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Abstract
In the present study, early stage apoptosis is explored with high temporal resolution. In addition to
monitoring early apoptosis induction in single cells by ultrasensitive confocal fluorescence
microscopy (UCFM), the mitochondrial proteins release kinetics was explored. The current study
shows development and optimization of a novel, rapid apoptosis assay to explore the earliest
changes in cells by the intrinsic apoptosis pathway. We show that early apoptotic changes in the
mitochondria begin nearly simultaneously with the addition of an apoptosis-inducing drug, such as
staurosporine. With a temporal resolution of five minutes, this non-invasive analytical technique
can elucidate the earliest apoptotic events in living cells. Moreover, our results show that the
mitochondrial inter-membrane proteins are not involved in the extrinsic pathway of Ramos cells
mediated by an anti-CD95 antibody. Additional techniques such as light microscopy and flow
cytometry were employed to confirm the results obtained by ultrasensitive confocal fluorescence
microscopy. The results of this study help to understand the earliest mechanisms of apoptosis
induction in cells, enabling new methods of drug testing and dose-response analyses.

Introduction
The detection of apoptotic events plays an important role in diagnosing and treating several
diseases such as cancer, heart diseases, muscular dystrophy, aging, etc.1–4 Most
chemotherapeutic agents mediate their effects by induction of apoptosis in cancer cells.5 The
early detection and characterization of individual cells is an important clinical finding to
initiate early treatments for cancer. A highly sensitive and high throughput single cell
detection technique would be capable of diagnosing the earliest stages of diseases in a cell
population and help track patient response to treatments. Therefore, there is a clear need to
develop technologies supporting single cell analysis with high temporal resolution. Since
mitochondria-driven apoptosis has been the main target for many drugs,6 this mechanism
has been explored by various analytical techniques.

Early stages of apoptosis can be detected by monitoring the mitochondrial dysfunction
caused by the depolarization of the mitochondrial membrane.7 Mitochondrial Outer
Membrane Permeabilization (MOMP) is the major cause of the release of mitochondrial
proteins that are situated in the inter-membrane space.8–9 The spatial and temporal dynamics
of the mitochondrial membrane permeability have been reported to fluctuate due to the
differential release dynamics of these proteins7. Therefore, there has been a continuing need
for apoptosis assays that can show a steady response of the mitochondria-driven process at
early stages.

Depolarization of the mitochondrial membrane post apoptosis induction have been measured
using several fluorophores in the past, such as 3,3′-dihexyloxacarbocyanine iodide
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(DiOC6),10 JC-1,11 MitoTracker Red (CMX-Ros),12 and many more.13 Protein release from
mitochondria has been reported to happen through opening of the mitochondrial
permeability transition pore (MPTP) located in between the inner and outer membranes.14

JC-1 assays are commonly employed for measuring mitochondrial membrane potentials.11

However, J-aggregate formation in the JC-1 assay need a high ΔΨ and are not suitable for
fixed samples.19 Our technique measures changes in the mitochondrial membrane at times
before it is reasonably depolarized for J-aggregate formation.

Most of the standard apoptotic assays20–25 lack sufficient temporal resolution to study
apoptosis in real time in living cells. In order to elucidate earliest stages of apoptosis
completely, rapid assays with high temporal resolution are required to minimize the time
between induction and detection26–27 Release of cytochrome c in single cells can be
completed within few minutes,28 thus it is necessary to be able to obtain measurements with
high temporal resolution. Our method measures rapid changes in the mitochondria by potent
apoptosis inducing drugs with a temporal resolution of five minutes.

Although the change in membrane potentials can be measured by flow cytometry,15 and
plate readers,31,32 these methods is incapable of collecting single cell response repeatedly
within a short time frame. Moreover, a wash step is required to remove the excess dye that
can contribute to overlapping of small signals that can otherwise be easily detected in the
absence of high background.33 Ultrasensitive Confocal Fluorescence Microscopy (UCFM)
is an ideal analytical technique to study internal dynamics of living cells at sub-nanomolar
concentrations with sub-microsecond temporal resolution34. Table 1 illustrates a comparison
of some most commonly employed instruments and their specifications. In addition to
detection of concealed events or events overlapped by bulk signal, UCFM also has the
capability to be integrated to microfluidic devices.35

In the present study, the accumulation of MitoTracker Deep Red apoptosis probe in the
mitochondria of Ramos cells was monitored after apoptosis induction. The temporal
resolution and release kinetics of the red probe inside the cellular mitochondria have been
explored and the dye release was observed to occur within 5 minutes after staurosporine
induction. Induction kinetics varied with the dose of staurosporine. The high temporal
resolution, simplicity, capability of integration with microfluidic devices and rapid analysis
make our technique amenable to facilitate earliest detection of apoptotic events in living
cells.

Experimental
Materials and Reagents

The mitochondrion-selective probe MitoTracker Deep Red FM (MTDR) and sterile
Phosphate-Buffered Saline (PBS, pH = 7.4) were purchased from Invitrogen. Bovine Serum
Albumin (BSA) was purchased from Sigma- Aldrich. The apoptosis inducing agents,
staurosporine and anti-human CD95 (APO-1/Fas) were purchased from Calbiochem and
eBioscience, respectively. Annexin V-FITC apoptosis detection kit that includes Annexin V-
FITC conjugate probe and Propidium Iodide (PI) was purchased from BioVision and the
Annexin-binding buffer (1X) was purchased from SouthernBiotech.

Cells and Cell Culture
The human cell line Ramos (B lymphocyte) was obtained from American Type Culture
Collection (ATCC, Rockville, MD). The cells were sub-cultured at 37° C and 5% CO2 in
RPMI 1640 growth medium (Hyclone) with 10% Fetal Bovine Serum (Hyclone) and 20 mL/
L antibiotic (penicillin-streptomycin by Sigma-Aldrich) solution twice a week.
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Induction of Apoptosis by Staurosporine
Prior to induction of apoptosis using staurosporine, the cells were centrifuged (4500 rpm for
3 minutes) and re-suspended in two petri dishes (control + sample) in growth medium at a
density of ~3 × 106 cells/mL measured by a haemocytometer. MitoTracker deep red probe
was dissolved in dimethylsulfoxide (DMSO) to prepare a 1 mM stock solution and was
stored at −4° C. The cells in both petri dishes were stained with 0.1 μM MitoTracker deep
red probe by incubating the cells in the dark at 37° C for 40 minutes. Apoptosis in the
sample petri dish was induced with 4 μM staurosporine. 200 μL of the cell suspension was
drawn from each of the petri dish (sample and control) at each time interval, centrifuged, re-
suspended in PBS, and was assayed immediately by microscopy and flow cytometry from
0th minute to 4 hours. Both control and sample measurements were recorded at 5 or 15-
minute intervals, depending on the experiment.

Induction of Apoptosis by Anti CD95
The same procedure as that of staurosporine induction described above was carried out for
apoptosis induction by the extrinsic pathway using 0.8 and 1.6 μg/mL of anti-CD95
antibody instead of staurosporine. Control and sample measurements were obtained every
hour for a total of 4-hours.

The cell culturing procedures, cell staining protocols and safety considerations followed
during the experiments confirms to existing lab protocols.36

Microscopy Imaging
Fluorescence imaging was carried out using an inverted microscope (IX-71, Olympus). A
metal halide lamp was used for fluorescence excitation using filters appropriate for
MitoTracker Deep Red excitation and emission. The images were acquired using a 0.3 NA
10X objective with a 12-bit CCD camera (Orca-285, Hamamatsu). The images were then
processed using ImageJ (v. 1.41, National Institutes of Heath) for intensity measurements.

Ultrasensitive Confocal Fluorescence Microscopy (UCFM) Measurements
A custom-built single molecule detection system was employed to acquire ultrasensitive
fluorescence intensity measurements. The instrumental setup has been described in details
by Dong et al.37 A red diode laser (635 nm, Edmund Optics) was incident on the back port
of a microscope base (IX51, Olympus) through a mirror periscope.38 A handheld power
meter (Laser Check, Edmund Optics) was used to measure the laser power before the cells
were exposed to the laser beam. The sample consisted of a 30 μL droplet of Ramos cells
(105–106 cells / mL) in PBS placed on a 150 μm glass coverslip. An oil-immersion
objective (100X, 1.3 NA, Olympus) was used to focus the laser beam inside individual cells.
One cell was aligned within the confocal volume at a given time, and in this manner five
cells were serially illuminated. One spot in each cell was measured for 10 seconds and the
time lag between subsequent cell measurements was around 5 seconds. In our
measurements, the placement of the laser beam focal point in the cell did not statistically
influence fluorescence signals. Fluorescence from MitoTracker Deep Red (Ex: 644 nm, Em:
665 nm) was collected by the objective, passed through the dichroic mirror and then via a
676 nm (Omega Optics) interference filter. Finally, the fluorescence intensity was detected
by a single-photon avalanche photodiode (SPCM-AQR 14 Single Photon Counting Module,
Perkin-Elmer) via an aspheric lens (Newport).39 The integration time of the avalanche
photodiode was 1 ms.

Immediately after the addition of the sample/control drop on the coverslip, the cells were
exposed to 50–90 μW of laser beam and fluorescent counts were acquired with a continuous
exposure of cells to the laser beam for 10 s. No significant photo bleaching was observed

Iyer et al. Page 3

Analyst. Author manuscript; available in PMC 2014 September 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



during data collection. Data was monitored and acquired simultaneously using a Labview
program (version 8, National Instruments). A photon counting histogram was obtained for
every measurement and then imported to Origin for analysis. The median fluorescence
intensity values obtained for five cells were averaged and plotted as a function of time.

Flow Cytometry
Suspensions of stained cells, with and without apoptosis inducers, were analyzed using
FACSCalibur flow cytometer (Becton–Dickinson). The apoptosis induction by both
mitochondrial pathway and extrinsic pathway was verified. Two molecular probes were
employed for verification of apoptotic cell population induced by anti-CD95. Staining with
MitoTracker deep red probe: Cell samples (500 μL from each petri dish) treated with 1.6
μg/mL of anti-CD95 and control cells were centrifuged, re-suspended in PBS and analyzed
by forward scatter (FSC), side scatter (SSC) and MitoTracker deep red fluorescence (FL 4,
~661/16 nm long pass filter) using CellQuest software every hour for four hours duration.
Staining with Annexin V-FITC/PI: Cell samples treated with 1.6 μg/mL as mentioned above
were centrifuged and re-suspended in 200 μL of 1X Annexin binding buffer. The cells in
this buffer were treated with 2 μL Annexin V-FITC probe and 2 μL PI (50 μg/mL). The
sample was incubated at room temperature in dark for 5 minutes before re-suspending the
cells in PBS for analysis by flow cytometer. Cells were characterized by forward and side
scatter (scatter plot) as well as the fluorescence of Annexin V-FITC and PI. The scatter plots
were subjected to quadrant analysis to discriminate between apoptotic cells, live cells and
dead cells.

Results and Discussion
Staurosporine Induction of Ramos Cells

In order to observe the change in fluorescence intensity of apoptotic cells, white light and
red fluorescence images were acquired every 15 minutes over 2 hours for controls and
samples using light microscopy. The decrease in intensity for the sample cells as compared
to the control cells (Supp Info Fig. S1) indicates that apoptosis was induced in the cells with
acceptable spatial resolution. However, the temporal resolution of 15 minutes and the
sensitivity of detection on an inverted microscope with a halide lamp were insufficient to
observe fast changes in cell fluorescence (Supp. Info. Fig. S2). Mitra et. al.40 have
demonstrated use of fluorescent dyes for obtaining high resolution time lapse images of
mitochondria but it lacks the high sensitivity offered by a confocal system. On the other
hand, for high spatial resolution, cells require labeling with comparatively higher
concentration of probe (<100 nM). At these concentrations, there is a risk of over-staining
that may increase the probability of labeling other cell organelles. UCFM is a very sensitive
technique due to extremely low concentration of fluorescent molecules needed for
measurement using a single photon detecting system. Therefore, UCFM was employed for
rapid intensity measurements in the mitochondria with sensitivity good enough to show
considerable change in magnitude over a short time period.

Temporal Resolution of MTDR by UCFM Measurements
The intensity decline observed by microscopy imaging was confirmed by flow cytometry.
Scatter plots and histograms were analyzed to monitor the change in MTDR intensity over
time. MTDR fluorescence of non-apoptotic (control) cells did not change over time and
showed higher intensity as compared to the induced cell population (Supp. Info. Fig S3).
This observation agrees with the MTDR fluorescence data obtained by F. Martinez-Pastor et
al.41 on apoptotic spermatozoa. The steady decrease in fluorescence intensity of apoptotic
cells over an hour gave rise to the need to monitor the intensity change at the shortest time
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interval possible. To achieve this goal, we employed UCFM methods to detect small
changes in MTDR intensity.

To indirectly monitor the rapid release of proteins from the mitochondria post induction,
fluorescence measurements were acquired by focusing the red laser beam inside individual
cells at five-minute intervals. Data from five random cells were collected as photon counting
histograms and median intensity (determined by Gaussian fit) were averaged. Five cells
were chosen for each measurement because it was the fastest way possible to collect data
from five static cells during each measurement post cell workup, which includes washing
and centrifuging the aliquots before each measurement. For this analysis, the wash step was
found to be critical to increasing sensitivity.

Another barrier in fluorescent measurements is autofluorescence from green fluorescent
molecules present in cells such as NADH and FADH2 that lowers the S/N ratio; in turn
affecting spatial resolution.29 Most of the commercial dyes that are excited at 488 nm
overlap with the autofluorescence spectral region (>500 nm) that interferes with the dye
fluorescence considerably. The use of deep red probe eliminates the possibility of cellular
autofluorescence interference and increases the signal to noise ratio.

Figure 1 demonstrates the steady, exponential decrease in photon-counts with time with a 1/
e time (τ) of ~28 minutes. Control cells show stable fluorescence intensity over the
measurement period (Supp. Info. Fig S4). The intensity difference between the apoptotic and
control cells are statistically significant at each time interval, based on t-tests at 95%
confidence interval. Based on these results, we propose that protein release from the
mitochondria is a near-instantaneous process that initiates within few minutes post induction
by the intrinsic pathway.

We also carried out a staurosporine dose-dependent study to verify that the rapid decrease in
MTDR fluorescence was due to apoptosis induction (Figure 2). Cells induced with 0.4 μM
staurosporine (10x staurosporine dilution) showed a slower rate of fluorescence intensity
decay with a 1/e time of ~38 minutes as compared to the 4 μM dose (Fig. 2). However, a
100x dilution of the drug doses (0.04 μM) did not show significant changes between control
and sample cells over the experiment duration (Fig 2b). Our methods are therefore capable
of determining differences in apoptosis kinetics based on the target compound dose. The 1/e
(t) decay time for fluorescence intensity (Figure 3) follows a dose-response curve, with
decreasing τ values with increasing staurosporine concentration. Staurosporine is a potent
apoptosis inducer, but this approach can be used with less potent compounds as well,
elucidating the earliest stages of programmed cell death. Cell response can therefore be
identified earlier than extant assays, and the same cell can be tracked over time to observe
later cell response as well. This methodology can therefore be used to probe the temporal
dynamics of an anti-cancer drug, and can compliment methods such as flow cytometry that
are used to assay viability and toxicity at later time points after drug administration.

Receptor-Mediated Apoptosis Measurements
To ensure that the intrinsic apoptosis pathway was being triggered with staurosporine, we
used our methods with a receptor-mediated apoptosis inducer. There is a limit to the number
of Fas receptors present on a cell membrane; hence the time of induction through the
extrinsic mechanism can be longer as compared to the mitochondrial pathway. Since
receptor-mediated apoptosis does not directly involve mitochondria, we did not anticipate a
rapid change in MTDR fluorescence after the induction event. However, when the receptor-
mediated pathway also triggers mitochondrial apoptosis, there is a lag between apoptosis
induction and a decrease in MTDR fluorescence. Almost no significant intensity decline was
observed between the apoptotic and control cells (Supp. Info. Fig S5). To confirm the results

Iyer et al. Page 5

Analyst. Author manuscript; available in PMC 2014 September 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



obtained by UCFM, cells were stained with MTDR and induced with anti-CD95 for
monitoring using flow cytometry. Figure S6 (Supp. Info.) shows no decline in the MTDR
fluorescence for apoptotic and non-apoptotic Ramos cells. These results prove that the
mitochondrial inter-membrane proteins are not involved in the extrinsic apoptotic pathway
of Ramos cells using anti-CD95 antibodies.

To ensure that apoptosis is still being induced by anti-CD95, an Annexin V-FITC / PI assay
was carried out using flow cytometry to study downstream apoptosis markers. Induction of
apoptosis was observed from the third hour, which showed ~8% apoptotic cells (staining
Annexin+/PI−), ~78% viable cells (Annexin−/PI−) and ~14% necrotic cells (Annexin+/PI+)
(Fig. 4). Similarly, the control measured at 3h had ~90% viable cells, ~1% apoptotic cells
and ~9% necrotic cells (Fig. 4b). The observations confirm induction of apoptosisin Ramos
cells by anti-CD95 via the extrinsic pathway, and that the intrinsic pathway is not triggered
during receptor mediated apoptosis in this cell line.

The dynamics of early apoptotic changes by the intrinsic pathway start from intact
mitochondrial membrane potential. Depolarization of the membrane potential gives rise to
formation of Mitochondrial Permeability Transition Pore (MPTP), followed by release of
mitochondrial inter-membrane proteins, and lastly activating caspases leading to cell death.
The results of this study agrees with the results found by F. Martinez-Pastor et. al.40 for
early apoptotic changes observed in sperm cells using MTDR fluorescence, assuming the
apoptosis in sperm cells partly resemble most of the other cell types. However, we propose
that these early apoptotic changes in the mitochondria begin rapidly with the addition of
inducing drugs like staurosporine. Commonly used Membrane-potential-dependent dyes
such, as Rhodamine 123 and TMRM/TMRE are useful as long as the mitochondrion
maintains its negative membrane potential. Tait et. al.23 have demonstrated successful use of
TMRE to measure changes in ΔΨ in living cells due to its low toxicity. However, TMRE
also has a tendency to redistribute itself across the plasma membrane.24 Once the process of
cell death becomes irreversible after apoptosis induction, the plasma membrane lysis begins
within 30 minutes25 and therefore fluorescent measurements using plasma membrane
potential sensitive dyes like Rhodamine 123, TMRM/TMRE can give spurious results after
30 mins. Therefore, it is advantageous to use MTDR in multiple labeling experiments for
steady monitoring of intensities for longer time periods. The high temporal resolution and
simplicity of our methods allows new insights into the mechanisms of early stage apoptosis.

Conclusion
In this study, we employed UCFM for measurements with high temporal resolution, which
facilitated rapid time based analyses of the earliest stage of apoptosis. We validated our
UCFM assay and instrumental response by comparing the results with other commonly used
techniques such as flow cytometry and fluorescence microscopy. The five-minute temporal
resolution enabled us to observe near-instantaneous release of mitochondrial contents during
apoptosis induction. The kinetics of mitochondrial release followed a dose-dependent
response, even though the process started rapidly. In the case of receptor-mediated
apoptosis, our method can observe if mitochondrial release occurs, although a lag between
induction and detection is expected in these cases. When Ramos cells were used, the
receptor mediated pathway did not trigger mitochondrial-driven apoptosis.

We have developed a unique high-resolution assay to study the earliest stages of apoptosis
in the intrinsic pathway using a novel analytical tool. The diffusion of mitochondrial
proteins in apoptotic cells occurs rapidly after induction and therefore a high temporal
resolution technique is important to monitor these early biological changes in cells non-
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invasively. Our future efforts will be focused on increasing cell throughput by automation of
cell analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Mean MitoTracker deep red fluorescence intensity of five Ramos cells at each time interval
by ultrasensitive confocal fluorescence microscopy (error bars represent the standard
deviation of the mean). Control cells are represented as black squares and drug induced
samples as red circles. All cells were stained with 0.1 μM MitoTracker deep red and
samples were induced with 4 μM staurosporine. The decay in cell fluorescence was
measured with a 1/e time = 28 minutes. The five-minute temporal resolution enables early
apoptosis events to be analyzed.
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Figure 2.
Mean MitoTracker deep red (MTDR) fluorescence intensity by as a function of time for five
Ramos cells at each time interval by ultrasensitive confocal microscopy. Control cells are
represented as black squares and drug induced samples as red circles. All cells were stained
with 0.1 μM MTDR and samples were induced with (a) 0.4 μM staurosporine or (b) 0.04
μM staurosporine. The 1/e time for the 0.4 μM sample was 38 minutes, and was not
measured for the 0.04 μM sample.

Iyer et al. Page 10

Analyst. Author manuscript; available in PMC 2014 September 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
The change in decay time (t) with staurosporine concentration. The decay of fluorescence
(τ) measured by UCFM occurs more rapidly with increasing staurosporine concentration.
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Figure 4.
Flow cytometry analysis of anti-CD95 induced apoptosis using Annexin V-FITC/PI.
Apoptotic cells are located in the lower right quantrant. (a) Control (probe without anti-
CD95) and (b) blank (no probe or antibody) showed normal levels of nectrotic and apoptotic
cells. However, when receptor mediated apoptosis was initiated, apoptotic cells were
observed at 3 hours (c). Given the rapid temporal resolution of our mitochondrial-based
assay, it is possible to exclude mitochondrial protein release as a co-mechanism during
receptor-mediated apoptosis in Ramos cells.
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Table 1

Comparison of instrumental capabilities commonly used for cellular apoptosis studies.

Instrument Specification Flow Cytometry Plate-Based Assays UCFM

Temporal Resolution Moderate High High

Wash Step Integration No No Yes

Repetitive Single Cell Analysis No No Yes

Integration with Microfluidics Yes No Yes

Subpopulation Analysis Yes Yes Yes

Extended Fluorescence Parameter Measurement* No No Yes

Cost Effectiveness Per Assay Low Low Low

*
Extended fluorescence parameters include molecular brightness, molecular diffusion, triplet state fractions, free vs. bound states, etc.
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