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Background: Caspase activation is a critical early step in
the onset of apoptosis. Cell-permeable fluorogenic
caspase substrates have proven valuable in detecting
caspase activation by flow cytometry. Nevertheless, detec-
tion of early low-level caspase activation has been difficult
using conventional area or peak fluorescence analysis by
flow cytometry, despite the apparent presence of these
cells as observed by microscopy. We describe a method
utilizing maximum fluorescence pixel analysis by laser
scanning cytometry (LSC) to detect early apoptotic cells.
Methods: The PhiPhiLux-G1D2 caspase 3/7 substrate was
used in combination with DNA dye exclusion and annexin
V binding to identify several stages of apoptosis in EL4
murine thymoma cells by both traditional flow and LSC.
LSC analysis of maximum pixel brightness in individual
cells demonstrated an intermediate caspase-low subpopu-
lation not detectable by flow or LSC integral analysis. LSC
analysis of caspase activity was then carried out using the

larger UMR-106 rat osteosarcoma cell line to determine if
this apparent early caspase activity could be correlated
with localized, punctate caspase activity observed by mi-
croscopy.
Results: The caspase-low subpopulation found in apopto-
tic EL4 cells was also observable in UMR-106 cells. Relo-
cation to cells with low fluorescence due to caspase ac-
tivity and subsequent examination by microscopy
demonstrated that these latter cells indeed show punc-
tate, highly localized caspase activation foci that might
represent an early stage in caspase activation.
Conclusions: Cells with low-level, localized caspase ex-
pression can be detected using maximum pixel analysis by
LSC. This methodology allows an early step of apoptotic
activation to be resolved for further analysis. Cytometry
47:81–88, 2002. © 2002 Wiley-Liss, Inc.
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The importance of apoptosis or programmed cell death
in cell biology has mandated the development of accurate
assays capable of measuring this phenomenon. Cell death
assays based on flow cytometry have proven particularly
useful; they are rapid, quantitative, and often can be car-
ried out in heterogeneous populations in combination
with fluorescence immunophenotyping (1). The multipa-
rametric nature of flow cytometry also allows the detec-
tion of more than one cell death characteristic to be
combined in a single assay. For example, apoptosis assays
that utilize DNA dyes as plasma membrane permeability
indicators (such as propidium iodide [PI]) can be com-
bined with assays that assess different cellular responses
associated with cell death, including mitochondrial mem-
brane potential and annexin V binding to “flipped” phos-
phatidylserine (PS; 2–4). Combining measurements for
cell death into a single assay has proven valuable in delin-
eating apoptosis into multiple steps.

Recognition of the central role of caspases in the death
process has led to the development of assays that can
measure these important enzymes in situ. Caspase activa-
tion represents one of the earliest known markers for the

onset of cell death (5). In most cases, caspase activation
precedes cell permeability alterations and DNA damage
whereas cytoskeletal collapse and PS flipping are often
more concurrent. Loss of mitochondrial membrane gen-
erally occurs prior to caspase activation (6–11). Several
fluorogenic assays have been developed for in situ analysis
of caspase activation in intact cells (12–15). One recently
described method is the use of the cell-permeable fluoro-
genic caspase 3/7 substrate PhiPhiLux (15). This reagent
consists of an 18-amino acid peptide constituting the rec-
ognition and cleavage sequence from CPP32 (PARP)(REF),
a physiological target for caspase 3 (16). The substrate is
homodoubly labeled with fluorophores on opposite sides
of the molecule such that its fluorescence is largely
quenched (17). After the substrate enters a cell by passive
diffusion and is cleaved by caspase 3 (or 7), the highly
fluorescent fragments will be retained on the side of the
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membrane where the cleavage took place. This is due to
the fact that these singly labeled peptides have a very low
membrane permeability compared with the intact sub-
strate. Although some diffusion will occur over an ex-
tended period of incubation, the presence of a fluores-
cence signal largely indicates the location of the caspase
activities (Packard et al., unpublished data; 15). Detection
of caspase activation with PhiPhiLux can also be com-
bined with other assays for cell death, including annexin
V binding and DNA dye exclusion. Several laboratories
have used this reagent successfully to detect early apopto-
tic cells by fluorescence microscopy and flow cytometry
(15).

In the immune system, the onset of apoptosis can be
extremely rapid. Several authors have noted by flow cy-
tometric analysis that cell death characteristics such as
DNA degradation, morphology, and PS flipping result in
the detection of few cells with an “intermediate” death
phenotype. Cells are either nonapoptotic or possess the
full complement of apoptotic characteristics, with two
clearly definable populations and few intervening (1,2,4).
As will be shown initially in this paper, this is also true of
caspase activation as measured by flow cytometry. Never-
theless, we have observed microscopically what may be
very early apoptotic cells following labeling for caspase
activation; these cells show very low levels of nonuni-
form, punctate, and highly localized caspase activity (18).
This is consistent with other studies that suggest nonuni-
form, organelle-specific caspase localization during the
early stages of caspase cascade activation (19,20). The low
overall fluorescence of these individual cells makes detec-
tion by traditional flow cytometry difficult. We describe
the analysis of caspase activity by laser scanning cytom-
etry (LSC), a derivative technology of traditional flow
cytometry that allows a more sophisticated image-based
analysis of individual cells (21). LSC has been used suc-
cessfully in a variety of studies measuring both cell prolif-
eration and apoptosis (22–25). This technique has allowed
us to identify localized foci of caspase activation in early
apoptotic cells, enabling these cells to be identified and
subjected to further analysis.

MATERIALS AND METHODS
Cells and Cell Culture

EL4 murine thymoma cells were used for traditional
flow cytometry and LSC analysis and UMR-106 rat osteo-
sarcoma cells were used for LSC. The EL4 cell line was
obtained from the American Type Culture Collection
(ATCC; Manassas, VA) and it was passaged serially in RPMI
1640 with 10% fetal bovine serum (FBS). The UMR-106
cell line was also obtained from the ATCC and maintained
in Dulbecco’s minimum essential medium (DMEM) with
10% FBS. UMR-106 cells were passaged every 3 days by
trypsinization. Apoptosis was induced in EL4 cells by
treatment with actinomycin D at 2 �g/ml for 8 h. Apopto-
sis in UMR-106 cells was induced by treatment with vali-
nomycin at 1 �M for 16 h. For most experiments, UMR-
106 cells were plated onto four or eight-well glass tissue

culture slides (Nunc, Naperville, IL) for subsequent anal-
ysis by LSC.

Cell Death Assays

Characterization of apoptosis in EL4 and UMR-106 cells
was multiparametric, with labeling for DNA dye exclu-
sion, annexin binding, and caspase activity. Following
culture with or without drug treatment, EL4 cells were
pelleted by centrifugation and the supernant decanted; for
UMR-106 cells, culture medium was removed from the
tissue culture slides upon which the cells were grown.
Medium containing the fluorogenic caspase 3/7 substrate
PhiPhiLux-G1D2 (DEVD1GI consensus substrate peptide;
OncoImmunin, Gaithersburg, MD) was added directly to
cells in a volume of 50 �l. The cells were incubated at
37°C for 30 min followed by the addition of allophyco-
cyanin (APC)-conjugated annexin V (Caltag, Burlingame,
CA) directly to the cells in PhiPhiLux-containing medium.
This was followed by a further incubation of 15 min at
room temperature, one wash with Hank’s balanced salt
solution (HBSS) containing 2% FBS (hereafter referred to
as wash buffer), and resuspension in the DNA binding dye
7-aminoactinomycin D (7-AAD) at 5 �g/ml. 7-AAD was
substituted for the PI normally used to discriminate later
apoptotic cells with PhiPhiLux due to the former’s greater
cell permeability and ability to exclude a larger fraction of
advanced apoptotic cells. For traditional flow cytometric
analysis, cells were analyzed within 30 min of 7-AAD
addition. For EL4 cell analysis by LSC, cells were gently
fixed in 0.5% paraformaldehyde following PhiPhiLux, an-
nexin V, and 7-AAD labeling, centrifuged, decanted, and
diluted 1:1 with mounting medium (Prolong AntiFade,
Molecular Probes, Eugene, OR) containing 7-AAD at 5
�g/ml. The cells were then mounted on slides and ana-
lyzed within 1 h of mounting. For adherent UMR-106 cells,
medium was removed from tissue culture slides following
PhiPhiLux, annexin V, and 7-AAD labeling and the cells
were fixed with 0.5% paraformaldehyde in phosphate-
buffered saline (PBS). The fixative was then removed and
a small volume of mounting medium with 7-AAD (5 �g/
ml) was added, followed by coverslip mounting and anal-
ysis within 1 h.

Flow Cytometry

EL4 cells were analyzed on a Becton-Dickinson FACS-
Calibur benchtop flow cytometer (BD Biosciences, San
Jose, CA) equipped with an air-cooled 15-mW 488-nm
argon ion laser (for scatter determination, PhiPhiLux,
7-AAD, and PI excitation) and a 5-mW 635-nm red diode
laser (for APC-annexin V excitation). PhiPhiLux-G1D2 was
detected through a 530/30-nm fluorescein isothiocyanate
(FITC) filter and 7-AAD and PI were detected through a
650 long pass filter. APC-annexin V was also detected
through a 650 long pass filter. Data were acquired with
CellQuest acquisition software, version 3.3 (BD Bio-
sciences). All scatter measurements were made on a linear
scale and all fluorescence measurements were made on a
four-decade log scale. A total of 50,000 events were col-
lected for each sample. Data were analyzed with WinMDI,
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version 2.8 (Dr. Joseph Trotter, BD Pharmingen, San Di-
ego, CA).

LSC

EL4 cells in suspension and adherent UMR-106 cells
were analyzed on an LSC 2 laser scanning cytometer
(Compucyte, Cambridge, MA) equipped with an air-
cooled 15- mW 488-nm argon ion laser for PhiPhiLux and
7-AAD excitation and with a 25-mW 632-nm HeNe laser
for APC-annexin V excitation. PhiPhiLux-G1D2 and 7-AAD
were detected through a 530/30-nm FITC filter and
through a 650 long pass filter, respectively. APC-annexin V
was also detected through a 650 longpass filter. Data were
acquired and analyzed with Wincyte acquisition software,
version 3.4 (Compucyte). Scatter measurements were
made on a linear scale and measurements of APC-annexin
V, 7-AAD, and PhiPhiLux were made on a log scale. A total
of 5,000 events were collected for each sample.

Photomicrography

Brightfield, conventional epifluorescence and LSC relo-
cation-based epifluorescence photomicrography were car-
ried out with the LSC-mounted Olympus BX50 epifluores-
cence microscope equipped with a Photometrix CoolMax
CCD camera (Roper Scientific,Trenton, NJ). Image acqui-
sition was carried out using IP-LAB image analysis software
(Scanalytics, Fairfax, VA) using custom-written Windows-

based programming language subroutines (BioVision, Ex-
ton, PA).

RESULTS
Caspase activation represents one of the earliest known

steps in the cell death process (5). In this study, we have
used the fluorogenic caspase 3/7 substrate, PhiPhiLux-
G1D2, in conjunction with fluorochrome-conjugated an-
nexin V and the DNA binding dye, 7-AAD, to measure cell
death in the cell types described below. The resulting
apoptotic subpopulations were then analyzed by flow or
LSC.

Previous flow cytometry studies have shown with sev-
eral cell types that use of PhiPhiLux enables clear distinc-
tion between nonapoptotic and apoptotic subpopulations
with well-separated peaks and few intervening events
(15). This is shown in Figure 1 for EL4 cells induced to
undergo apoptosis by actinomycin D treatment. When
analyzed for forward versus side scatter (Fig. 1a,b), a
fraction of the EL4 cell culture showed a predictable
reduction in forward scatter signal and an increase in side
scatter upon apoptotic induction. Labeling for PS flipping
from the plasma membrane inner to outer leaflet with
APC-conjugated annexin V and cell permeability with
7-AAD (Fig. 1c,d) also showed different stages of apopto-
sis by both of these criteria. Caspase 3 activity as measured
by PhiPhiLux labeling for all cells (no gating) is shown in

FIG. 1. Analysis of EL4 cell death by flow cytometry. EL4 cells were incubated with vehicle control (a,c,e,g) or with actinomycin D at 2 �g/ml for 8 h
(b,d,f,h) followed by PhiPhiLux, APC-annexin V, and 7-AAD labeling as described in the Materials and Methods. a,b: Forward versus side scatter cytograms.
c,d: 7-AAD fluorescence versus side scatter cytograms. e,f: PhiPhiLux fluorescence histograms for all cells. g,h: PhiPhiLux fluorescence histograms gated
for 7-AAD-negative and APC-annexin V-negative cells (R1 in c,d). Dotted region shows the percentage of apoptotic events based on 7-AAD and annexin
V fluorescence (c,d). Filled peaks indicate PhiPhiLux labeling and open peaks indicate unlabeled controls (e-h). Brackets show the percentage of apoptotic
events based on PhiPhiLux fluorescence (e-h). All scatter analyses were made on linear scale and all fluorescence measurements were made on four-decade
log scales. A total of 50,000 events were collected for each sample.
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Figure 1e, f. When cells were gated for negative labeling
by annexin V and 7-AAD, a significant portion of this
population still showed caspase 3 activity (Fig. 1g,h), with
almost 20% of the cells being caspase positive following
actinomycin D treatment. Although PI is recommended
often for use with PhiPhiLux to define later apoptotic cells
and to quantify more accurately the apoptotic cell sub-
population, 7-AAD was substituted in these experiments
to define more clearly the earlier apoptotic cell popula-
tion. PI is less cell permeable and would give a higher
number of caspase-positive cells (due to the presence of
7-AAD-positive PI-negative cells possessing caspase activ-
ity) that were excluded intentionally from this analysis
(15). This experiment illustrated two important points.
First, caspase activation is a very early step in cell death,
preceding early plasma membrane permeability and PS
flipping. Second, the difference in caspase activity be-
tween apoptotic and nonapoptotic cells is significant and
easily distinguishable, with few intervening events detect-
able by traditional flow cytometry. This bimodality has
been found previously to be true of many apoptotic phe-
nomena; the onset of cell death and the conversion of
cells from a nonapoptotic to apoptotic phenotype usually
occurs with few detectable intermediate states (1,2,4).

Nevertheless, previous analyses of caspase-active cells
by confocal microscopy has suggested that intermediate
stages of caspase activation may be observable (18). Pre-
vious confocal microscopy of PhiPhiLux-positive cells has
demonstrated early apoptotic cells with nonuniform,

punctate caspase activity apparently localized to the cyto-
plasm and likely compartmentalized in vesicles (18). Tra-
ditional peak or area analysis by flow cytometry was not
sufficiently sensitive to detect this early caspase activa-
tion. This was likely due to both its insignificant portion of
total cellular fluorescence under a total area measurement
and its rapid time-of flight through the laser resulting in a
low peak fluorescence sensitivity. Because traditional flow
cytometry was not successful at detecting these early-
stage apoptotic cells, EL4 cells were labeled as described
above and analyzed in fixed suspension by LSC. In addi-
tion to analyzing the integrated fluorescence of a cell, the
LSC can collect fluorescence data for individual pixels
within a cell area and express this as the fluorescence
signal (termed maximum pixel or max pixel analysis).
Because cells with intermediate levels of caspase activity
exist, max pixel analysis was anticipated to be more sen-
sitive for their detection than traditional flow cytometric
peak or area analysis (21,26).

Cells were scanned for scatter integral (analogous to
forward scatter) versus 7-AAD fluorescence (Fig. 2a,b).
The later apoptotic cells show a predictable increase in
7-AAD fluorescence. When analyzed for scatter integral
versus APC-annexin V binding (Fig. 2c,d), the apoptotic
cells were also readily identifiable. As for the EL4 cells in
Figure 1, the 7-AAD and annexin V-negative cells were
then gated and their caspase 3 activity measured (Fig.
2e-h). Two acquisition modes were used. Green max pixel
analysis (Fig. 2e,f) expresses fluorescence signal data as

FIG. 2. Analysis of EL4 cell death by LSC. EL4 cells were incubated with vehicle control (a,c,e,g) or with actinomycin D at 2 �g/ml for 8 h (b,d,f,h)
followed by PhiPhiLux, APC-annexin V, and 7-AAD labeling. a,b: Scatter integral (forward scatter) versus 7-AAD fluorescence cytograms. c,d: APC-annexin
V fluorescence versus scatter integral cytograms. e,f: PhiPhiLux max pixel fluorescence histograms for cells gated for 7-AAD-negative and APC-annexin
V-negative cells (gates shown on a-d). g,h: PhiPhiLux integral fluorescence histograms for cells gated for 7-AAD-negative and APC-annexin V-negative cells.
Scatter and 7-AAD measurements were made on linear scale, whereas APC-annexin V and PhiPhiLux measurements were made on log scale. A total of
5,000–10,000 events were collected for each sample.

84 TELFORD ET AL.



the brightest pixel within the scan area containing a cell.
Cells with caspase activity in very localized regions would
be expected to be distinguished more easily by max pixel
analysis. Green integral analysis (Fig. 2g,h) expresses flu-
orescence signal data as the integral of all pixels within a
cell scan area. Both analysis modes showed distinct non-
apoptotic and apoptotic subpopulations. Nevertheless,
green max pixel analysis gave better separation between
the cell types with a broader “valley” between the peaks,
suggesting that very early apoptotic cells might fall within
this region. Moreover, cells in this area might possess the
punctate caspase activity previously seen by confocal mi-
croscopy.

Unfortunately, EL4 cells are not large, making subcellu-
lar caspase activity localization with LSC analysis difficult.
The much larger and adherent UMR-106 rat osteosarcoma
cell line was analyzed in this manner. Figure 3a shows

UMR-106 cells with brightfield illumination. These cells
readily undergo caspase-associated apoptosis when
treated with the ionophore valinomycin for 16 h. Figure
3b shows valinomycin-treated cells that were subse-
quently examined for caspase 3 activity with PhiPhiLux.
Caspase activity was relatively uniform throughout the
cytoplasm of apoptotic cells and was virtually absent in
uninduced cells (barely visible in Fig. 3b). Caspase activity
in UMR-106 cells is also an early event; it precedes cell
permeability and morphological changes that ultimately
result in cell rounding and release from the culture sur-
face. Hence, numerous caspase-positive cells still adhered
to the culture slide, making their detection possible.

In a fraction of treated UMR-106 cells, however, non-
uniform patterns of caspase activity could be observed.
Figure 3c,d shows two stages of nonuniform punctate
caspase activity. Fluorescence patterns in these cells are

FIG. 3. Photomicrographs of UMR-106 rat osteosarcoma cells. a: Brightfield photograph (200�) of viable UMR-106 cells. b: Epifluorescence photograph
(200�) of viable and apoptotic UMR-106 cells following treatment with valinomycin at 1 �M for 16 h and labeling with PhiPhiLux G1D2. c: Epifluorescence
photograph (400�) of UMR-106 cells with a low level of localized caspase activity. d: Epifluorescence photograph (400�) of UMR-106 cells with an
intermediate level of localized caspase activity. All photographs were acquired with the LSC-coupled Olympus BX50 epifluorescence microscope equipped
with a Roper Scientific/Photometrix cooled CCD camera controlled by Scanalytics IPLAB image acquisition/analysis software.
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consistent with the early stages of caspase activation. In
the cell shown in Figure 3c, the bright but low number of
caspase activity foci might not make this cell distinguish-
able from nonapoptotic cells when analyzed by peak or
area fluoresence intensity by conventional flow cytom-
etry.

To determine if this was the case, treated UMR-106 cells
were analyzed by LSC using the detection scheme de-
scribed above (Fig. 4). Unlike EL4 cells, virtually no scat-
ter-apoptotic 7-AAD or APC-annexin V-positive cells were
present on the slides, because they had likely rounded up
and were removed during the washing steps. The cyto-
gram for PhiPhiLux green integral versus max pixel is
shown in Figure 4a, with histograms for both characteris-
tics in Figure 4b,c. Although caspase activity was detect-
able by both modes of analysis, the peak separation and
intervening valley were much greater for max pixel anal-
ysis; integral analysis gave a shoulder that was not sepa-
rated clearly from the nonapoptotic subpopulation.

The greater separation between caspase-negative and
caspase-positive cells using max pixel analysis permitted
subsequent relocation analysis of these intermediate cells.
A unique feature of LSC is the recording of each cell’s X-Y
coordinate location as part of the FCS data file structure.
Cells identified by their scatter and/or fluorescent charac-
teristics can therefore be “relocated” and automatically
repositioned under the microscope for morphological
analysis. Relocation analysis for apoptotic UMR-106 cells
in shown in Figure 5. A gating region was placed in the
valley between the nonapoptotic and apoptotic subpopu-
lation, and a series of these cells were relocated and
photographed (Fig. 5a). The cells thus identified showed
very distinctive nonuniform, punctate caspase activity,
some at very low levels. Figure 5b shows the relocation of
the apoptotic cells with the highest level of caspase activ-
ity. The cells show more uniform caspase activity. This

analysis shows that max pixel analysis of caspase activity,
particularly in large cells such as UMR-106 cells, allowed
the identification of cells with extremely low levels of
caspase activity, likely a precursor to full caspase activa-
tion.

DISCUSSION
The capability to detect apoptosis at its earliest stages is

critical to understanding this important physiological pro-
cess. Most of the original assays for apoptotic death (in-
cluding analysis of increased membrane permeability, cy-
toskeletal collapse, and DNA damage) represented
terminal events in advanced cell death (1,2,4,6). Consid-
erable deterioration of cellular physiology has occurred
already at this point, making meaningful analysis of the
cellular responses to the apoptotic stimuli in these cells
less significant. Clearly, monitoring and characterizing
cells undergoing apoptosis with early apoptosis markers
would be invaluable in delineating the molecular events
and pathways involved in programmed cell death. We and
others have measured the temporal onset of cell death
using the PhiPhiLux fluorogenic caspase 3 substrate simul-
taneously with other early indicators of cell death, includ-
ing annexin V binding to flipped PS and incorporation of
DNA binding dyes (15). In the EL4 and UMR-106 cell
systems described above, caspase 3/7 activation occurred
earlier than either PS flipping or loss of membrane integ-
rity. Caspase activation therefore represented an apopto-
tic event that was distinct from other early indicators of
cell death.

Because activation of the caspase cascade is one of the
central cellular events of apoptosis, this temporal correla-
tion between downstream caspase activation and PS flip-
ping prompted us to seek a more sensitive means to
detect the onset of caspase activation using the same
cell-permeable fluorogenic caspase substrate. Earlier con-

FIG. 4. Analysis of UMR-106 cell death by LSC. UMR-106 cells were incubated with valinomycin at 1 �M for 16 h followed by PhiPhiLux, APC-annexin
V, and 7-AAD labeling as described in the Materials and Methods. a: PhiPhiLux max pixel versus integral cytogram. b: PhiPhiLux max pixel fluorescence
histograms for cells gated for 7-AAD-negative and APC-annexin V-negative cells. c: PhiPhiLux integral fluorescence histograms for cells gated for
7-AAD-negative and APC-annexin V-negative cells. Regions on histograms indicate caspase-positive cells based on controls (not shown). A total of
5,000–10,000 events were collected for each sample.
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focal microscopy observation of cells undergoing apopto-
sis characterized by the same downstream caspase sub-
strate indicated that the downstream caspase 3/7 activities
are largely cytoplasmic but not necessarily uniform
throughout the cytoplasm, suggesting that early caspase
activation might be represented by nonuniform, punctate
foci of caspase activity. This is consistent with other stud-
ies suggesting nonuniform, organelle-specific localization
of caspases during cell death (18–20). PhiPhiLux-G1D2 has
the ability to cross not only the plasma membrane but also
all intracellular membranes, giving it entry to all cytoplas-
mic vesicles. However, once the substrate is cleaved by
the target caspase, the digested substrate shows reduced
membrane permeability and is retained largely on the side
of the membrane where the cleavage took place. There-
fore, PhiPhiLux fluorescence quite accurately reflects
caspase localization. The ability of PhiPhiLux to show
caspase localization led us to hypothesize that nonuniform
caspase activity in cells may represent an early stage of
apoptosis-associated caspase activation.

Analysis of apoptosis in both EL4 and UMR-106 cells by
conventional flow cytometry demonstrated populations of

caspase-positive cells that were delineated clearly from
nonapoptotic cells. Nevertheless, flow cytometry showed
few intermediate events that might represent cells with
nonuniform, punctate caspase activity, probably due to
the fraction of caspase fluorescence in the total area inte-
gral of the analyzed cell, the short period in which the cell
occupies the laser beam for sensitive peak analysis. Peak
or area fluorescence measurements used in conventional
flow cytometry were not well suited to detecting bright
but highly localized fluorescence in individual cells. The
unique imaging capabilities of the LSC permitted analysis
of single bright pixels within a cell and expression of
these signals as data entities (max pixel analysis;
21,22,26). We were able to use LSC max pixel analysis to
identify cells with intermediate levels of caspase activa-
tion. When cells with this level of caspase activity were
relocated and examined by epifluorescence microscopy,
they showed punctate caspase activity that likely repre-
sented an early stage of caspase activation. They were
visually distinct from cells with higher levels of PhiPhiLux
activity, which showed more uniform activated caspase
distribution.

FIG. 5. Relocation analysis of UMR-106 cells expressing low levels of caspase activity. UMR-106 cells were incubated with valinomycin at 1 �M for 16 h
followed by PhiPhiLux, APC-annexin V, and 7-AAD labeling as described in Figure 4. Gates were then drawn to enclose either caspase-low cells (a) or
caspase-high cells (b) based on PhiPhiLux max pixel analysis and relocation analysis carried out. Six representative images are shown to the right of each
cytogram.
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The punctate appearance of this downstream caspase
activity suggests that the active downstream caspases
were localized within subcellular compartments and/or
vesicles. One possible explanation for this localization
may be the onset of zeiotic reorganization, an early apo-
ptotic process that may be associated with alterations in
cell volume and is characterized by significant cytoplas-
mic perturbation (27). Punctate caspase 3/7 activity may
reflect and be related to the onset of zeiosis in early
apoptotic cells. Zeiosis is a hallmark of apoptosis as de-
fined by morphological analysis. Nevertheless, it has re-
ceived little attention from many apoptotic studies due to
the lack of a good quantitative method for detection (18).

Multiparametric analysis of cells undergoing apoptosis
has allowed identification of various temporal stages of
apoptosis at the single cell level when parameters derived
from the same single cells are compared. We have shown
that max pixel analysis carried out by the LSC technique
provides a simple method to quantify localized caspase
activity in apoptotic cells. This localized caspase activity
may also represent the onset of zeiosis, a significant but
poorly defined apoptotic process. The present approach
should become a valuable tool for the study of both
apoptosis and other cellular processes that demonstrate
subcellular localization/distribution of proteases or en-
zymes.

LITERATURE CITED
1. Telford WG, King LE, Fraker PJ. Rapid quantitation of apoptosis in

pure and heterogeneous cell populations using flow cytometry. J Im-
munol 1994;172:1–16.

2. Darzynkiewicz Z, Juan G, Li X, Gorczyca W, Murakami T, Traganos F.
Cytometry in cell necrobiology: analysis of apoptosis and accidental
cell death (necrosis). Cytometry 1997;27:1–20.

3. Del Bino G, Darzynkiewicz Z, Degraef C, Mosselmans R, Galand P.
Comparison of methods based on annexin V binding, DNA content or
TUNEL for evaluating cell death in HL-60 and adherent MCF-7 cells.
Cell Prolif 1999;32:25–37.

4. Vermes I, Haanen C, Reutelingsperger C. Flow cytometry of apoptotic
cell death. J Immunol Methods 2000;243:167–190.

5. Henkart PA. ICE family proteases: mediators of all cell death? Immu-
nity 1996;4:195–201.

6. Ormerod MG, Sun X-M, Snowden RT, Davies R, Fearhead H, Cohen
GM. Increased membrane permeability in apoptotic thymocytes: a
flow cytometric study. Cytometry 1993;14:595–602.

7. Castedo M, Hirsch T, Susin SA, Zamzami N, Marchetti P, Macho A,
Kroemer G. Sequential acquisition of mitochondrial and plasma mem-
brane alterations during early lymphocyte apoptosis. J Immunol 1996;
157:512–521.

8. Green DR, Reed JC. Mitochondria and apoptosis. Science 1998;281:
1309–1312.

9. Overbeek R, Yildirim M, Reutelingsperger C, Haanen C. Early features
of apoptosis detected by four different flow cytometry assays. Apo-
ptosis 1998;3:115–120.

10. Earnshaw WC, Martins LM, Kaufmann SH. Mammalian caspases: struc-
ture, activation, substrates and functions during apoptosis. Annu Rev
Biochem 1999;68:383–424.

11. Koester SK, Bolton WE. Cytometry of caspases. Methods Cell Biol
2001;63:487–504.

12. Gorman AM, Hirt UA, Zhivotovsky B, Orrenius S, Ceccatelliu S.
Application of a fluorimetric assay to detect caspase activity in thy-
mus tissue undergoing apoptosis in vivo. J Immunol Methods 1999;
226:43–48.

13. Belloc F, Belaund-Rotureau MA, Lavignolle V, Bascans E, Braz-Pereira
E, Durrieu F, Lacombe F. Flow cytometry of caspase-3 activation in
preapoptotic leukemic cells. Cytometry 2000;40:151–160.

14. Bedner E, Smolewshi P, Amstad P, Darzynkiewicz Z. Activation of
caspases measured in situ by binding of fluorochrome-labeled inhib-
itors of caspases (FLICA): correlation with DNA fragmentation. Exp
Cell Res 2000;260:308–313.

15. Komoriya A, Packard BZ, Brown MJ, Wu ML, Henkart PA. Assessment
of caspase activities in intact apoptotic thymocytes using cell-perm-
able fluorogenic caspase substrates. J Exp Med 2000;191:1819–1828.

16. Lazebnik Y, Kaufmann SH, Desnoyers S, Poirier GG, Earnshaw WC.
Cleavage of poly(ADP-ribose) polymerase by proteinase with proper-
ties like ICE. Nature 1994;71:346–347.

17. Packard BZ, Topygin DD, Komoriya A, Brand L. Profluorescent pro-
tease substrates: intramolecular dimers described by the exciton
model. Proc Natl Acad Sci USA 1996;93:11640–11645.

18. Packard BZ, Komoriya A, Brotz TM, Henkart PA. Caspase activity in
membrane blebs after anti-Fas ligation. J Immunol 2001;167:5061–
5066.

19. Zhivotovsky B, Samali A, Gahm A, Orrenius S. Caspases: their intra-
cellular localization and translocation during apoptosis. Cell Death
Differ 1999;6:644–651.

20. Mancini M, Nicholson DW, Roy S, Thornberry NA, Peterson EP,
Casciola-Rosen LA, Rosen A. The caspase-3 precursor has a cytosolic
and mitochondrial distribution: implications for apoptotic signaling.
J Cell Biol 1998;140:1485–1495.

21. Kamentsky LA, Burger DE, Gershman RJ, Kametsky LD, Luther E.
Slide-based laser scanning cytometry. Acta Cytol 1997;41:123–143.

22. Darzynkiewicz Z, Bedner E, LI X, Gorczyca W, Melamed MR. Laser
scanning cytometry: a new instrumentation with many applications.
Exp Cell Res 1999;249:1–12.

23. Bedner E, Ruan Q, Chen S, Kametsky LA, Darzynkiewicz Z. Multipa-
rameter analysis of progeny of individual cells in clonogenicity assays
by laser scanning cytometry (LSC). Cytometry 2000;40: 271–279.

24. Bedner E, LI X, Kunicki J, Darzynkiewicz Z. Translocation of Bax to
mitochondria during apoptosis measured by laser scanning cytom-
etry. Cytometry 2000;41:83–88.

25. Smolewski P, Bedner E, Du L, Hsieh T-C, Wu WM, Phelps DJ, Dar-
zynkiewicz V. Detection of caspases activation by fluorochrome-
labeled inhibitors: multiparameter analysis by laser scanning cytom-
etry. Cytometry 2001;44:73-82.

26. Luther E, Kamentsky LA. Resolution of mitotic cells using laser scan-
ning cytometry. Cytometry 1996;23:272–278.

27. Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenom-
enon with wide-ranging implications in tissue kinetics. Br J Cancer
1972;26:239–257.

88 TELFORD ET AL.


