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Abstract
Activation of initiator and effector caspases and Bid
cleavage are apoptotic characteristic features. They
are associated with cell alkalization or acidification in
some models of apoptosis. The alteration of culture
conditions such as extracellular pH value and the
overexpression of Bid plasmids may induce cell
apoptosis. In present report, we used fluorescence
confocal imaging and fluorescence resonance energy
transfer (FRET) techniques based on green
fluorescent proteins (GFPs) to monitor the spatio-
temporal dynamics of Bid translocation and caspase-
3 activation in real time in living human lung
adenocarcinoma (ASTC-a-1) cells under neutral (pH
7.4) and alkaline (pH 8.0) conditions. The cells
transfected with Bid-CFP plasmid did not show
apoptotic characteristics for 96 hours under an
atmosphere of 95% air, 5% CO2 at pH 7.4 and 37°C,
implying that the overexpression of Bid-CFP plasmid
does not induce cell apoptosis. However, all the cells
underwent apoptosis after being placed in the alkaline

culture (pH 8.0). The dynamic results in single living
cell showed that the alkaline condition at pH of 8.0
induced Bid cleavage and tBid translocation to
mitochondria at about 1.5 hour, and then induced the
caspase-3 activation and cell apoptosis. These results
show that the alkaline sondition (pH=8.0) induces cell
apoptosis by activating caspase-8, which cleaves Bid
to tBid, tBid translocation to mitochondria, and then
activating the caspase-3 in the ASTC-a-1 cells.
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Introduction

Apoptosis plays an important role in cell development
and homeostasis, and caspase family is crucial in apoptosis
[1]. Bid, a proapoptotic member of the Bcl-2 family,
contains only the BH3 domain. It was first noted for its
ability to bind to Bcl-2 and Bax [2]. In proliferating cells,
inactive Bid (a protein of 22 kDa; p22) is located in the
cytoplasm. Upon being exposed to tumor necrosis factor-
α or Fas, caspase-8 in the cell is activated by death-
inducing signaling complex, and cleavage of Bid by
caspase-8 yields two fragments (p15 (tBid) and p7) [3].
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An exposed glycine residue at the C terminus of Bid (p15)
undergoes N-myristoylation [4], and the resulting C-
terminal fragment of Bid (p15) is translocated to the
mitochondrial outer membrane, where it binds to Bax or
Bak [5, 6] and induces the release of cytochrome c from
the mitochondria as well as subsequent caspase-3
activation [7]. Caspase-8-mediated Bid processing
therefore bridges the extrinsic death receptor-mediated
pathway of apoptosis to the intrinsic mitochondrial
pathway [3, 8, 9]. This provides a mechanism to amplify
the execution signal and exacerbate the pace of cell
demise.

The effect of pH on cell fate is dependent on the
cell type and stimulation factors. Recent work suggests
that changes in pH and mitochondrial function play an
important role in regulating several components of
apoptotic signal transduction pathways, including caspase
activation, poly (ADP-ribose) polymerase (PARP)
cleavage and DNA fragmentation in some cell types [10-
14]. Previous studies showed that extracellular acidosis
exerts a protective effect on the onset of cell death in
different cell lines, including neuronal, cardiac, renal,
hepatic, and endothelial cells [13, 15]. Collins et al. found
that intracellular acidification induces apoptosis by
stimulating ICE-like protease activity [11]. Schwerdt et
al. found that inhibition of mitochondria and extracellular
acidification enhanced ochratoxin A-induced apoptosis in
renal collecting duct-derived MDCK-C7 cells [14]. Cutaia
et al. investigated the effect of altered extracellular pH
on the apoptosis in human pulmonary artery endothelial
cells after treatment with staurosporine (STS) [15, 16].
They demonstrated that pH, mitochondrial function, and
ATP supply are important variables that regulate STS-
induced apoptosis. STS produced a concentration- and
time-dependent increase in caspase-3 activity in neutral
(pH 7.4) medium that reached a peak at 6 hours.
Fluorescent imaging of treated monolayers in pH 7.4
medium with Hoechst-33342-propidium iodide
demonstrated a large percentage of apoptotic cells (40%)
with no evidence of necrosis. However, caspase activity,
DNA fragmentation, and percentage of apoptotic cells
were reduced after STS treatment in acidic media (pH
7.0 and 6.6) [16]. Segal et al. reported that although both
cations and alkalinity inhibited caspase activation by
different mechanisms [17], a pH value above 7.4 severely
suppressed the activation of procaspase-3 but not the
activity of caspase-3. Segal et al. also demonstrated that
cytochrome c-mediated activation of caspase-3 was
inhibited by alkaline pH and that the inhibition by high pH
could be overcome with an excess of cytochrome c [17].

By comparing the ability of a variety of salts to inhibit this
activity, they demonstrated that cations appeared to exert
a stronger influence than anions on the activation of
caspase-3 [17]. Walters et al. found that alkaline conditions
could accelerate polymorphonuclear leukocyte apoptosis
[18].

Farber et al. found that a change in intracellular pH
occurred upon induction of apoptosis in HeLa cells by
staurosporine or TNF [19]. The change in intracellular
pH (pHi) is followed by Bax translocation to the
mitochondria, cytochrome c release, and cell death. The
chloride channel inhibitor furosemide prevented all these
changes. No necessary role for Bid translocation could
be established. In fact, the translocation of Bax, the
release of cytochrome c, and the death of the cells were
observed in the absence of mitochondrial translocation
of either full-length Bid or tBid. Alkalization itself induced
Bax translocation, as demonstrated by two experiments
with D1 cells maintained in IL-7 [20]. First, Bax
translocation occurred upon incubation of homogenates
in buffers of pH 7.8 or higher [20]. In the second
experiment, nigericin was used to equilibrate intact cells
with the extracellular pH. Again, Bax translocation was
observed only upon incubation in alkaline buffers [20].

 Confocal fluorescence imaging and FRET
technology have been widely used to study protein-protein
interactions in living cells [21-26]. Traditional biophysical
and/or biochemical methods can only measure the average
behavior of cell populations and the static spatial
information from fixed cells and thus cannot provide direct
access to the interactions of these protein partners in their
natural environment [23]. SCAT3 is a FRET indicator of
caspase-3 activation [25], which is composed of enhanced
cyan fluorescence protein (ECFP) as the FRET donor
and Venus, a variant of enhanced yellow fluorescence
protein (EYFP), as the FRET acceptor, linked by peptides
containing the caspase-3 cleavage sequence, DEVD [21,
22]. This sequence is found in many cytosolic and nuclear
caspase substrates and is cleaved by several effector
caspases including caspase-3 and -7 [22, 25]. Caspase-3
is believed to play a central role in the execution of
apoptosis, because this enzyme is required for
oligonucleosomal DNA fragmentation and promotes the
activation of other effector caspases [22, 27].

The present report for the first time used confocal
fluorescence imaging and FRET technology based on
GFPs to study the mechanism of alkalization-induced cell
apoptosis in single living human lung adenocarcinoma
(ASTC-a-1) cells. A human lung cancer (ASTC-a-1) cell
line stably expressing SCAT3 [28, 29] was used in this
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report to study caspase-3 activation and cell apoptosis
under alkaline conditions (pH 8.0). The Bid cleavage,
means caspase-8 activation, and tBid translocation have
been monitored in real-time in the single living cells
transfected with Bid-CFP plasmid under alkaline
conditions (pH 8.0).

Materials and Methods

Material
Dulbecco’s modified Eagle medium (DMEM) was

purchased from GIBCO (Grand Island, NY). The DMEMs with
different pH value were obtained by adding H2O2, and the pH
value was measured using waterproof pH/Temperature Tester
(pHTestr 30, Oakton Instruments, USA). Lipofectamine reagent
was purchased from Invitrogen (Carlsbad, CA). DNA Extraction
kit was purchased from Qiagen (Valencia, CA). SCAT3 was
provided by Professor Masayuki Miura [25], and pBid-CFP
was provided by Professor Taira [7].

Cell culture
ASTC-a-1 cells were grown in DMEM supplemented with

15% fetal calf serum (FCS), and the cells were maintained at
37°C in a humidified atmosphere (95% air and 5% CO2) at pH
7.4. The constant temperature can be controlled by the
temperaturecontrol 37-2 (Carl Zeiss MicroImaging, Inc.,
Germany).

Cell viability assay
Cell viability assays were performed by using Cell

Counting Kit-8(CCK-8) (WST-8, Dojindo, Kumamoto, Japan),
according to the supplier recommendations. Cells were plated
in 96-well plates at 5x103 cells per well and cultured in the medium
with different pH value. At the indicated time points, the cell
numbers in five wells were measured as the absorbance (450
nm) of reduced WST-8. The WST-8 reagent solution (10 µl)
was added to each well of a 96 well microplate containing 100 µl
of cells in the culture medium at various densities, and the
plate incubated for 2 hours at 37°C. Absorbance was measured
at 450 nm using auto microplate reader (infinite M200, Tecan,
Austria). Cell viability was expressed as the percentage of viable
cells relative to untreated cells using the absorbance at 450 nm.
All experiments were performed in five wells on three separate
occasions.

Minitype CO2 culture chamber
In order to keep cells in the normal culture condition

during the imaging in the laser confocal scanning fluorescence
microscope, a minitype CO2 culture chamber with a
temperaturecontrol 37-2 (Carl Zeiss MicroImaging, Inc.,
Germany) was used in our experiment. The temperature, the
concentration of CO2 and the humidity in the minitype culture
chamber can be controlled very well by this minitype CO2 culture

chamber.

Cell transfection and screening
ASTC-a-1 cells were cultured in DMEM supplemented

with 1% serum at a density of 4x103 cells/well in 35-mm glass
dish. After 24 hours, when the cells reached 30-50% confluence
in DMEM containing 10% FBS at 37°C in 5% CO2, plasmid
DNA of Bid-CFP was transfected into the cells by using
Lipofectamine reagent. Serum-free medium of 0.8 ml was added
to the tube containing the Lipofectin Reagent-DNA complexes.
After 5-24 hours, the medium containing DNA was replaced
with 2-ml DMEM medium containing FBS. After 24-48 hours,
the cells can be used for experiments.

Plasmid DNA of SCAT3 was transfected into ASTC-a-1
cells by using Lipofectin reagent (Carlsbad, CA). The cells
stably expressing SCAT3 reporter were screened with 0.8 mg/
ml G418, and positive clones were picked up with micropipettes
[28, 29].

Confocal microscopy and image analysis
Fluorescence confocal imaging and FRET were performed

on a commercial Laser Scanning Microscopes (LSM510/
ConfoCor2) combination system with C-Apochromat 40x NA
1.3 and 100x1.4 NA oil objective(Carl Zeiss MicroImaging, Inc.,
Germany). The excitation wavelengths were 458 nm for SCAT3
and CFP-Bid, 514 nm for Venus, 633nm for Mitotracker Red The
emission fluorescence channels were 470-500 nm bandpass for
CFP, 530 nm longpass for Venus, 650 nm longpass for
Mitotracker Red. To quantify the results, the images of CFP
and Venus emission intensities were processed with Zeiss
Rel3.2 image processing software (Carl Zeiss MicroImaging,
Inc., Germany).

To monitor the fluorescence of Hochest33342 (EX352/
EM461), the mercury lamp was used to excite Hochest33342,
reflected by a filter set (BP 365/12, FT 395, LP397). The BP 390-
465 nm bandpass filter was used to record the emission
fluorescence for Hochest33342 channel.

FRET and acceptor photobleaching
Acceptor photobleaching experiments were carried out

to assess the correct expression and the cleavage of the SCAT3
plasmid in single living cell. During the experiments, the acceptor
(Venus) in the region of interesting cell was selectively bleached
with the highest 514nm laser line. A quantitative analysis of
acceptor bleaching showed the absolute fluorescence values
for CFP and Venus for a single cell. Upon photobleaching there
was a marked decrease of the acceptor fluorescence (Venus),
which coincided with an increase of the donor fluorescence
(CFP) because of an inability of the acceptor to accept energy
from the donor after bleaching. Therefore, the increase of CFP
fluorescence upon Venus bleaching confirmed that FRET exists
between the two fluorescent proteins in the SCAT3 probe in
vivo. The same method was also used to verify the cleavage of
SCAT3 by the activated caspase-3 4 hours after alkalization
treatment in single living cell.

Dynamic Analysis of Apoptosis Induced by Cell Alkalization Cell Physiol Biochem 2007;20:569-578
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Statistical Analyses
Experiments are means of five plicates, and each

experiment was performed five times. Data are expressed as
mean ± SD. Statistical analyses were performed with SPSS12
(SPSS, Chicago) by using the two-sample t-test. Differences
were considered statistically significant when P<0.005.

Results

Overexpression of Bid-CFP plasmid does not
induce Bid activation and apoptosis
The effect of the overexpression of Bid-CFP on the

survival rate of ASTC-a-1 cells was investigated by a
Cell Counting Kit-8 (CCK-8) assay. The cells transfected
with Bid-CFP were cultured at neutral medium (pH 7.4)
for 48, 60, 72 and 96 hours, and the control was the cells
without transfection of Bid-CFP. The results revealed that
the overexpression of Bid-CFP plasmid did not decrease
the survival of ASTC-a-1 cells within 96 hour (Fig.1 A).

To monitor whether the overexpression of Bid-CFP
plasmid induce Bid cleavage, tBid translocation and cell
apoptosis under neutral condition (pH 7.4), ASTC-a-1 cells
transfected with Bid-CFP plasmid were cultured in the
minitype CO2 culture chamber on the LSM510 confocal
microscope at pH 7.4 for 96 hours. Bid-CFP was evenly
distributed in the cytoplasm during the entire time period,
and the cells showed no apoptotic characteristics, such
as Bid cleavage, tBid translocation, and cells shrinkage
in all our independent experiments (Fig. 1 B). Fig. 1 B

shows some typical confocal fluorescence images of Bid-
CFP distribution in living cells 48, 60, 72 and 96 hours
after the cells were maintained under the neutral condition
(pH 7.4).

Bid activation and cell apoptosis induced by
alkalization
The effect of culture condition with different pH

value on the survival rate of ASTC-a-1 cells was
investigated by a CCK-8 assay. The cells were cultured
in different pH medium for 48 hours. The results revealed
that the alkaline condition (pH=8.0) decreased the survival
rate of ASTC-a-1 cells (Fig.2 A), and the P is 0.053 for
pH7.8, 0.002 for pH 8.0 and pH8.5.

Fig.2 B shows the fluorescence images of cells
stained by Hoechst 33242 in pH7.4 and pH8.0 conditions
for 8h, respectively. The alkaline condition (pH=8.0)
induced the nuclei condensation and fragmentation (fig.
2 B), which are the apoptotic character.

To investigate whether the alkaline culture condition
(pH 8.0) induces caspase-8 activation, Bid cleavage, tBid
translocation and cell apoptosis, the cells transfected with
Bid-CFP plasmid were cultured under alkaline condition
(pH 8.0) for 48 hours. Most of the cells incubated for 48
hours under alkaline conditions (pH 8.0) underwent
apoptotic changes such as Bid cleavage and tBid
translocation (Fig. 2 C). The fluorescence clusters of tBid-
CFP distribution are due to the tBid translocation to
mitochondria (Fig. 2 D). Not only Bid cleavage and tBid

Fig.1. Effect of the overexpression of Bid-CFP on the ASTC-a-1 cells. (A) The effect of the overexpression of Bid-CFP on the
survival rate of ASTC-a-1 cells. The cells were cultured at pH 7.4 medium for 48, 60, 72 and 96 hours, and the control was the cells
without transfection of Bid-CFP; (B) Confocal fluorescence images of Bid-CFP distribution in ASTC-a-1 cells under neutral
culture condition (pH 7.4) for 48, 60, 72 and 96 hours. The cells transfected with Bid-CFP were cultured in the minitype CO2
chamber on LSM510 microscope, and the temperature in the mintype CO2 chamber is 37°C. Bid-CFP was distributed evenly in the
cytoplasm throughout the experiments. Bar: 10µm.

Chen/Wang/Xing/ChenCell Physiol Biochem 2007;20:569-578
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translocation were formed, but also cell shrinkage occurred
in all of the cells under alkaline condition (pH 8.0), implying
that the alkaline conditions activated the caspase-8, which
in turn cleaved the Bid into tBid, tBid translocation to
mitochondria, and then induced cell apoptosis. Fig. 2 E
shows the percent of cell apoptosis under pH 7.4 and pH
8.0 conditions (n=30 from three independent experiments).
All of the cells underwent apoptosis after 48 hours of
alkalization treatment (pH 8.0).

Spatio-temporal dynamics of Bid cleavage and
tBid translocation during alkalization-induced
apoptosis
In order to monitor the dynamic process of Bid

cleavage and tBid translocation when cells were cultured
under the alkaline atmosphere (pH 8.0), spatio-temporal
fluorescence imaging of Bid/tBid-CFP distribution was
recorded by time-lapse confocal microcopy during the
alkalization treatment-induced apoptosis (Fig.3 A). For

Fig. 2. Effect of alkalization treatment on the ASTC-a-1 cells. (A) Alkaline
condition (pH8.0) inhibited the survival of the cells. The cells were cultured for
48h at pH 7.4, pH7.8, pH8.0, and pH8.5 medium, respectively. **P=0.053,
*P=0.002. (B) The fluorescence images of cells stained by Hoechst 33342. The
cells were cultured for 8h in neutral (pH7.4) and alkaline (pH 8.0) condition,
respectively. The alkaline condition induced nuclei condensation and
fragmentation. The magnification is 1000; (C) Fluorescence images of tBid protein
distribution for eleven cells. The cells were culture in alkaline condition (pH8.0)
for 48 hours; (D) Alkaline condition (pH8.0) induced the Bid/tBid-CFP (Cyan)
translocation to mitochondria (Red). The cells were cultured in neutral condition
(pH 7.4) and alkaline condition (pH8.0) for 48 hours, respectively; Cells were
labeled with Mitotracker Red (red), which was used to probe the distribution of
mitochondria. (E) Histogram of percent of cells underwent apoptosis for under
pH 7.4 and pH 8.0, respectively (mean ± SD, n=30 from three independent
experiments). Bar: 10µm.

Dynamic Analysis of Apoptosis Induced by Cell Alkalization Cell Physiol Biochem 2007;20:569-578
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the cells cultured in neutral condition (pH 7.4), the Bid-
CFP distributed evenly in the cytoplasm for 3 hours (Low
panel in Fig.3 A), implying that the laser scanning did not
induce the Bid cleavage and tBid translocation. However,
the alkaline condition (pH 8.0) induced the Bid cleavage
and the tBid translocation from cytoplasm to mitochondria
(the top panel in Fig. 3 A). The tBid-CFP translocation to
mitochondria was indicated by an increase in the standard
deviation of the average pixel intensity. Confocal
fluorescence imaging of tBid-CFP redistribution revealed
a comparable type of translocation from cytoplasm to
mitochondria for the alkaline condition (Fig. 3 A, B). Fig.
3B shows a quantitative analysis of the Bid cleavage and
tBid translocation to mitochondria. The standard deviation
(SD) of the pixel intensity in response to tBid-CFP
fluorescence increases rapidly to the maximal level after
1.5 ± 0.3 hour (mean ± SD, n=15 from four independent
expriments) of alkalization treatment. Subsequent
decrease of SD may be due to the evolution of
mitochondria during cell apoptosis. This suggests that the
tBid-CFP translocates to mitochondria distinctly after 1.5
hour of alkalization treatment. For direct comparison of
tBid translocation, the traces were scaled from 0 (the
initial SD) to 100 (the maximal SD). These results imply
that the alkaline culture condition may activate caspase-
8, and the activated caspase-8 cleaved Bid into tBid within
1.5 hour, and then the tBid translocated into mitochondria.

Dynamics of caspase-3 activation inside living
cells under alkaline condition (pH 8.0)
Fig.4 A gives the fluorescence images of an ASTC-

a-1 cells stably expressing SCAT-3 [28, 29] for the CFP
(BP470-500nm) and Venus (LP 530nm) channels in
neutral condition (pH 7.4). The SCAT-3 distributed evenly
in both nuclei and cytoplasm (Fig.4 A). We used the
acceptor (Venus) photobleaching for the circle area (in
Fig.4 A) to verify the natural expression of SCAT-3 in
single living cell, and found that the fluorescence intensity
of CFP channel increased during the Venus
photobleaching (Fig.4 B), implying that there were FRET
between CFP and Venus probes in the SCAT-3 FRET
reporter. The Venus photobleaching in the nuclei gave
the similar results (unpublished data).

The real-time FRET imaging of the ASTC-a-1 cells
stably expressing SCAT3 [28, 29] were performed in
single living cells under both the neutral (pH7.4) and the
alkaline (pH 8.0) conditions by time-lapse confocal
fluorescence microscope. For the neutral condition
(pH7.4), the fluorescence intensities of both the CFP and
Venus channels were almost constant for 200min (Right
panel in Fig.4 C), implying that the laser scanning did not
activate caspase-3 and photobleach obviously the probes.
However, for the alkaline condition (pH 8.0), the
fluorescence intensity of Venus channel decreased, and
that of CFP channel increased gradually for 120min (Left

Fig. 3. Spatio-temporal dynamics of the Bid cleavage and tBid translocation by alkalization treatment (pH 8.0). The image series
was recorded every 5 minutes for 3 hours. (A) Confocal images of a typical cells transfected with Bid-CFP. The cell shows a
redistribution of fluorescence signal according to the Bid cleavage and tBid translocation to mitochondria within 1.5 ± 0.3 hours
(mean ± SD, n=15 from four independent expriments). (B) The individual traces of the SD, standard deviation, of the pixel
intensities for three cells. The translocation of tBid-CFP was detected as an increase in the SD of the CFP pixel intensity. For direct
comparison of tBid translocation, the traces were scaled from 0 (initial SD) to 100 (the maximal SD). Bar: 10µm.

Chen/Wang/Xing/ChenCell Physiol Biochem 2007;20:569-578



575

Fig. 4. Dynamics of caspase-3 activation under alkaline condition (pH 8.0). (A) Confocal fluorescence images of CFP and Venus
channels under neutral condition (pH7.4). (B) Acceptor (Venus) photobleaching for the cell under neutral condition (pH7.4)
corresponding to the circle area in Fig. 4 A. The Venus was photobleached by the highest 514nm laser. The fluorescence intensity
of CFP channel increases during Venus photobleaching; (C) Imaging series of CFP and Venus channels under neutral (pH7.4) and
alkaline (pH8.0) conditions, respectively. The cells transfected with SCAT3 plasmid were cultured in the medium of pH7.4 and pH
8.0, respectively. The images were recorded every 5 minutes for 2.5 hours; (D) Dynamics of the fluorescence intensities of CFP
and Venus emission channels corresponding to Fig.4C. For direct comparison of changes of fluorescence, the initial intensities
were modified to 100; (E) Dynamics of the ratio of Venus/CFP channel corresponding to Fig.4 D; (F) Acceptor (Venus) photobleaching
for the apoptotic cell induced by alkaline condition (pH8.0). The cells were cultured for 4 hous under alkaline condition (pH8.0).
The Venus was photobleached by the highest 514nm laser, and the fluorescence intensity of CFP channel was constant during
the Venus photobleaching. Bar: 10µm.

Dynamic Analysis of Apoptosis Induced by Cell Alkalization Cell Physiol Biochem 2007;20:569-578
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panel in Fig. 4 C), implying that the alkaline condition
(pH8.0) activated the caspase-3, which cleaved the
DEVD sequence between the CFP and Venus, thus the
FRET of SCAT3 disappeared. Fig. 4D shows the
dynamics of CFP and Venus channels corresponding to
the Fig.4C, and Fig. 4E shows the corresponding dynamics
of the ratio of Venus/CFP. For direct comparisons, the
initial intensities of all channels were modified to 100.

After 4 hours of alkalization treatment, we also used
the acceptor (Venus) photobleaching to verify the cleavage
of SCAT-3 by the activated caspase-3 (Fig.4 F). The
fluorescence intensity of CFP channel was constant
during the Venus photobleaching (Fig.4 F), implying that
the SCAT-3 had been cleaved by the activated caspase-
3 in alkaline condition (pH8.0). The insert image in Fig.4
F is the phase contrast image of an ASTC-a-1 cell stably
expressing SCAT3 after 4 hours of alkalization treatment.

These above results revealed that the alkaline
condition (pH8.0) activated the caspase-3.

We also found that most of the cells under alkaline
culture condition (pH 8.0) underwent shrinkage and
nuclear condensation at about 3 hour (Fig. 5). Fig. 5A
shows a typical fluorescence image series of cell
shrinkage and nuclear condensation in a single cell, Fig.
5B gives the corresponding dynamics of fluorescence

Fig. 5. Dynamics of nuclear condensation and cell apoptosis
under alkaline conditions (pH 8.0). (A) A typical confocal
fluorescence image series of the Venus channel. The cells were
transfected with SCAT3, and the Venus was selectively excited
by the 514nm laser. The nuclear condensation occurred at about
3.0 ± 0.2 hours (n=20 from three independent expriments). (B)
The dynamics of fluorescence intensities in both nuclear and
cytoplasm. The fluorescence intensity in nuclear increases
rapidly, and the corresponding fluorescence intensity in
cytoplasm decreases rapidly from 180min to 210min, implying
that the nuclear condensation is a rapid process. Bar: 10µm.

intensity in both nuclear and cytoplasm. Nuclear
condensation is a rapid process. The cell death occurred
about 4.0 ± 0.5 hours (n=20 from three independent
experiments) after alkalization treatment, implying that
the alkaline conditions (pH 8.0) can induce cell shrinkage,
nuclear condensation, and cell apoptosis within 4 hours.

Discussion

In this report we used the fluorescence imaging and
FRET techniques to study the molecular mechanism of
alkalization-induced cell apoptosis in single ASTC-a-1
cells. The cells were transfected with Bid-CFP plasmid
and SCAT3 plasmid, respectively, for determination of
Bid cleavage and translations, as well as the caspase-3
activation in single living cell.

It was reported in some previous studies that full-
length Bid could also be a potent inducer of apoptosis,
and the cleavage of Bid was not essential for triggering
apoptotic activity [30, 31]. In order to determine if the
overexpression of Bid-CFP plasmid could induce Bid
translocation and cell death in our experimental system,
the cells transfected with Bid-CFP plasmid were cultured
in the minitype CO2 culture chamber (pH 7.4, 37°C, 95%

Chen/Wang/Xing/ChenCell Physiol Biochem 2007;20:569-578
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air and 5% CO2) on our LSM 510 confocal microscope
(Carl Zeiss MicroImaging, Inc., Germany). Due to the
movement of living cells, we obtained randomly the
fluorescence images of cells. Our experimental results
showed that the overexpression of Bid-CFP plasmid did
not induce any apoptotic characteristic features under
the neutral culture conditions for a time period of up to 96
hours, as shown in Fig. 1B.

Bid, a unique BH3-only pro-apoptotic protein [32],
plays an important role in the cell apoptosis induced under
alkaline condition. Bid activation depends on the proteolytic
processing of intact Bid into truncated forms of tBid. tBid,
thus generated, translocates to mitochondria and leads to
disruption of the organelles and the release of apoptogenic
molecules such as cytochrome c [32]. Caspase-8 has
been shown to be the major protease responsible for Bid
cleavage during death receptor-mediated apoptosis [32].
Our results showed that, at pH 8.0, Bid cleavage and
tBid translocation to mitochondria occurred within 1.5
hours of the alkaline treatment, as shown in Fig. 3, and
cell shrinkage and nuclear condensation occurred within
4 hours, and 100% of the cells underwent apoptosis within
48 hours, as shown in Fig. 2. These results imply that the
alkaline conditions induce cell apoptosis through caspase-
8/Bid cleavage-mediated apoptosis pathway.

SCAT3, which can report the caspase-3 activation,
is highly resistant to the changes in intracellular pH, Cl-

and H+, and it is especially useful for monitoring the
caspase-3 activation in living cells [25]. There are two
pathways of caspase-8 and capase-3 activation in TNF-
α-induced apoptosis: direct activation of caspase-3 by
caspase-8, and indirectly activation of caspase-3 through
Bid /tBid/mitochondria/caspase-9 pathways [21]. Our
experimental data, shown in Fig. 4, demonstrated that

alkaline conditions (pH=8.0) may activate caspase-8,
which cleaved Bid to tBid, followed by tBid translocation
to mitochondria and cytochrome c release from
mitochondria, and then activated caspase-3 through
caspase-9 activation.

However, Farber et al. demonstrated that the alkaline
conditions (pH 7.8 or higher) could induce Bax
translocation to mitochondria, cytochrome c release, and
cell death in HeLa cell apoptosis with staurosporine [18].
Therefore, it is necessary to further study if Bax is involved
in the alkalization-induced apoptosis in human lung
adenocarcinoma cells.

In conclusion, we use the fluorescence techniques
based on GFPs to monitor the dynamics of Bid cleavage,
tBid translocation, caspase activation, cell shrinkage, and
nuclear condensation in single living cell under neutral
and alkaline cell physiological conditions. Our results show
that alkaline condition (pH 8.0) induces apoptosis by the
pathway of activating caspase-8, Bid cleavage into tBid,
tBid translocation into mitochondria, and caspase-3
activation. Further studies are required to understand the
mechanisms of apoptosis induced by alkaline conditions.
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