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a b s t r a c t

Stimulus-induced changes in the intracellular Ca2þ concentration control cell fate decision, including
apoptosis. However, the precise patterns of the cytosolic Ca2þ signals that are associated with apoptotic
induction remain unknown.We have developed a novel genetically encoded sensor of activated caspase-3
that can be applied in combination with a genetically encoded sensor of the Ca2þ concentration and have
established a dual imaging system that enables the imaging of both cytosolic Ca2þ signals and caspase-3
activation, which is an indicator of apoptosis, in the same cell. Using this system, we identified differences
in the cytosolic Ca2þ signals of apoptotic and surviving DT40 B lymphocytes after B cell receptor (BCR)
stimulation. In surviving cells, BCR stimulation evoked larger initial Ca2þ spikes followed by a larger
sustained elevation of the Ca2þ concentration than those in apoptotic cells; BCR stimulation also resulted
in repetitive transient Ca2þ spikes, whichweremediated by the influx of Ca2þ from the extracellular space.
Our results indicate that the observation of both Ca2þ signals and cells fate in same cell is crucial to gain an
accurate understanding of the function of intracellular Ca2þ signals in apoptotic induction.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Ca2þ acts as an intracellular messenger, relaying information
that regulates many cellular responses, such as transcription factor
activation [1,2], and cell fate decisions [3,4]. To control these diverse
cellular processes, Ca2þ signals have evolved to be highly variable in
their amplitude, frequency, and duration [5].

Extracellular stimulation causes intracellular Ca2þ changes
that control apoptotic cell death [6,7]. The relationship between
these changes in the cytosolic Ca2þ concentration and apoptosis
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have long been debated, based on the analyses of intracellular
Ca2þ signals and apoptotic cell death that were performed
separately [8e10]. Therefore the one-to-one correlation between
the Ca2þ signals and apoptosis at the single-cell level has never
been confirmed. For understand the functional roles of intracel-
lular Ca2þ signaling during the induction of apoptosis, observa-
tion of both Ca2þ signals and cell fates in the same cell after
apoptotic stimulation is absolutely necessary, because of cell-to-
cell variations in the temporal pattern of intracellular Ca2þ

changes [11] and cell fates after apoptotic stimuli [12,13].

2. Materials and methods

2.1. Dual FRET imaging using RACS3 and YC3.60

Imaging of yellow cameleon 3.60 (YC3.60) [14] and RACS3 sig-
nals was performed with a confocal laser microscope A1 (Nikon)
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Fig. 1. Temperature-dependent cell viability and Ca2þ signals at physiological tem-
perature after BCR-stimulation. (A) Flow cytometric analysis of the apoptosis of DT40
cells treated with M4 for 15 h at 39.5 �C (top) or 25 �C (bottom). The apoptotic cell
death rate, as detected by a fluorescent intensity less than 150, is shown. (B) The mean
of the fraction of apoptotic cell death rate after the addition of 10 mg/mL M4 for 15 h.
The total number of measurements analyzed is given in parentheses. **: p < 0.01;
Student's t-test. Error bars represent standard deviation (SD). (C) Representative traces
of Ca2þ responses, as monitored by the ratio change of YC3.60 fluorescence in wild-
type DT40 cells and DT40 cells lacking all three types of IP3R (IP3R KO cells), after
the application of 10 mg/mL M4 (arrow) at 39.5 �C.
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with a 60� objective (NA 1.42, Nikon), excitationwith a laser diode
(440 nm) and a dichroic mirror of 457 nm. The imaging conditions
were optimized in the previous study [15]. Fluorescent signals were
detected with 32 PMTs. Each PMT had a 6 nm bandwidth, and the
ranges of 460e514 nm, 514e556 nm, 556e610 nm and
610e652 nmwere used for the acquisition of signals of ECFP, Venus,
dKeima570 and FP615, respectively. For imaging of cytosolic Ca2þ

changes and caspase-3 activation in the same cells, ECFP and Venus
signals from YC3.60 and RACS3-expressing DT40 cells were ac-
quired every 5 s for the first 60min, and then dKeima570 and FP615
signals were acquired every 10 min for 14 h. Acquisition was per-
formed with NIS-Elements (Nikon). Venus/ECFP emission ratio of
YC3.60 and dKeima570/FP615 emission ratio of RACS3 were
defined as R, and DR was defined as R-R0 where R0 is the basal level
of R before M4 antibody addition.

Descriptions of other methods are provided in the
Supplementary Materials.

3. Results and discussion

3.1. The temporal pattern of Ca2þ signals in BCR-stimulated DT40
cells at physiological temperature

B cell receptor (BCR) stimulationwith the anti-BCR antibody M4
[16] induces a rapid increase in free cytoplasmic Ca2þ because of
the production of IP3, which is followed by the release of Ca2þ from
the intracellular Ca2þ stores [17] and brings about apoptotic cell
death in DT40 cells, an avian leucosis chicken pre-B cell line [18,4].
We confirmed that M4 stimulation induced apoptosis in 27.1 ± 5%
of DT40 cells cultured at 39.5 �C 15 h after stimulation by flow
cytometric analysis (Fig. 1A and B). Surprisingly, at room temper-
ature (25 �C) the proportion of sub-G1 stage cells undergoing
apoptotic cell death was significantly smaller than the proportion
undergoing cell death at 39.5 �C (Fig. 1A and B), indicating that BCR
induced apoptotic cell death is inhibited at room temperature, at
least within 15 h of BCR stimulation.

This result provides direct evidence that the observation of the
cytosolic Ca2þ response at physiological temperatures is indispens-
able for the precise understanding of the functional role of Ca2þ

signals during the induction of apoptosis. Therefore, in this study, we
used a genetically-encoded Ca2þ indicator: yellow cameleon 3.60
(YC3.60), for the long-term recording of Ca2þ concentrations at the
culture temperature (39.5 �C). YC3.60 is a ratiometric Ca2þ sensor,
which permits quantitativemeasurement of Ca2þ concentration that
can eliminate the artifacts caused by indicator concentration and cell
thickness or movement. Measurements using YC3.60 are based on
thefluorescence resonance energy transfer (FRET) between the ECFP
and the enhanced yellow fluorescent protein Venus [19].

The cytosolic YC3.60 signals in a single DT40 cell stimulated by
10 mg/ml of M4 were recorded at 0.2 Hz at 39.5 �C for 1 h. BCR
stimulation typically induced large initial increases in Ca2þ con-
centration, which were cell-to-cell variations in the oscillatory Ca2þ

responses following the large Ca2þ concentration increase (Fig. 1C).
We confirmed that knockdown of all three types of IP3R signifi-
cantly inhibited BCR-induced apoptotic cell death and resulted in
the loss of these initial Ca2þ spikes as well as the subsequent Ca2þ

signals at 39.5 �C (Fig. 1C), as was shown in previous study at 25 �C
[4]. These results suggest that YC3.60 faithfully reports BCR-
stimulation-induced Ca2þ signals, which are related to cell fate
decisions [4] at 39.5 �C.

3.2. Development of a novel activated caspase-3 sensor

To identify the pattern of Ca2þ signals that is associated with
apoptosis, cell fate tracking after Ca2þ imaging is essential. SCAT3, a
sensor of activated caspase-3 [20], has been used to detect
apoptosis with single-cell resolution [21,22]. However, because
SCAT3 also uses ECFP and Venus as a FRET donor and acceptor,
respectively, SCAT3 cannot be used with the YC3.60 fluorescent
sensor that is suitable for long-term Ca2þ imaging at physiological
temperature.

To overcome this problem, we improved the fluorescent
properties of monomeric red fluorescent protein1 (mRFP1) by
inserting several point mutations, and developed a novel pair of
fluorescent proteins to sense caspase-3 activation. Fig. 2A shows
the amino acid sequence of a modified fluorescent protein whose
maximal emission intensity can be observed at 615 nm (Fig. 2B),
while the emission intensity of its ancestor protein, mRFP1, can
be observed at approximately 607 nm [23]. The modified protein,
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FP615, possessed an improved extinction coefficient (Table S1)
and was suitable for use as a FRET acceptor in combination with
dKeima570 [24] as a FRET donor (Fig. 2B). Using this pair of
fluorescent proteins, we have developed a red activated caspase-
3 sensor (RACS3) composed of two FP615 proteins (Td FP615), a
dKeima570 protein and a linker sequence containing a site that is
cleavable by caspase-3: aspartic acid (D) e glutamic acid (E) e

valine (V) e aspartic acid (D) DEVD. (Fig. 2C and D).
When the RACS3 proteinwas purified from E. coli and incubated

with active caspase-3 in vitro, the ratio of fluorescence intensity at
570 nm and 615 nm was greatly increased (from 0.75 ± 0.02 to
1.83 ± 0.01, n ¼ 3) (Fig. 2E). RACS3 was cleaved into two fragments
by treatment with activated caspase-3, while the fluorescence in-
tensity of the RACS3(DEVG) protein, in which the second aspartic
acid (D) in the caspase-3 cleavage site was substituted with glycine
(G), was unchanged by treatment with activated caspase-3
(Fig. S1A). These results indicate that RACS3 is specifically cleaved
by caspase-3 and that the FRET signal of RACS3 can be used to
detect the activation of caspase-3.

3.3. Optical detection of apoptosis using RACS3

We next established stable DT40 cell lines expressing both
RACS3 and YC3.60 in order to monitor apoptotic induction and
changes in the cytosolic Ca2þ concentration in the same cells. We
monitored signals from the four fluorescent proteins simulta-
neously in this cell line using 32 PMTs (Fig. S1F). To confirm that
apoptotic cell death can be detected in living DT40 cells, we first
Fig. 2. Development of a novel activated caspase-3 sensor RACS3. (A) Amino acid sequenc
protein, mRFP1, are indicated by the gray boxes. (B) The excitation (broken line) and emiss
design of RACS3 (for DC1 and DN1, see the Materials and Methods section). (D) A schematic
after (red) treatment with active caspase-3 for 2 h, as detected by a spectrofluorometer. (F) R
39.5 �C. Data from three different cells are shown for each construct. Images of the cells, r
Images of the cells at times, 1e4 after M4 application, which are indicated in the upper gra
activation, as monitored with RACS3 in the presence of 10 mg/mL M4.
monitored the RACS3 signal from each cell every 10 min for 14 h
after BCR stimulation. The RACS3 ratio (dKeima570/FP615)
increased with a mean of 28 ± 6% (n ¼ 67) (Fig. 2F), only once for
each cell during the recording period. Indeed, the RACS3 signals
changes were accompanied by DNA fragmentation (Fig. S1B), and
the amount of cleaved RACS3 in this DT40 cell line increased after
M4 stimulation (Fig. S1C). The timing of the RACS3 signal changes
due to FRET varied from cell to cell, and RACS3 fluorescence ratio
increases of more than 0.15 weremost frequently observed 6 h after
stimulation and lasted for 14 h (Fig. 2G). In contrast, we did not
detect any cleavage (Fig. S1C) or FRET changes in the RACS3(DEVG)
protein (Fig. 2F) for at least 14 h. The expression of RACS3 did not
affect the fraction of cells that underwent apoptosis (Fig. S1D and
E). These results demonstrate that RACS3 can be used to detect
apoptotic cell death in living cells.

We found that the dKeima570 signal slightly increased when
the YC3.60 signal changed in response to BCR stimulation
(Fig. S1G). This finding may be caused by crosstalk between the
Venus and dKeima570 fluorescents because their temporal pat-
terns were almost the same (Fig. S1G). However, the ratio be-
tween the emissions from the dKeima570 and FP615 proteins of
RACS3 was almost constant, even when the YC3.60 signal was
increased to 150% in response to increases in the Ca2þ concen-
tration (Fig. S1H), suggesting that the effect of crosstalk from
Venus to dKeima570 was negligible. From these results, we
concluded that the dual imaging system, which allowed us to
monitor both cytosolic Ca2þ signals and caspase-3 activation in
same cell, was functional.
e of FP615. Amino acid residues that have been mutated from those of the ancestral
ion (continuous line) spectra of dKeima570 (orange) and FP615 (purple). (C) The basic
representation of RACS3. (E) The emission spectra of purified RACS3 before (blue) and
ACS3 and RACS3(DEVG) signals in DT40 cells that were stimulated with 10 mg/mL M4 at
epresented by a black line, are shown at the bottom (white arrowheads) of the figure.
ph, are shown (black arrowheads). (G) A histogram of the time required for caspase-3
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3.4. Comparison of Ca2þ dynamics between apoptotic and surviving
cells

To characterize the Ca2þ signals that are associated with the
induction of apoptosis, we compared the Ca2þ signals in apoptotic
cells with those in surviving cells during the first 1 h after BCR
stimulation. Cells exhibiting an increase in the RACS3 signal ratio
that was larger than 0.15 during the 14 h after the onset of BCR
stimulation were designated as apoptotic cells. BCR stimulation
evoked a biphasic Ca2þ signaling response in both apoptotic and
surviving cells; the first component of this response was the initial
large Ca2þ spikes when M4 was applied, and the second was the
sustained elevation of the Ca2þ concentration that was accompa-
nied by repetitive Ca2þ transient fluctuations in the Ca2þ concen-
tration (Fig. 3A). The sustained elevations of the Ca2þ

concentrations with repetitive Ca2þ fluctuations were also
observed using high frequency measurements (0.5 Hz) at 39.5 �C
(Fig. S2), suggesting that the sustained Ca2þ elevation is not an
artifact of the low-frequency recording.

We found that the total cumulative amount (the area under the
curve) of Ca2þ responses induced by BCR-stimulation in the
apoptotic cells was smaller than the amount induced in the sur-
viving cells (Fig. 3B). The peak amplitude (Fig. 3C) and the number
of fluctuations in Ca2þ concentration per minute (Fig. 3D) in
apoptotic cells was significantly smaller than those in surviving
cells. To quantify the amount of sustained Ca2þ elevation that were
accompanied by repetitive fluctuations in Ca2þ concentrations,
Ca2þ traces were smoothed with a moving average (Eq. (1), see the
Fig. 3. Comparison of the temporal pattern of cytosolic Ca2þ changes in apoptotic and surv
treatment in apoptotic and surviving cells. YC3.60 signals from three different cells are show
represent the baseline of the YC3.60 signal ratio. The grey and black lines indicate the initi
petitive Ca2þ fluctuation, respectively. (B) The total Ca2þ increase calculated as the area unde
of the initial Ca2þ spikes. (D) The number of Ca2þ spikes per minutes. (E) The plateau level a
total number of cells analyzed is given in parentheses. **: p < 0.01; n.s.: not significant, Stud
Supplementary Materials) and the plateau level was estimated by
fitting the trace with a single exponential function (Eq. 2, see the
Supplementary Materials). The plateau level of apoptotic cells was
significantly smaller than the level of surviving cells (Fig. 3F).
However, the baseline levels of cytosolic Ca2þ before stimulation
were not significantly different in apoptotic and surviving cells
(Fig. S3). These results indicate that the amplitude and the fre-
quency of the Ca2þ signals are associated with the induction of
apoptosis, and that the cells inwhich BCR stimulation evoked larger
Ca2þ responses have a tendency to survive after BCR stimulation.
These results were consisted with the previous study [25,26].

To analyze the source of the Ca2þ signals, wemonitored changes
in the cytosolic Ca2þ concentration after BCR stimulation in the
absence of extracellular Ca2þ (Fig. 4A). The presence or absence of
extracellular Ca2þ did not affect the amplitude of the initial Ca2þ

spikes (Fig. 4B), suggesting that the initial Ca2þ spikes are generated
by the release of Ca2þ from intracellular Ca2þ stores. In contrast, the
sustained Ca2þ elevation with repetitive Ca2þ spikes that followed
the initial Ca2þ spike was markedly reduced by eliminating the
extracellular Ca2þ (Fig. 4A). The plateau level of the cytosolic Ca2þ

concentration was significantly reduced in the absence of extra-
cellular Ca2þ (Fig. 4C). These results indicate that a Ca2þ influx is
involved in the generation of the sustained Ca2þ elevation with
repetitive Ca2þ spikes.

In apoptotic cells, BCR stimulation induced smaller intracellular
Ca2þ responses. However, both BCR-induced Ca2þ responses and
apoptotic cell death are inhibited in the DT40 cells lacking all three
types of IP3R [4], and we confirmed that both the M4-induced
iving cells. (A) Typical patterns of the single-cell Ca2þ increase that is induced by M4
n for each cell category. M4 application is indicated by the arrow, and red broken lines
al Ca2þ spikes and the subsequent sustained elevation in Ca2þ concentration with re-
r the curve of the Ca2þ signals following 1 h of M4 application. (C) The peak amplitudes
s estimated from a single exponential function fitted to the smoothed Ca2þ signals. The
ent's t-test in B-E. Value and error bars represent the mean and SD, respectively in B-E.



Fig. 4. The effects of extracellular Ca2þ concentration on the changes in cytosolic Ca2þ

concentration that are induced by BCR stimulation. (A) Representative changes in
cytosolic Ca2þ levels, as measured with YC3.60, in the presence (red) and absence of
extracellular Ca2þ (black), in cells stimulated with 10 mg/mL M4 at 39.5 �C. The
application of M4 is indicated by the arrow. (B) The peak amplitude of the initial Ca2þ

spikes. (C) Plateau levels, as estimated from a single exponential function fitted to the
smoothed Ca2þ signals. The total number of cells analyzed is given in parentheses.
Error bars represent SD. (B, C). **: p < 0.01; n.s,: not significant; Student's t-test (B, C).
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initial Ca2þ spikes and the sustained elevation of the Ca2þ con-
centration were lost in this cell line. These results raise the possi-
bility that BCR-induced cytosolic Ca2þ signals are essential for the
initiation of apoptosis but that the levels of the intracellular Ca2þ

responses that are induced by BCR stimulation is also one of the
determinants of cell fate.

While previous studies mainly focused on the frequencies and
amplitudes of the IP3R-mediated Ca2þ release response after BCR-
engagement [8,9], the physiological role of Ca2þ influx-dependent
sustained Ca2þ elevation in cell fate decisions requires further
investigation in future study. The molecular mechanism by which
the Ca2þ signal pattern determines the fate of each cell remains to
be elucidated. Recently, some cell-fate determinants, such as the
level or states of the receptor proteins that regulate apoptosis [12]
and the cell cycle stage at which the cell is exposed to apoptotic
stimulus [13], have been reported; thus, there is a possibility that
these cell-fate determinants modify the stimuli-induced intracel-
lular Ca2þ signals to execute the processes that lead to the cells’
fates.

This study provides novel insight into the pattern of the Ca2þ

signals and apoptotic induction. The downstream elements that
decode the intracellular Ca2þ signals that result in the induction of
apoptosis or cell survival must be determined in future studies.
Mitochondria and Ca2þ-dependent proteins, such as protein kinase
C (PKC) [27], calcium/calmodulin-dependent protein kinase II
(CaMKII) [28], and calpain [29], are promising candidates. Several
fluorescent probes have been published during the last decade and
are capable of monitoring mitochondrial Ca2þ signals [30] and the
activity of Ca2þ-dependent proteins, including PKC [31], CaMKII
[32], and calpain [33]. Dual imaging, specifically combining these
fluorescent probes with RACS3 in single cell, will provide us with
the entire picture of Ca2þ-dependent regulation of life-and-death
decisions. Recent developments in dual FRET imaging systems
[34e37] have enabled us to observe the interaction of signaling
molecules in single cell and to clarify the physiological function of
signaling molecules; the dual imaging system would be a pivotal
tool for understanding the role of the signaling cascade in cellular
processes.
In this study, we observed the BCR-induced cytosolic Ca2þ

response for only 1 h to avoid complications created by the
phototoxicity of the cells and the photobleaching of YC3.60. How-
ever, in future studies, the observation of intracellular Ca2þ signals
from simulation to cell death will also be necessary for a precise
understanding of the functional role of Ca2þ signaling in apoptosis
induction.

In summary, this study suggests that observing the one-to-one
correlation between signaling molecules at the single cell level is
essential to obtain a better understanding of regulatory mecha-
nisms of cellular processes and that monitoring multiple biological
parameters in an individual cell would allow for the analysis of
complex signal transduction networks.
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