the channel activity. The L-type Ca2þ

channels have been shown to demonstrate a modal behavior in the
gating kinetics (31). The gatingmodes of mode 0, mode 1 andmode
2 are characterized with no opening, brief opening, and rarely
appeared long-lasting opening (31), respectively. In the present
study, by applying Bay K8644, the open-state probability of L-type
Ca2þ channels was increased, and themode 2was promoted, which
make it possible to observe the change of gating mode. Especially, a
previous study conducted with whole-cell recording configuration
showed that the effects of Mg2þ on L-type Ca2þ channels could be
observed in both the presence and absence of Bay K8644 (17). After
mode gating analysis, we found that mode 2 gating, but not mode 1
gating, is depended on the [Mg2þ]i in this experimental condition.
Compared with Ca2þ channel activity in the absence of Mg2þ, the
channel activity in the presence of lower [Mg2þ]i (<10�7 M) was
enhanced through increasing both the long open-time constant
(to2) and frequency of mode 2. Whereas, compared with the
highest channel activity (occurring at 10�7 M Mg2þ), the channel
activity in the presence of higher [Mg2þ]i (�10�5 M) was inhibited
mainly via decreasing the frequency of mode 2, although the long
open-time constant (to2) was not change significantly. Thus, the
modal shifts between the high open-probability state (mode 2) and
the lower open-probability states (mode 1 and 0) may be involved
in the mechanism of Mg2þ modulation of channel activity. This
hypothesis is consistent with the findings of Yamaoka and Seyama
(25) who reported that channel availability increased upon the
lowering of cytosolic Mg2þ from millimolar to micromolar con-
centrations, reflecting the shift of channels from silent (mode 0) to
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active (mode 1) modal states. Moreover, Wang et al. (17,19) and
Catterall's group (14,15,18) also proposed a similar hypothesis
based on their data.

Our results from the application of a series of [Mg2þ]i, have
shown that Mg2þ has a dual effect on the L-type Ca2þ channel ac-
tivity: facilitation and inhibition. Lower [Mg2þ]i maintains and
enhances the basal activity of Ca2þ channels, whereas higher
[Mg2þ]i inhibits the channel activity. Therefore, Mg2þ may play
important roles not only in physiological but also in pathophysio-
logical processes. Thus, the observations of the present study are of
significance for stimulating new ideas and developing new agents
for the prevention and/or treatment of some related myocardial
diseases. For example, Mg2þ may possibly be used as not only an
agent to keep the basal activity of Ca2þ channels at certain level to
maintain the cardiac function stable, but also an antagonist to
alleviate Ca2þ toxicity in the treatment of cardiac diseases (2,36).
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