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Abstract

The change in cytosolic free concentration of calcium ([Ca2+]cyt) plays a key role in regulating apoptosis in
animal cells. In our experiment, we tried to investigate the function of Ca2+ in programmed cell death
(PCD) in tobacco (Nicotiana tobacum, cultivar BY-2) protoplasts induced by salt stress. An obvious
increase in [Ca2+]cyt was observed a few minutes after treatment and the onset of a decrease in mito-
chondrial membrane potential (DWm) was also observed before the appearance of PCD, pre-treatment of
protoplasts with EGTA or LaCl3 effectively retarded the increase in [Ca2+]cyt, which was concomitant with
the decrease in the percentage of cell death and higher DWm, pre-treatment with cyclosporine A (CsA) also
effectively retarded the increase in [Ca2+]cyt, the decrease in DWm and the onset of PCD. All these results
suggest that Ca2+ is a necessary element in regulating PCD and the increase in [Ca2+]cyt and the opening of
mitochondrial permeability transition pore (MPTP) could promote each other in regulating PCD in
tobacco protoplasts induced by salt stress.

Abbreviations: AIF – apoptosis inducing factor; ANT – adenine nucleotide translocator; [Ca2+]cyt –
cytosolic free calcium concentration; CsA – cyclosporin A; DCFH-DA – 2,7-dichlorohydrofluoroscein
diacetate; EB – ethidium bromide; HR – hypersensitive response; MPTP – mitochondrial permeability
transition pore; PCD – programmed cell death; PI – propidium iodide; Rh123 – Rhodamine123; ROS –
reactive oxygen species; DWm – mitochondrial membrane potential

Introduction

Programmed cell death (PCD) or apoptosis is a
genetically defined cellular suicide process by
which extraneous or damaged cells are elimi-
nated from an organism (Steller 1995). In plants

PCD can be induced by a variety of stimuli
including developmental signals, environmental
cues and the restriction of pathogen infection
during the hypersensitive response (HR)
(Greenberg et al. 1994; Rao and Davis 1999;
Huh et al. 2002).

By regulating diverse aspects of cellular signal
transduction in plants and animals, Ca2+ plays�These authors contributed equally for this work.
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an important role as a second messenger. Chan-
ges in cytosolic free concentration of calcium
([Ca2+]cyt) are necessary for adaptative responses
to various stress conditions in plant cells (Knight
et al. 1996; Kawano et al. 1998; Allen et al. 2001).
In recent years, several lines of evidence have
suggest that a change in [Ca2+]cyt might be
associated with plant PCD. Okadaic acid, a
protein phosphatase inhibitor, blocks both cal-
cium changes and gibberellin-induced pro-
grammed cell death in wheat aleurone (Kuo et al.
1996); PPF1, which encodes a putative calcium
ion carrier, delays cytosolic Ca2+ elevation, and
inhibits programmed cell death in apical meris-
tems of both G2 pea and Arabidopsis plants (Li et
al. 2004). The plant hypersensitive response is
triggered by a signaling network. An increase in
the cytosolic Ca2+ concentration, which occurs
within seconds after elicitation, appears to be a
master regulator that is required for many sub-
sequent signaling (Scheel 1998), Ca2+ is also
important for inducing defense gene activation
(Ishihara et al. 1996; Levine et al. 1996), inhibi-
tion of [Ca2+]cyt elevation can effectively retard
the onset of HR (Xu and Heath 1998). Ca2+ is
also involved in the cell death in pollen due to
self-incompatibility in Papaver (Thomas and
Franklin-Tong 2004).

In recent years, increasing evidence exists for the
involvement of mitochondria in stress sensing and
in the cell death pathway. Using plant cells, Yu
et al. (2002) provided evidence supporting the
involvement of mitochondria in PCD. There is
also some evidence pointing to the importance of
mitochondria in the expression of HR-associated
PCD in plants (Lacomme and Santa Cruz 1999;
Xie and Chen 2000).

Mitochondrial permeability transition pore
(MPTP) protects the mitochondria from the loss
of electrochemical potential by preventing non-
specific transfer of solutes less than 1500 D. In
animals, functional and genetic experiments indi-
cate that loss of mitochondrial membrane poten-
tial (DWm) by MPTP and subsequent apoptosis
cannot be dissociated (Kroemer et al. 1997).
Consequently, cyclosporin A (CsA) blocks the
opening of MPTP and prevents cell death (Scorr-
ano et al. 2003). Existence of MPTP in plant
mitochondria has been suggested by several

reports (Arpagaus et al. 2002; Curtis and Wolpert
2002). MPTP in plant mitochondria has been
shown to be sensitive to CsA (Arpagaus et al.
2002; Yu et al. 2002).

In animals, both raised [Ca2+]cyt and the open of
MPTP have been implicated as early events in
apoptosis. Ca2+ overload can induce mitochon-
drial dysfunction and loss of ATP production
(Budd and Nicholls 1996) and that is sensitive to
CsA, thereby indicating that MPTP may be
involved in this pathway (White and Reynolds
1996). Other evidence has also indicated that in-
creases in [Ca2+]cyt may induce opening of MPTP
and loss of DWm (Vieira and Kroemer 1999). This
can cause leakage of apoptogenic factors from the
inner mitochondrial membrane space into the
cytoplasm. Two such factors, cytochrome c and
apoptosis inducing factor (AIF) are known to ini-
tiate cascade of proteolytic activity that ultimately
leads to nuclear damage (DNA fragmentation) and
cell death in animals (Jones 2000; Saviani et al.
2002). It is unclear whether a similar pathway also
exists in plant cells. Mastoparan has been shown to
stimulate increases in [Ca2+]cyt in Papaver pollen
leading to release of cytotochrome c into the cytosol
(Thomas and Franklin-Tong 2004).

In animals mitochondria has been recognized as
a key player of Ca2+ homeostasis and cellular
Ca2+ signaling. Mitochondria are involved in
uptake and release of Ca2+ thereby influencing
local Ca2+ signals (Smaili et al. 2000). Inhibition
of mitochondrial activity was found to drastically
alter methacholine-evoked Ca2+ waves in glial
cells (Simpson and Russell 1998). In similar studies
it was found that both location of mitochondria
and their functional integrity were important in
Ca2+ signaling (Lawrie et al. 1996). However,
there is no evidence for the occurrence of a similar
mechanism in plant cells.

The main signaling pathways of PCD have
been described primarily in animal cells, while
recent studies have shown several morphological
and biochemical similarities between animal and
plant PCD (Danon et al. 2000), which suggests
that PCD in plants and animals may be based on
a common cell death. In our study, we investi-
gated whether Ca2+ and MPTP participate in the
regulation of the tobacco PCD induced by salt
stress.
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Materials and methods

Plant material and protoplasts

Seeds of tobacco (Nicotiana tobacum, cultivar BY-
2) were sterilized with 70% ethanol for 2 min, fol-
lowed by incubation for 5 min in sodium hypo-
chloride containing 0.1% Triton X-100. They were
then washed five times with sterile water and dried
under sterile conditions. Sterilized seeds were ger-
minated on solid MS medium (Murashige and
Skoog 1962) with 2% sucrose and cultured at
24 �C in a 16/8 h photoperiod at 100 lmol photons
m�2 s�1 in a phytotron. Shoot tips were excised
and subcultured every 4–5 weeks. For protoplast
isolation only well-rooted plants were used that had
undergone at least three subcultures in vitro and
then grown for 5–6 weeks. Protoplastswere isolated
according to Ahad et al. (2003). Fully expanded
leaveswere placed upside down in a sterile petri-dish
on 10 ml of CNTmedium [KAOmedium (Kao and
Michayluk 1975) with 1% cellulase (Onozuka-R,
Yakult, Japan), 1% macerozyme (Serva, Heidel-
berg, Germany) and 0.4 M sucrose], the midrib was
removed and the leaf blade cut into pieces of 0.5–
1 cm2 in the liquid medium. Then the leaves were
incubated overnight at 26 �C in the dark. Subse-
quently, this mixture was passed through a sterile
stainless steel mesh sieve (mesh size 100 lm). This
filtered protoplast suspension was very carefully
overlaid with 1 ml PNT medium (KAO medium
including 0.4 M glucose) on top of the suspension
and then centrifuged for 5 min at low speed
(1000 rpm, 25 �C). Intact protoplasts were collected
from the interphase and transferred into a new tube.
Ten microliters of fresh PNT medium were added
and mixed gently followed by a second centrifuga-
tion under the same conditions. This washing step
was repeated and a small aliquot of the washed
protoplasts was used for the estimation of cell
density in a hematocytometer. The supernatant was
carefully removed and the isolated protoplasts
resuspended in PNT medium to a density of
2 · 105 protoplast ml�1.

DNA extraction and analysis

DNA was extracted from protoplasts after various
treatments. Briefly, protoplasts were lysed with a
lysis buffer (10 mM Tris–HCl, pH 7.5, 5 mM

EDTA, 0.4% SDS, 0.2 g L�1 protease K) for
30 min at 37 �C. Purified DNA (1–3 lg) was elec-
trophoresed in 1.8% agarose gel, and DNA-lad-
dering was visualized by staining with 0.5 lg ml�1

ethidium bromide (EB) and UVB illumination.

The quantitative assessment of programmed cell
death

Flow cytometric analysis was performed to identify
sub-G1 cells/programmed death cells and to mea-
sure the percentage of sub-G1 cells after PI stain-
ing. Briefly, protoplasts were suspended in PBS
containing 50 lg PI ml�1 plus 0.1% Triton X-100
(v/v) and 60 lg ml�1 RNase (w/v) and the pro-
toplasts were analyzed by the use of a flow cy-
tometer (ESP Elite, Coulter). Cells undergoing
PCD appeared in the cell cycle distribution as cells
with a DNA content of less than that of G1 cells
and were estimated with Listmode software (Wang
et al. 2001).

Assessment of DWm

DWm was quantitatively measured by flow
cytometry as described (Chen 1988; Bergounioux
et al. 1992). Protoplasts were incubated with
10 lM Rhodamine123 (Rh123), a specific mito-
chondrial membrane potential-dependent fluores-
cence dye (Yamamoto et al. 2002), for 30 min at
27 �C and washed three times in PBS to remove
free Rh123 from the medium, suspended in a total
volume of 350 ll and analyzed using a flow cy-
tometer (EPICS XL, U.S COULTER; excitation
488 nm, emission 525 nm). Rh123 exhibits fluo-
rescence emission depending on DWm. Therefore
retention of the dye in the protoplasts can be
monitored through the intensity of fluorescence.

Detection of [Ca2+]i by laser confocal microscopy

The time-lapse change of [Ca2+]cyt in the apopto-
sis was detected with Ca2+ probe Fluo-3 AM. The
dye was loaded into tobacco protoplasts at a final
concentration of 10 lM at 25 �C for 30 min in the
dark, as described previously (Subbaiah et al.
1998). After incubation, the protoplasts were
washed twice with PBS, pH 7.4 to remove free
Fluo-3 AM from the medium, analyzed using a
laser confocal microscopy. Fluorescence images
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were collected with the laser confocal system
mounted on an inverted microscope and equipped
with an argon–krypton laser. Fluorescence of fluo-
3 AM, excited at 488 nm, was collected through a
515-nm longpass barrier filter. [Ca2+]cyt was
measured at desired times after treatment.

Results

The degradation of genomic DNA and the formation
of a DNA ladder

No genomic DNA degradation was observed at
0 h time point. The degradation of DNA appeared
after incubation for 4 h; the ‘DNA ladder’ could
also be seen after incubation for 6 or 8 h (Fig-
ure 1). DNA ladder has been described as an
important biochemical marker of PCD (Ryerson
and Heath 1996; Liljeroth and Bryngelsson 2001).
So the result indicates that NaCl treatment could
effectively induce PCD.

Effect of LaCl3 and EGTA on PCD in tobacco
protoplasts

Treated and untreated protoplasts were studied by
flow cytometry light scatter analysis. The cellular

DNA content was determined by PI labeling. The
percentage of cellular fragments with low DNA
content, which is consistent with a PCD process,
was calculated. Control cultures contained a low
percentage of cellular fragments with low content
of DNA. No difference was observed in the per-
centage of PCD between protoplasts pre-treated
by LaCl3 or EGTA and control without stress. The
percentage of PCD was not significantly different
from control when protoplasts were treated by salt
stress for 2 h. A time-dependent increase in per-
centage of sub-G1 population appeared after
treatment for 4 h. While the protoplasts that were
pre-treated by EGTA or LaCl3, the percentage of
PCD did not increase significantly even when
protoplasts were treated by salt for 4 h. A signifi-
cant increase was observed after stress treatment
for 6 h and also showed a time-dependent increase
with prolonged stress (Figure 2).

Effect of EGTA or LaCl3 on [Ca2+]cyt in tobacco
protoplasts

We measured [Ca2+]cyt changes in tobacco pro-
toplasts after NaCl treatment by Ca2+ probe
Fluo-3 AM using a laser confocal microscopy.
Figure 3 illustrated that protoplasts treated with
NaCl generated an initial rapid increase [Ca2+]cyt

Figure 1. Agarose gel analysis of tobacco protoplasts for DNA

fragmentation. NaCl was added into suspended tobacco pro-

toplasts at 200 mM final concentration. Samples were taken

from 0 to 8 h at 2-h intervals. The number on the top is the

number of hours after NaCl stress; M, 1 kb DNA marker.

Figure 2. Effect of LaCl3 or EGTA on PCD in tobacco pro-

toplasts induced by NaCl. NaCl was added into suspended

tobacco protoplasts at 200 mM final concentration. Samples

were taken from 0 to 8 h at 2-h intervals. Two millimolar

EGTA or 2 mM LaCl3, were added into the system, respec-

tively, 0.5 h before treated by NaCl. The data are means ± SE

from n = 6 from three experiments.
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within the first 6 min, followed by a slow decrease
between 6 and 15 min. However, such an increased
[Ca2+]cyt did not appear in the control (untreated
protoplasts). Therefore, NaCl stress may increase
[Ca2+]cyt in early stage of apoptosis in tobacco
protoplasts. Figure 3 also showed that EGTA or
LaCl3 retarded the increase in [Ca2+]cyt, but the
pattern of change was similar to that of protop-
lasts only when treated with NaCl stress.

Effect of EGTA or LaCl3 on mitochondrial
membrane potential in tobacco protoplasts

As shown in Figure 4, pre-treatment with EGTA or
LaCl3 had no significant effect on the DWm com-
pared with that of control. DWm decreased signifi-
cantly and gradually after stress,while no significant
change was observed between protoplasts pre-trea-
ted byEGTAorLaCl3 and control after stressed for
2 h, with prolonged stress, DWm of protoplasts pre-
treatment with EGTA or LaCl3 also declined.

Effect of CsA on PCD, mitochondrial membrane
potential and [Ca2+]cyt in tobacco protoplasts

Pre-treatment with CsA had no effect on PCD,
DWm and [Ca2+]cyt in un-stressed protoplasts
(Figures 3, 5, 6), after treatment with NaCl for

8 h, compared to the protoplast treated with
NaCl, pre-treated with CsA significantly decreased
the percentage of PCD (Figure 5), and inhibited
the decrease in DWm (Figure 6); Figure 3 showed
that pre-treatment with CsA effectively delayed the
increase in [Ca2+]cyt.

Figure 3. Effect of LaCl3, EGTA or CsA on [Ca2+]cyt in to-

bacco protoplasts induced by NaCl. NaCl was added into

suspended tobacco protoplasts at 200 mM final concentration.

Samples were taken from 0 to 15 min at 1 min intervals. Two

millimolar EGTA, 2 mM LaCl3 or 50 lM of CsA were added

into the system, respectively, 0.5 h before treated by NaCl. The

data are means ± SE from n = 64 from three experiments.

Figure 4. Effect of LaCl3 or EGTA on the DWm in tobacco

protoplasts induced by NaCl. NaCl was added into suspended

tobacco protoplasts at 200 mM final concentration. Samples

were taken from 0 to 8 h at 2-h intervals. Two millimolar

EGTA or 2 mM LaCl3, were added into the system, respec-

tively, 0.5 h before treated by NaCl. The data are means ± SE

from n = 6 from three experiments.

Figure 5. Effect of CsA on PCD in tobacco protoplasts. NaCl

was added into suspended tobacco protoplasts at 200 mM final

concentration. Samples were taken after salt treatment for 0

and 8 h. Fifty lM of CsA was added into the system, respec-

tively, 0.5 h before treated by NaCl. The data are means ± SE

from n = 6 from three experiments. Different letters indicate

significant difference at p = 0.05 (LSD).
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Discussion

Ca2+ participated in programmed cell death in
tobacco protoplasts

More and more data suggest that increased Ca2+

is an essential mediator of PCD both in animals
and in plants (Orrenius et al. 2003; Li et al. 2004).
However, in animals, many results indicate that an
increased [Ca2+]cyt does not always induce cell
death, on some occasions it can inhibit apoptosis,
there are also data which indicate that a decrease
in Ca2+ can also induce apoptosis (Kass and
Orrenius 1999). In the present study, we have
investigated whether intracellular Ca2+ accumu-
lation regulates cell death in tobacco protoplasts
under NaCl stress. A rapid increase of [Ca2+]cyt
was observed at the early stage (few minutes from
0 to 6 min) of PCD in tobacco protoplasts. Both
depletion of Ca2+ with Ca2+–chelator EGTA,
and using plasma voltage-dependent Ca2+-chan-
nel blocker (LaCl3) significantly retarded the in-
crease in [Ca2+]cyt and inhibited the onset of cell
death. All these results suggested that an increase
in [Ca2+]cyt is a pre-requisite for regulation of
PCD in tobacco protoplasts.

A number of different mechanisms exist to
achieve [Ca2+]cyt rise. One of them is opening of
the voltage-operated Ca2+ channels on the mem-

brane surface. Another one is release of Ca2+ from
intracellular stores. There are many specialized
cellular structures in plant cells, such as endo-
plasmic reticulum (ER) and the vacuole that serve
not only by sequestering Ca2+ ions from the
cytosol but also by providing additional sources of
Ca2+ by releasing the stored Ca2+ ion for sig-
naling purposes (Navazio et al. 2001). Ca2+

channels in both membrane and intracellular Ca2+

stores contribute to PCD in animal (Orrenius et al.
2003). Yasuhiro et al. (2004) found involvement of
putative voltage-dependent Ca2+ permeable
channels in cryptogein-induced Ca2+ transients
and defense responses in tobacco cells, while
Zuppini et al. (2004) suggested that ER play an
important role in PCD in soybean cells. In the
current experiment, both EGTA and LaCl3 only
retarded, instead of inhibition, the increase in
[Ca2+]cyt and cell death. Results indicate that both
interior and exterior Ca2+ participate in inducing
cell death in tobacco, but when the Ca2+ channel
is blocked by LaCl3 or exterior Ca

2+ is depleted by
EGTA, then Ca2+ from other stores is enough to
induce PCD.

Increased Ca2+ regulated PCD by affecting the
open state of MPTP in tobacco protoplast

In 1996, Wang’s group found that the activity of
caspase-3 was unleashed by cytochrome c, a
mitochondrial protein then thought to be dedi-
cated solely to energy production (Liu et al.
1996). Then many experiments shifted the focus
to the role of mitochondria in PCD. Cyclospo-
rines can bind to cyclophilin D that is associated
with the adenine nucleotide translocator (ANT),
thus inhibiting the formation of MPTP. To test
the role of MPTP in the salt induced PCD, we
took advantage of the demonstrated inhibition of
MPTP by CsA (Arpagaus et al. 2002; Scorrano
et al. 2003). The results showed that pre-treat-
ment of cells with CsA effectively reduced the
amount of cell death and the decreases in DWm.
The results above indicate that similar to some of
the studies with animal systems, the MPTP
played an important role in regulating PCD in
tobacco protoplasts treated with NaCl stress. The
decrease in DWm prior to the appearance of cell
death but after stress was also observed. This
result indicates that the change in DWm precedes

Figure 6. Effect of CsA on DWm in tobacco protoplasts. NaCl

was added into suspended tobacco protoplasts at 200 mM final

concentration. Samples were taken after salt treatment for 0

and 8 h. Fifty lM of CsA was added into the system, respec-

tively, 0.5 h before treated by NaCl. The data are means ± SE

from n = 6 from three experiments. Different letters indicate

significant difference at p = 0.05 (LSD).
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the appearance of PCD and the decrease in DWm

was a pre-requisite of the induction of PCD.
Classical work on isolated mitochondria from

animals has shown that an increase in Ca2+ con-
centration in the cytosol results in Ca2+ uptake
into mitochondria. This uptake when it exceeds a
threshold, results in MPTP opening (Hoek et al.
1995; Zoratti and Szabo 1995). While mitochon-
dria were found to release Ca2+ via the MPTP
during agonist-evoked Ca2+ signals in tumor cells
(Ichas et al. 1997). Another group showed that
mitochondrial Ca2+ uptake triggers mitochondrial
Ca2+ release via transient openings of PTP leading
to an increase in [Ca2+]cyt. CsA not only specifi-
cally inhibits the MPTP formation but also pre-
vents the Ca2+ cycling by mitochondria (Richter
1998). Our experiments clearly showed that (a)
additional EGTA or LaCl3 not only inhibited the
increase in Ca2+, but also effectively prevented the
decrease in DWm and (b) additional CsA not only
inhibited the decrease in DWm but also inhibited
the increase in Ca2+ at an early stage. This sug-
gests that [Ca2+]cyt and the open state of MPTP
could promote each other. Thus an increase in
[Ca2+]cyt can lead to a self-amplifying process to
induce PCD.
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