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Abstract

The effects of extracellular Mg2+ on both dynamic changes of [Ca2+]
i
 and apoptosis rate were analysed. The consequences of

spatial and temporal dynamic changes of intracellular Ca2+ on apoptosis, in thapsigargin- and the calcium-ionophore 4BrA23187-
treated MCF7 cells were first determined. Both 4BrA23187 and thapsigargin induced an instant increase of intracellular Ca2+

concentrations ([Ca2+]
i
) which remained quite elevated (> 150 nM) and lasted for several hours. [Ca2+]

i
 increases were equiva-

lent in the cytosol and the nucleus. The treatments that induced apoptosis in MCF7 cells were systematically associated with
high and sustained [Ca2+]

i
 (150 nM) for several hours. The initial [Ca2+]

i
 increase was not determinant in the events triggering

apoptosis. Thapsigargin-mediated apoptosis and [Ca2+]
i
 rise were abrogated when cells were pretreated with the calcium che-

lator BAPTA. The role of the extracellular Mg2+ concentration has been studied in thapsigargin treated cells. High (10 mM)
extracellular Mg2+, caused an increase in basal [Mg2+]

i
  from 0.8 ± 0.3 to 1.6 ± 0.5 mM. As compared to 1.4 mM extracellular

Mg2+, 1 µM thapsigargin induces, in 10 mM Mg2+, a reduced percentage from 22 to 11% of fragmented nuclei, a lower sus-
tained [Ca2+]

i 
and a lower Ca2+ influx through the plasma membrane. In conclusion, the cell death induced by thapsigargin was

dependent on high and sustained [Ca2+]
i
 which was inhibited by high extracellular and intracellular Mg2+. (Mol Cell Biochem

229: 163–171, 2002)
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Introduction

Apoptosis or programmed cell death is an active cellular
process characterized by distinctive morphological changes
that include reduction in nuclear size, condensation of nuclear
chromatin, cell shrinkage, disruption of the cytoskeleton, and
plasma membrane blebbing [1]. The molecular hallmark of
apoptosis is the degradation of cell nuclear DNA into oligo-
nucleosome fragments, as the result of an activation of en-

dogenous endonucleases [2]. This phenomenon seems fur-
ther to be a highly regulated process of cell deletion involved
in the proper development and homeostasis of many tissues
[3, 4].

Earlier studies have revealed that free Ca2+ could be in-
volved in apoptosis either by changes in the cytosolic Ca2+

concentrations ([Ca2+]
i
) and/or intracellular Ca2+ compart-

mentalization [5, 6]. Experiments on nuclei isolated from
thymocytes clearly demonstrated the induction of a Ca2+-
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dependent endonuclease activity during triggering apoptosis
events [7]. A nuclear Ca2+/Mg2+ dependent endonuclease,
which is able to digest chromatin in situ into mono- and
oligonucleosomal fragments, has been purified from human
spleen cells [8]. Rises in [Ca2+]

i
 were then believed to ac-

tivate this nuclease and to mediate DNA cleavages into
oligonucleosome fragments.

At the cell level, sustained [Ca2+]
i
 increases have been fre-

quently reported in cells induced to undergo apoptosis [9, 10].
Chemical toxins or radiations can promote apoptosis and
concomitantly disrupt intracellular Ca2+ homeostasis, lead-
ing to non-physiological [Ca2+]

i
 increases [6, 11]. Agents

interfering specifically with calcium metabolism were effi-
cient to regulate programmed cell death. Calcium channel
blockers [12], the endoplasmic reticulum Ca2+-ATPase in-
hibitor thapsigargin and analogues, calcium ionophores as
ionomycin or 4BrA23187 were potent to lead several cell
types to apoptosis [13, 14]. Effects of intracellular or extra-
cellular Ca2+-chelators on the inhibition of DNA fragmenta-
tion and the prolongation of cell survival has been frequently
reported [15, 16]. Different theories have been proposed to
define the biochemical consequences of a Ca2+ mobilization
in apoptosis such as : (i) a signal transduction pathway to
activate Ca2+-dependent protein kinases and phosphatases
may be driven by a transient rise of Ca2+ [5, 17]; (ii) the ac-
tivity of DNA catabolic enzymes may be catalyzed by sus-
tained concentrations of Ca2+ in the nucleus [18];  (iii) the
depletion of intracellular bound-calcium stores could trig-
ger apoptosis by disrupting intracellular structures [19]; (iv)
mitochondrial changes associated with the nitric oxide
generation, the cytochrome c release and the activation of
caspases [20].

In contrast to the intracellular Ca2+ regulation and its in-
fluence on apoptosis, little is known on the intracellular
homeostasis of [Mg2+]

i
 that is present in the cell at higher

concentration than that of Ca2+ (10–3 M vs. 10–7 M). Recent
studies have shown that the elevation of extracellular Mg2+

was accompanied by a consistent increase of intracellular
[Mg2+]

i
 within 2–10 min [21]. Although magnesium is a posi-

tive modulator of nuclear endonucleases [22, 23], there has
been no specific investigation on the influence of intracellu-
lar Mg2+ fluxes on apoptosis.

We report here on the spatial and temporal dynamic
changes of [Ca2+]

i
 induced by thapsigargin in single living

cells. The consequences of either transient increases of [Ca2+]
i

or high and sustained [Ca2+]
i
 on apoptosis were determined.

The effects of extracellular Mg2+ on both intracellular Mg2+ and
Ca2+ fluxes were analysed in relation with the apoptosis rate
induced by thapsigargin (TG). Experiments were carried out
on the MCF7 breast carcinoma cell line. In parallel with [Ca2+]

i

measurements performed by UV-microspectrofluorometry,
this study was complemented by the quantification of frag-
mented nuclei.

Materials and methods

Chemicals

Indo-1/AM, 4BrA23187 calcium-ionophore, thapsigargin
(TG) and BAPTA/AM were all purchased from Sigma Chem-
ical Co. (St. Louis, MO, USA).

Cell culture

The MCF7 human breast cancer cell line was originally ob-
tained from Dr. K.H. Cowan (NCI, Bethesda, MD). Cells (2
104/ml) were grown on 20 × 20 mm glass coverslips in RPMI
1640 medium supplemented with 10% SVF in the presence
of 2 mM glutamine and antibiotics (penicillin 100 U/ml,
streptomycin 100 µg/ml) under a humidified atmosphere of
5% CO

2
-95% air at 37°C. Coverslips were coated with type

I collagen to enhance the cell adhesion efficiency. Collagen,
extracted from rat tails, was dissolved in a pH 5 acetic acid
solution and filtered with a 0.22 µm filter to obtain a 1 mg/
ml collagen solution. Ten µg/ml final concentration was lay-
ered on the glass coverslips during 3 h for polymerization.
We have noted that type I collagen coating did not modify
the [Ca2+]

i
 response and the apoptosis induction.

After 2 days of growth, the medium was changed. Cells
were incubated when they reach the 600 cells/mm² density
corresponding to a subconfluent culture.

DNA gel electrophoresis

106 cells were incubated at 50°C overnight in 20 µl of lysis
buffer (150 mM NaCl, 10 mM EDTA, pH 8) containing
0.5 mg/ml Proteinase K and 0.5 % SDS. After an EtOH pre-
cipitation, extracted DNA was incubated during 1 h at 37°C
with 0.1 mg/ml of RNase (DNAse free), prior to electrophore-
sis on 2% (w/v) agarose gel overnight at 24V.

Microspectrofluorometry

Fluorescence emission spectra within an isolated living cell
were recorded using a UV confocal microspectrofluorometer
(Dilor, Lille, France). An optical microscope (Olympus BH2)
equipped with a water immersion objective lens (100X., N.A.
0.95, State Optical Institute of St. Petersburg, Russia) was
used for this purpose. This objective lens was specially de-
veloped for the total transmission of UV radiation down to
300 nm. The axial chromatic aberration was corrected, so that
both excitation (351 nm) and emission (400–500 nm) voxels
were superposed. The thickness of the optical section was
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controlled by varying the opening of a square pinhole from
50–1000 µm. The 351-nm laser line (Ar+, 2065A model,
Spectra Physics) was focused with a measured power of
0.5 µW at the sample. Fluorescence emission in the 360–
560 nm range was spectrally dispersed by a diffraction grat-
ing, and was detected with an optical multichannel analyzer
consisted of an air-cooled CCD detector.

The microspectrofluorometer scanning system (DILOR)
also provides a line illumination innovation. Indeed, two syn-
chronized scanning mirrors allow the excitation scanning on
a line (X axis) and the projection of the fluorescence emis-
sion on a grating associated with a two dimensional detec-
tor. One dimension of the CCD detector corresponds to the
emission spectra whereas the second corresponds to the x axis
of the sample Then, emission spectra from the excited line
were accumulated during 1 sec. So, a single horizontal line
was virtually traced on a cell and spectra from each point of
this line were recorded; spectral line scan images with space
as first dimension (X axis) and time as second dimension have
been collected [24].

Spectral frame images have been obtained in the same way
with the use of a computer-controlled motorised stage which
displaces the sample along the Y axis after a line acquisition
is completed [21]. An (X, Y) motorized stage (Märzhäuser,
model MCL-2 with increments of 0.1 µm) was coupled to a
computer.

Determination of [Ca2+]
i

Subconfluent cells on glass cover slips were washed twice
and incubated in medium containing 5 µM Indo-1/AM for
30 min at 37°C [25]. Intracellular Ca2+ concentrations were
calculated according to the following equation  [25]:

[Ca2+]
i 
= β.K

d
.(R

f
–R)/(R–R

b
)

where R is the fluorescence intensity ratio of the sample at
410 and 500 nm; R

b 
and R

f
 represent the R ratios for the Indo-

1 emissions respectively when bound and free of ions; β is
the emission intensity ratio of the dye at 500 nm in free and
bound forms; and K

d 
is the apparent dissociation constant.

To perform the in situ calibration, the intracellular Ca2+ had
to be equilibrated with the extracellular Ca2+ as described by
Millot et al. [26]. Briefly, cells were incubated with Indo-1/
AM, washed and reincubated in medium without Indo-1/AM
for 30 min (post-incubation). Then, cells were exposed 5 min
to 2 µM antimycin in a buffer containing 20 mM Hepes,
150 mM NaCl, 5 mM KCl, 1 mM NaH

2
PO

4
, 1 mM MgSO

4
.

Then, ATP depleted cells were incubated 10 min in an hypo-
tonic buffer (5 mM Hepes, 5 mM NaCl, 60 mM KCl, 0.5 mM
KH

2
PO

4
, 2.5 mM NaHCO

3
) supplemented with 0.001% Triton

X100, 4 µM antimycin, 1 µM nigericin and 8 µM 4BrA23187
ionophore. Before microspectrofluorometric measurements,
cells were reincubated in the isotonic buffer containing an-
timycin, nigericin and 4BrA23187 as above. Emission spec-
tra from permeabilized cells in 1 mM EDTA and in saturated
Ca2+ allowed to determine R

f
 and R

b
, respectively.

To determine the (β.Kd) constant, emission spectra have
been recorded from 25 cells in various controlled [Ca2+]

i
 such

as 80, 200, 500 and 2000 nM. The linear regression line be-
tween the observed log(R

f
–R)/(R–R

b
) and the controlled

log([Ca2+]
i
) has been calculated with a slope equal to 1. Then,

log (β.Kd) is the x-intercept of this regression line. The (β.Kd)
result was found to be 230 ± 60 and 253 ± 5 nM respectively
in permeabilized cells and in buffered solution (pH 7.1). This
determination of intracellular calibration constants with the
Indo-1/AM probe accounts for the hydrolysis of Indo-1/AM
to Indo-1 [26].

Determination of  [Mg2+]
i

For [Mg2+]
i
 analysis, cells were incubated in this medium

containing the acetoxymethylester (AM) form of the mag-
nesium sensitive dye Mag-Indo-1/AM (2 µM) for 45 min at
37°C. Cells were washed free of dye and a post-incubation
was performed during 30 min to complete the hydrolysis of
the dye. Under a 350 nm excitation (UV Ar+ laser Spectra
Physics, Model 2065A), fluorescence emission spectra from
a living cell were recorded using a UV confocal micro-
spectrofluorometer (DILOR, Lille, France). These emission
spectra were characterized by the ratio (R) of emission in-
tensities at 410 and 500 nm. [Mg2+]

i
  concentrations were

determined according to the following equation:

[Mg2+]
i
  = β.Kd.(R–Rmin)/(Rmax–R)

where β = 2.57 corresponds to the emission intensity ratio
of Mag-Indo-1 emissions in saturated and free of Mg2+ con-
ditions; Kd = 2.6 mM is the dissociation constant of Mag-
Indo-1 for Mg2+; Rmax = 0.95 and  Rmin = 0.24 are the ratios
of Mag-Indo-1 emissions in saturated and free of [Mg2+]

i
 , re-

spectively [21].
Staining with the DNA-binding fluorophore Hoechst 33258.
For the nucleus visualization, MCF7 living cells were

stained in non-fluorescent RPMI with the DNA intercalat-
ing dye Hoechst 33258 (0.2 µg/ml for 10 min at 37°C),
which present a high stability under UV excitation [27].
Fluorescence was visualized using an inverted Olympus mi-
croscope. Staining with either Indo-I or Hoechst 33258 were
performed independently, due to the spectral overlap of both
dyes.
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Results

Dynamic changes of [Ca2+]
i

Thapsigargin (TG) mimics the action of a variety of natural
hormones and agonists by inducing the release of Ca2+ from
intracellular stores and a consecutive Ca2+ influx across the
plasma membrane. Laser scanning microspectrofluorometry
allows to compare temporal variations of [Ca2+]

i
 between the

nucleoplasm and the cytosol.
 
Line scan dynamics were moni-

tored to display  changes of [Ca2+]
i
 along a virtual line through

a single MCF7 cell after 1 µM TG addition (Fig. 1).  An ini-
tial [Ca2+]

i
 of 90 ± 20 and 105 ± 30 nM was displayed in the

nucleoplasm and in the cytoplasm, respectively. The expo-
sure to TG resulted in a instant increase in [Ca2+]

i
 in the whole

cell as a Ca2+ wave, up to 160 ± 20 nM in the nucleus and 170
± 30 nM in the cytoplasm. This [Ca2+]

i
  rise occurred during

a 100-sec time period and was followed by a smooth decay
back to the initial value.

The intracellular distribution of [Ca2+]
i
 in a representative

group of cells has been determined before (Fig. 2C) and 1 h
after 0.1 µM TG exposure (Fig. 2D). The integrated fluores-
cence emission of Indo-1 showed a homogeneous distribu-
tion of this probe within and between cells (Fig. 2B). This
treatment induced an high and sustained [Ca2+]

i
  (up to 250 nM)

in two out of the four analysed cells. For each cell, equiva-
lent [Ca2+]

i
 values were observed in nucleus and cytoplasm

compartments.
Means of [Ca2+]

i
 dynamics induced by TG and the 4BrA-

23187 ionophore are reported in Fig. 3. In opposition to the
TG concentration of 1 µM, 0.1 µM TG did not induce a sig-
nificant initial [Ca2+]

i
 rise (Fig. 3A). However, after 1 h time

period, elevated and sustained [Ca2+]
i
 were noted after 1 µM

and 0.1 µM TG treatments. The 4BrA23187 ionophore in-
duced a rapid rise of [Ca2+]

i
 which was followed by a decrease

down to stable values after a 5–10 min exposure (Fig. 3B).
The initial [Ca2+]

i
 rise depends on the 4BrA23187 ionophore

concentration and would correspond to the effectiveness of
molecules to carry ions by a passive diffusion across cel-
lular membranes. High 4BrA23187 concentrations (5 and
10 µM) maintained high and sustained [Ca2+]

i
 (more than

150 nM) during several hours.

Effects of the [Ca2+]
i
 increase on apoptosis

Effects of TG and 4BrA23187 on the DNA fragmentation
have been investigated in MCF7 cells. Electrophoresis on
agarose gel was performed after DNA extraction from treated
cells. We have checked the typical DNA ladder pattern of
internucleosomal fragmentation from treated MCF7 cells
with 10 µM 4BrA23187 or 0.1 µM TG during 72 h. The
number of apoptotic nuclei were quantified in loaded MCF7
cells with the fluorescent dye Hoechst 33258 (Table I). [Ca2+]

i

variations were reported after 2 and 60 min to dissociate the
consequences of either initial or sustained [Ca2+]

i
 increases

on apoptosis. Following a 0.1 µM TG exposure, apoptotic nu-
clei were observed without a detectable initial [Ca2+]

i
 increase.

In contrast, a 10 min exposure with 10 µM 4BrA23187, fol-
lowed by washing, induced an instant [Ca2+]

i
  rise (450 nM)

and a decrease to the basal [Ca2+]
i
 after 1 h. In these condi-

tions, no apoptotic nuclei were detected (Table 1). This sug-
gests that the early high [Ca2+]

i
 increases are not determinant

in the events triggering apoptosis.
To evaluate the contribution of the high and sustained

[Ca2+]
i
 on the activation of the genome degradation, cells were

incubated with the intracellular chelator BAPTA for 1 h and
were washed before the TG exposure. [Ca2+]

i
 of BAPTA

loaded cells remained lower than control cells (Table 1). The
nuclear fragmentation elicited by 0.1 µM TG was partially
reduced by BAPTA, that indicates the influence of the high
and sustained [Ca2+]

i
 for triggering apoptosis (Table 1).

Fig. 1. (A) Videomicroscopy of an analyzed MCF7 cell. (B) Line scan
image of [Ca2+]i following the addition (arrow) of 1 µM thapsigargin.
Analyzed segment: ↔. Bar = 5 µm.
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dition, since 1 µM TG did not modify the [Mg2+]
i
 influx in

MCF7 cells (Fig. 4), the Mg2+ influx pathway does not  seem
to interfere with the Ca2+ influx pathway.

Second, the TG-mediated apoptosis has been observed for
0–10 mM extracellular Mg2+ (Fig. 5). After 48 h of 1 µM TG
exposure, percentages of apoptotic nuclei in 10 mM extra-
cellular Mg2+ were 2 fold lower than in the concentration
range of 0–5 mM extracellular Mg2+.

Third, the effects of extracellular Mg2+ on the [Ca2+]
i
 rise

induced by TG were observed (Fig. 6). Experiments in a free
of Ca2+ medium investigated the effect of extracellular Mg2+

Fig. 2. (A) Videomicroscopy of MCF7 cells in monolayer culture (bar = 10 µm). (B) Integrated fluorescence intensity of Indo-1 (400–600 nm) and sche-
matic representation of cell limits; intracellular distribution of [Ca2+]i before (C) and 1 h (D) after addition of 0.1 µM thapsigargin.

Effects of extracellular Mg2+

As TG induced both apoptosis and a sustained [Ca2+]
i
 in-

crease, a possible interaction between intracellular Mg2+ and
Ca2+ has been studied. First, concentrations of intracellular
Mg2+ were determined as a function of extracellular Mg2+. As
shown in Fig. 4, an increase of the extracellular Mg2+ con-
centration from 1.4–10 mM caused an increase in basal
[Mg2+]

i
  from 0.8 ± 0.3 to 1.6 ± 0.5 mM. This variation of

[Mg2+]
i
 was less important than those of extracellular Mg2+

and agrees with data of our previous reports [21, 28]. In ad-

Table 1. Apoptosis and [Ca2+]
i
 increases in treated MCF7 cells

Incubation  time Increase of [Ca2+]i Increase of [Ca2+]i Apoptotic  nuclei
(nM) after 2 min (nM) after 60 min after 48 hours
§ § (%)
(n = 30) (n = 30) (n = 200)

4BrA23187 (10 µM) 10 min 450 ± 50# NS 3 ± 3
4BrA23187 (10 µM) Continuous 450 ± 50# 160 ± 130# 23 ± 5*
TG  (0.1 µM) Continuous NS 70 ± 30# 22 ± 4*
TG  (1 µM) Continuous 70 ± 50# 90 ± 40# 23 ± 5*
TG (1µM) + BAPTA (a) Continuous –30 ± 20 –30 ± 20 10 ± 4
BAPTA (a) Continuous –30 ± 20 –30 ± 20 3 ± 2
Untreated cells NS NS 3 ± 2 3 ± 2

§ – In comparison with initial value of [Ca2+]i   (80 ± 15 nM); #significant increase of [Ca2+]i (p < 0.01); NS – no significant variation of [Ca2+]i ; *significant
increase of apoptotic nuclei % after 48 h (p < 0.01); (a) – Cells were incubated for 1 h with 25 µM BAPTA and washed before 48 h TG exposure.
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on the Ca2+ discharge from intracellular calcium stores. In
the absence of extracellular Ca2+, extracellular Mg2+ did not
modulate on the [Ca2+]

i
 response to TG which corresponds

to the Ca2+ release from intracellular stores. In presence of
2 mM extracellular Ca2+, the [Ca2+]

i
 increase reflected both

the Ca2+ depletion of the endoplasmic reticulum and the con-
secutive Ca2+ influx through the plasma membrane. For 1.4
and 10 mM Mg2+, initial [Ca2+]

I
 rises were equivalent. These

increases were followed by a faster decay back to the base-
line for 10 mM than for 1.4 mM extracellular Mg2+. This sug-
gests a partial inhibition of the Ca2+ influx through the plasma
membrane in the presence of high extracellular Mg2+. After
5 h of TG exposure, [Ca2+]

i
 was significantly lower in 10 mM

([Ca2+]
i
 = 132 ± 20 nM) than in 1.4 mM extracellular Mg2+

([Ca2+]
i
 = 172 ± 23 nM), showing that the high and sustained

[Ca2+]
i
 increase was modulated by high extracellular Mg2+

(Fig. 6).

Fig. 3. (A) Means of dynamic changes of [Ca2+]i in MCF7 cells (n = 5)  after
addition of thapsigargin (� – 1 µM; O – 0.1 µM; — – control cells). (B)
Means of dynamic changes of [Ca2+]i in MCF7 cells (n = 5) after addition
of 4BrA23187 calcium ionophore (� – 10 µM; O – 5 µM; � – 1.25 µM; —– control cells).

Fig. 4. Effect of extracellular Mg2+ (— – 1.4 mM; � – 10 mM) on [Mg2+]i

in untreated cells and in 1 µM thapsigargin treated cells during 1 h. Each
points represents the mean ± S.E. of 3 independent  determinations from
15 different isolated cells.

Fig. 5. Effect of extracellular Mg2+ on the thapsigargin-induced apoptosis.
MCF7 cells are treated in presence of 1 µM thapsigargin and apoptotic nuclei
are determined after 48 h (n = 600).
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Discussion

The concept that [Ca2+]
i
 increases can initiate apoptosis has

been suggested when rises in [Ca2+]
i
 have been observed prior

to the genome fragmentation and cell death. Several studies
have shown transient changes in [Ca2+]

i
 following agents –

or radiations – which induced apoptosis, suggesting initial
Ca2+ influx as a prominent stimulus for apoptosis [6]. The
microsomal Ca2+-ATPase inhibitor thapsigargin and the
4BrA23187 calcium-ionophore are known to stimulate
both dynamic changes in intracellular calcium and apopto-
sis in several cell types. Thus, in this study, MCF7 cells were
treated with these agents to determine whether apoptosis can
be initiated by either transient or sustained alterations in cal-
cium homeostasis.

Increases of [Ca2+]
i
 elicited by thapsigargin were similar

to those observed during ionic channels stimulation and
mimic a Ca2+-dependent physiological mechanism. Although
thapsigargin acts specifically on the reticular Ca2+-ATPase
pump [29, 30], it has been demonstrated that the rise in [Ca2+]

i,

induced by this blocker was enhanced by a calcium influx
throughout the plasma membrane. This process, termed
capacitative calcium entry [31, 32] could involve a small dif-
fusing messenger, named Calcium Influx Factor (CIF) in GTP
dependent mechanisms [33]. The thapsigargin treatment re-
sulted in an early rise just after the blocker addition and a
progressive increase later. This Ca2+ influx was observed not
only in the cytosol but also in the nucleus as a calcium wave
throughout the cell, which was dependent on the TG concen-

tration. After several hours of thapsigargin exposure, high
levels of [Ca2+]

i
 were observed in all compartments, suggest-

ing a deregulation of the calcium homeostasis. Thus, biochemi-
cal modifications such as the activation of calcium-dependent
enzymes may appear in the nuclear compartment before the
genome fragmentation.

Our results show that the thapsigargin- and ionophore-in-
duced apoptosis is associated with elevated and sustained
[Ca2+]

i, 
but not with the early rise of  [Ca2+]

i
. Indeed, when

MCF7 cells have been washed extensively just after the ini-
tial [Ca2+]

i
 rise induced by high doses of 4BrA23187, no

apoptosis was detected. Besides, the apoptosis triggered by
0.1 µM TG was preceded by a high [Ca2+]

i
 during several

hours but not by the early [Ca2+]
i
 increase. A threshold of

[Ca2+]
i
 must be reached and maintained over a critical period

to initiate apoptosis. Similar results have been observed in
prostatic cancer cells [34] and in thymocytes [35] undergo-
ing programmed cell death. Maintained and elevated [Ca2+]

i

over a critical period have been also noted in human hepatoma
cells during the programmed cell death induced by thap-
sigargin [36].

Direct evidences that [Ca2+]
i
 increases are important for

apoptosis have been obtained from experiments with intrac-
ellular Ca2+-chelators (Quin-2, BAPTA). These agents can
inhibit [Ca2+]

i
  increases, DNA fragmentation and cell death

induced by glucocorticoids [15] or tamoxifene [37]. More-
over, transfected cells with the avian calbindin D Ca2+ buffer-
ing protein have shown that a thapsigargin-induced apoptosis
was dependent of a sustained elevation in [Ca2+]

i
 and not of

the depletion of the endoplasmic reticulum pools of Ca2+ [38].
In our study, the inhibition of the sustained [Ca2+]

i
 increase

by BAPTA modulates partially the number of apoptotic nu-
clei, suggesting that apoptosis is not totally dependent of
[Ca2+]

i
.

In contrast to the well studied role of Ca2+, little is known
about the intracellular regulation of Mg in proliferating cells,
differentiated cells and cells in apoptosis. [Mg2+]

i
 has been

determined as 0.8 mM in our study. The rise of extracellular
Mg2+ from 1.4–10 mM, allows the increase of [Mg2+]

i
  from

0.8–1.6 mM. The [Mg2+]
i
 did not reach the extracellular Mg2+

concentration, confirming the presence of regulation mecha-
nisms to maintain [Mg2+]

i
  in a physiological range. It has

been reported that the Mg2+ influx through the plasma mem-
brane shows similar characteristics to voltage-gate Ca2+ chan-
nels [39].

Effects of extracellular Mg2+ on [Ca2+]
i
 after an agonist

stimulation was delineated. We clearly show that extracellu-
lar Mg2+ modulates both the TG-stimulated [Ca2+]

i
 rise and

the induced apoptosis. In a medium free of Ca2+, extracellu-
lar Mg2+ does not modulate the discharge of intracellular
calcium stores induced by thapsigargin. Extracellular Mg2+

appears mainly to modulate the store-dependent capacitative
Ca2+ influx. We have also reported on human tracheal secre-

Fig. 6. Effect of extracellular Mg2+ and Ca2+ on the [Ca2+]
i
  changes after

1 µM thapsigargin addition. In 2 mM extracellular Ca2+: � – 10 mM of ex-
tracellular Mg2+; � – 1.4 mM of extracellular Mg2+; In free of extracellular
Ca2+: ∆ – 10 mM of extracellular Mg2+; — – 1.4 mM of extracellular Mg2+.
Each point represents the mean ± S.E. of 3 independent determinations from
15 different isolated cells.
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tory gland cells that extracellular Mg reduced the influx of
extracellular Ca2+ stimulated by histamine [21]. In vascular
smooth muscle cells, it has been described that the contrac-
tion and [Ca2+]

i
 changes induced by TG are modulated by

extracellular Mg2+ [40]. To account for this modulation role
of Mg2+, it has been suggested that extracellular Mg2+ would
limit the capacitative Ca2+ entry [41].

A complex equilibrium among compartments and between
the bound and free forms of Mg would contribute to the con-
centration of free cytosolic Mg2+ [42]. About 98–99% of to-
tal intracellular Mg and 94% of cytosolic Mg are complexed
to nucleic acids, proteins or membranes [43]. For an under-
standing of intracellular magnesium homeostasis and its regu-
lation,  measurements of total intracellular magnesium could
be performed, in addition to the analysis of the free cytosolic
form. Total magnesium can be analysed by atomic absorp-
tion spectrophotometry [44]. Electron probe X-ray micro-
analysis has been also applied to determine the total Mg at
the subcellular level. In UV light-irradiated U937 apoptotic
cells, no difference of total Mg occurred before and after the
induction of apoptosis [45].

In conclusion, high extracellular Mg2+ inhibits TG-induced
cytosolic Ca2+ influx and the consecutive apoptosis. Apop-
totic nuclei are observed in MCF7 cells when elevated and
sustained [Ca2+]

i
 are maintained in the nucleus for several

hours.
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