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Background: Apoptosis regulation is of fundamental im-
portance in tissue homeostasis and in the pathogenesis of
a variety of diseases. Different cytofluorometric methods
are used to investigate apoptotic events. We set up a
method to simultaneously evaluate mitochondria depolar-
ization, cell morphology changes, and loss of plasma mem-
brane asymmetry and integrity, thus increasing the infor-
mation and minimizing errors in the analysis of the
apoptotic process.
Methods: Jurkat T cells were induced to undergo apopto-
sis with different agents. They were labeled with (1) the
mitochondrion-selective probes tetramethylrhodamine
methyl ester (TMRM) or chloromethyl X-rosamine
(CMXRos), which do not accumulate in depolarized mito-
chondria; (2) Annexin V-fluorescein isothyocianate (FITC)
to detect phosphatidylserine (PS) exposure on the cell

surface; and (3) propidium iodide (PI) to assess loss of
plasma membrane integrity. Cell morphology changes
were studied following variations in light scatter parame-
ters.
Results: This is a fast, reliable, and reproducible tech-
nique to detect simultaneously independent apoptotic
changes by cytofluorometric inspection. TMRM is more
effective than CMXRos in responding to variations in the
electrochemical gradient of mitochondria.
Conclusions: This technique allows us to integrate the
analysis and to follow the kinetics of different apoptotic
cell changes. Cytometry 45:151–157, 2001.
© 2001 Wiley-Liss, Inc.

Key terms: apoptosis; Annexin V; CMXRos; flow cytom-
etry; lymphocytes; PI; TMRM

Apoptosis is endowed with a sequence of sharply reg-
ulated events that culminate in cell death. Cells undergo-
ing the apoptotic process display depolarization of the
inner mitochondrial membrane electrochemical gradient
(Dcm), mitochondrial release of apoptogenic molecules,
activation of specific proteases termed caspases, blebbing
of cytosolic vesicles from the cell surface and loss of
plasma membrane asymmetry, condensation of nuclear
material, and finally, DNA cleavage and ruptures of the
plasma membrane (1–7).

A number of techniques have been developed to inves-
tigate the different features of the apoptotic process, rang-
ing from electron microscopy ultrastructural inspections
to sophisticated biochemical and cytofluorometric meth-
ods. However, some of these cell changes are not specific
to the apoptotic process. Therefore, to validate the pres-
ence of apoptosis in a cell sample, one single assay is
usually not considered sufficient. Nonetheless, pooling
data obtained with independent techniques has some dis-
advantages, especially when investigating subtle changes
occurring at particular steps of the apoptotic cascade. For
example, the use of independent assays can hamper the
interpretation of results by increasing experimental vari-
ability. Also, it may be difficult to order the time sequence

of closely related steps and it may be impossible to quan-
tify results obtained with some of these techniques.

In order to bypass these problems, we have combined
several investigation techniques into one single cytoflu-
orometric assay of apoptosis. Mitochondrial dysfunction
was assessed by using mitochondrion-permeable, voltage-
sensitive dyes that accumulate in the organelle matrix of
healthy cells, but not in the matrix of depolarized mito-
chondria (8–10). Analysis of cell morphology changes was
performed following variations of the forward (FSC) and
side light scatter (SSC) parameters (11,12). Plasma mem-
brane alterations were investigated at two different steps:
the loss of asymmetry was detected using Annexin V
labeled with fluorescein isothiocyanate (FITC), which
measures phosphatidylserine (PS) exposure on the cell
surface (13); large plasma membrane ruptures were re-
vealed by staining cells with propidium iodide (PI), which
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permeates into heavily damaged cells (14). Thus, the same
cell sample can be used to visualize early apoptotic events,
such as mitochondrial loss of function, mid steps, such as
cell shrinkage and PS externalization, and late hallmarks of
cell death, such as plasma membrane permeabilization to
PI. The apoptotic features of each cell subpopulation
were integrated and followed in their ordered appear-
ance.

MATERIALS AND METHODS
Chemicals and Antibodies

Anisomycin, antimycin A, carbonil cyanide m-chloro-
phenyl-hydrazone (CCCP), mannitol, PI, rotenone, stauro-
sporine, and urea were provided by Sigma (St. Louis, MO).
FITC-conjugated Annexin V was provided by Boehringer
Mannheim (Indianapolis, IN). Chloromethyl X-rosamine
(CMXRos) and tetramethylrhodamine methyl ester
(TMRM) were provided by Molecular Probes (Eugene,
OR) and the CH11 anti-human Fas monoclonal agonist
antibody was provided by Upstate Biotechnology (Lake
Placid, NY).

Cell Culture and Apoptosis Induction

Human T-leukemia Jurkat cells were grown in suspen-
sion in RPMI 1640 culture medium supplemented with 5%
fetal bovine serum (FBS; Gibco BRL, Gaithersburg, MD)
and 2 mM L-glutamine in a humidified, 5% CO2 incubator
at 37°C. In order to trigger apoptosis, cells were incubated
for 5 h in multiwell tissue culture plates at the seeding
density of 2 3 106 cells/ml with anisomycin (500 ng/ml),
staurosporine (50–300 nM), or the CH11 anti-Fas agonist
antibody (150 ng/ml). Kinetics analysis of apoptosis induc-
tion was performed in the time range 30 min to 5 h.
Mitochondrial depolarization was achieved by incubating
Jurkat cells for 5 h with antimycin A (50 mM), rotenone
(50 mM), or CCCP (50 mM) in the same culture conditions
as above. Control experiments were performed to ex-
clude solvent (dimethylsulfoxide [DMSO]) nonspecific ef-
fects on apoptosis induction. Anisoosmotic conditions
were obtained either by adding deionized water to the
culture medium to a final osmolarity of 200 mosM (hy-
poosmotic shock) or by adding 210 mM mannitol or urea
to the culture medium (hyperosmotic shock to a final
osmolarity of 500 mosM). Each experiment was repeated
at least seven times and representative experiments were
reported.

Flow Cytometric Analysis of Apoptosis

After induction of apoptosis, 0.5 3 106 cells were
washed once in phosphate-buffered saline (PBS) and re-
suspended in 50 ml HEPES buffer (10 mM HEPES, 135 mM
NaCl, 5mM CaCl2). Cells were incubated for 15 min at
37°C in FITC-conjugated Annexin V (following manufac-
turer’s instructions), TMRM (at a final concentration of
200 nM, freshly prepared from stock solution 10 mM in
DMSO) or CMXRos (at a final concentration of 200 nM,
freshly prepared from stock solution 1 mM in DMSO), and
PI (1 mg/ml).

Samples were analyzed on a FACSCalibur flow cytom-
eter (Becton Dickinson, San Jose, CA) equipped with a
15-mW 488-nm argon ion laser. The green flouores-
cence (FL1) was collected through a 530/30 band pass
filter. The orange fluorescence (FL2) was collected
through a 585/42 band pass filter. The red fluorescence
(FL3) was collected through a 650 long pass filter. Data
acquisition (104 events for each sample) was performed
using CellQuest software. Photomultiplier tube voltage
(set up in linear mode for light scatters and in logarith-
mic mode for fluorescence with these typical voltages:
FL1 5 600, FL2 5 550, and FL3 5 550) and fluorescence
compensation (FL1 5 Annexin V-FITC, FL2 5 TMRM or
CMXRos, FL3 5 PI) were set up step by step, analyzing
cells stained singularly in order to avoid reciprocal
interference of the dyes and optimizing the result on
samples stained with the three dyes together. As a
trigger signal, FSC was used with threshold at channel
100. The order of magnitude of compensation parame-
ters was FL1 -0.5% FL2; FL2 -30% FL1; FL2 -40% FL3; FL3
-40% FL2 for TMRM and FL1 -5% FL2; FL2 -35% FL1; FL2
-55% FL3; FL3 -50% FL2 for CMXRos. The high percent-
ages of compensation between FL2 and FL3 and vice
versa were justified by the overlap of emission spectra
of CMXRos and PI and TMRM and PI.

Data analysis was performed with WinMDI software.
FSC and SSC (both in linear scale), FITC-Annexin V
(FL1), CMXRos or TMRM (FL2), and PI (FL3) fluorescent
signals were shown as dot plot diagrams. In order to
point out the different cell populations, regions were
selected on the following dot plots: FSC versus TMRM/
CMXRos for cells with normal or depolarized mitochon-
dria (depicted as blue and green dots, respectively);
Annexin V versus TMRM/CMXRos for the Annexin V-
positive cells (depicted as red dots); and Annexin V
versus PI for the Annexin V/PI- positive cells (black
dots). To quantify the degree of mitochondrial depolar-
ization, the geometric mean (Gm) of the TMRM signal
was calculated on the histogram window of WinMDI
after discriminating apoptotic and nonapoptotic sub-
populations with a logical gate tool.

RESULTS
Detection of Apoptosis

Human T-leukemia Jurkat cells were exposed to differ-
ent apoptosis inducers stained with Annexin V-FITC,
TMRM, and PI and analyzed. As reported in Figure 1, cells
in control conditions responded uniformly with a marked
signal to the TMRM staining (TMRM1 cell population; blue
dots), indicating a normal inner mitochondrial membrane
electrochemical gradient (Dcm). Only a small percentage
of cells, around 5%, showed loss of Dcm (TMRM- cell
population; green dots). This cell population was charac-
terized almost entirely by PS exposition on the cell surface
(Annexin V1 cell population; red dots) and altered cell
morphology (see the distribution of red dots in the FSC
versus SSC plot), thus representing a basal level of cells
that undergo apoptosis. Cells positive to the staining with
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PI, i.e., endowed with a heavily damaged plasma mem-
brane and probably dead, are a negligible percentage (PI1

cell population; black dots).
Apoptosis was elicited by exposing Jurkat cells to

two unrelated compounds, anisomycin, a protein syn-
thesis inhibitor and Jun kinase activator, and the CH11
anti- Fas agonist antibody, which triggers the Fas death
pathway following trimerization of the Fas receptor. As
depicted in Figure 1, anisomycin delivered a strong
apoptotic signal, characterized by a marked Dcm break-
down. The majority of cells showing depolarized mito-
chondria also exposed PS on their cell surface (about
90% of the TMRM- cells were also Annexin V1; see also
Table 1), whereas some of them were PI1. Interestingly,
the FSC versus SSC plot showed that both Annexin V1

and PI1 cells displayed enhanced granularity and cell
shrinkage, as indicated by the increase of the SSC pa-
rameter and the decrease of the FSC parameter, respec-
tively. These cell changes were highly augmented in the
PI1 cells with respect to the Annexin V1 cells.

Cell treatment with the anti-Fas antibody caused a
marked Dcm collapse, but only a part of the TMRM- cell
population exposed PS on the surface (the ratio be-
tween Annexin V1 and TMRM- cells was about 50%; see
also Table 1). These two cell subsets were clearly dis-

FIG. 1. Measurement of apoptosis induction by multiparametric FACS analysis. Diagrams represent (from left to right): FSC versus SSC analysis; FSC
analysis versus TMRM staining; Annexin V-FITC versus TMRM staining; Annexin V-FITC versus PI staining. FSC and SSC parameters are reported on a linear
scale and TMRM, Annexin V-FITC, and PI are reported on a logarithmic scale. The percentage of the cell population in each quadrant is indicated. Cells
that retain and lose Dcm are selected in the upper and lower parts of the FSC versus TMRM plot and are blue and green, respectively. Cells exposing PS
on the cell surface are selected in the right quarters of the Annexin V-FITC versus TMRM plot and appear in red. Cells permeable to PI are selected in the
upper quarters of the PI versus Annexin V-FITC plot and appear black. The high compensation values are the cause of the compression of data in this last
plot. Percentage of each of these cell populations is reported in the top left side of the FSC versus SSC plots. Jurkat cells were exposed for 5 h to 500 ng/ml
anisomycin (Anis) or to 150 ng/ml of the CH11 anti-Fas agonist antibody (aFas).

Table 1
Percentage of Cells Displaying High and Low TMRM Staining

(TMRM1 and TMRM2 Cell Populations, Respectively), PS
Flipping Across the Plasma Membrane (Annexin V1 Cell

Population), and Permeability to PI (PI1 Cell Population)*

TMRM1 TMRM2
Annexin

V1 PI1

Control 93.2 6 1.3 6.8 6 1.4 6.5 6 1.3 1.1 6 0.4
Anisomycin 21.0 6 4.6 79.0 6 4.1 72.2 6 3.0 10.3 6 2.2
aFas 21.8 6 3.8 78.2 6 3.4 39.1 6 2.4 4.2 6 1.4

*Cells were exposed to 500 ng/ml anisomycin or 150 ng/ml
CH11 anti-Fas agonist antibody (n 5 13 for each condition).
Data are shown as mean 6 SD and their analysis is performed as
in Figure 1.
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tinguishable (green and red dots in Fig. 1). Further-
more, plasma membrane integrity was maintained by
nearly all cells and cell morphology was not altered
dramatically, even though Annexin V1 cells were not

exactly superimposable to the other cell populations in
the FSC versus SSC plot. These results were highly
reproducible, as is apparent from the low SD values in
Table 1.

FIG. 2. Dose-response and kinetics analyses of apoptosis induction. Jurkat cells were treated with staurosporine. The drug concentration and time
exposure to the drug are reported above each diagram. Data analysis is the same as reported in Figure1, but only the FSC versus TMRM plot is shown. Cell
populations are colored and their percentage is reported as in Figure 1.

FIG. 3. Effect of mitochondrial depolarizing agents and of anisoosmotic conditions on FACS apoptosis measurements. Jurkat cells were treated for 5 h
with A: 50 mM antimycin A (ANT), 50 mM rotenone (ROT), or 50 mM CCCP. B: A 200-mosM hypotonic solution (HYPO) or 500-mosM hyperosmotic
solution was obtained by adding either urea or mannitol (MAN) to the culture medium. Plots are as in Figure 1, but the Annexin V-FITC versus PI diagram
is omitted. Cell populations are colored and their percentage is reported as in Figure 1. The Gm values of TMRM staining are displayed in the top left corners
of the FSC versus TMRM plots (A).
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Dose-Response and Kinetics Analyses of
Apoptosis Induction

We assessed the possibility of studying the degree of
apoptosis induction and of following step-wise the course
of the death process. Jurkat cells were treated with vari-
ous concentrations of staurosporine, a wide range kinase-
inhibitor. As depicted in the upper part of Figure 2, the
percentage of cells that underwent each of the apoptotic
changes strictly depended on the dose of the agonist used.
Furthermore, a time-course analysis displayed a marked
Dcm breakdown after 1 h of staurosporine treatment
(green dots in the lower part of Fig. 2). After 2 h, a cell
population appeared that exposed PS on the surface (red
dots). Both these subpopulations did maintain a normal
cell volume (see the FSC parameter), but the Annexin V1

cells displayed the lowest TMRM staining. These data
suggest a kinetic model in which cells treated with stau-
rosporine enter the apoptotic process by partially depo-
larizing mitochondria, and then proceed by flipping PS
across the plasma membrane and by further collapsing
Dcm. Finally, cells shrink and become permeable to PI
(black dots in the plot on the right of Fig. 2).

Control Experiment for the Measure of
Mitochondrial Potential and Cell Volume Changes

To test the reliability of the TMRM probe in assessing
variations of the inner mitochondrial membrane electro-
chemical gradient (Dcm), cells were exposed to three
compounds that specifically depolarize mitochondria by
different mechanisms. Antimycin A and rotenone block
the complex III and I of the respiratory chain, respec-
tively, whereas CCCP uncouples oxidative phosphoryla-
tion. As expected, all three drugs were effective in induc-
ing Dcm collapse, with an effect on nearly the whole cell
population by antimycin A and CCCP and on about one
half of the cells by rotenone (Fig. 3A). Interestingly,
among TMRM- cells a subpopulation externalized PS resi-
dues, suggesting cell progression toward the activation of
an apoptotic program. To better elucidate the degree of
Dcm loss in each condition, the Gm of the TMRM staining
was calculated after cutting off apoptotic and dead cells
(Annexin V1 and PI1 cell populations). As reported in the
top right corners of the FSC versus TMRM plots of Figure
3A, antimycin A, rotenone, and CCCP depolarized mito-
chondria independently of apoptosis induction (relative
Dcm values measured as Gm: control, 1.0; rotenone, 0.51;
antimycin A, 0.24; CCCP, 0.12). These results indicate that
TMRM is an effective dye to measure Dcm changes.

To verify the relationship between the FSC parameter
and cell volume changes, cells were exposed to anisoos-
motic conditions (Fig. 3B). Both a hypoosmotic shock,
obtained by adding water to the medium to a final osmo-
larity of 200 mosM, and a hyperosmotic shock, obtained
by adding urea to a final osmolarity 500 mosM, reduced
markedly the FSC parameter, without the appearance of
any apoptotic feature. The observation that the same ef-
fect was obtained on FSC with two osmotic conditions is
probably due to the absence of an efficient regulatory

volume machinery in lymphocytes (15). Instead, a hyper-
osmotic shock obtained by the addition of mannitol to the
medium caused apoptosis induction, with changes in cell
morphology only in the subpopulation undergoing the
death process, as we had already described (16).

Comparison between TMRM and CMXRos for
the Measure of Dcm

To measure variations in Dcm, the TMRM dye was
substituted with CMXRos. This probe has been widely
used in the past (17), but recent observations cast doubt
on the effective reliability of rosamine-derivative probes in
assessing Dcm loss (18). When we exposed Jurkat cells to
anisomycin or the anti-Fas antibody, the result was com-
parable to that measured with TMRM (compare Figs. 1 and
4A). Some minor differences in the distribution of the
subpopulations could be attributed to the high compres-
sion of the CMXRos signal on the Y axis. Moreover, the
hypoosmotic shock resulted in an almost identical dot plot
with CMXRos and TMRM (Figs. 3B and 4A). The same was
true for the hyperosmotic shocks with urea and mannitol
(not shown). However, when cells were triggered with
the specific mitochondrial-depolarizing compounds, no
massive breakdown of Dcm could be detected, but only
the appearance of the CMXRos-/Annexin V1, i.e., apopto-
tic, cell population (Fig. 4B). This observation demon-
strates clearly that CMXRos is a useful tool to investigate
cell populations in a mid-advanced step of the apoptotic
pathway, but is ineffective to reveal early or nonapoptotic
Dcm changes.

DISCUSSION
The causal relationship among morphological and bio-

chemical changes which activate during the apoptotic
process is only partially understood. In the present study,
we describe the characterization of a simple, reproduc-
ible, and accurate technique that allows us to determine,
quantify, and integrate several apoptotic events. This assay
enables us to study, in one single cell sample, apoptosis
induction from its early stages, by analyzing mitochondrial
dysfunction, to mid and later steps such as cell volume
reduction, PS externalization, and loss of plasma mem-
brane integrity. Others have performed multiparametric
flow cytometry analyses to investigate apoptosis (for a
review, see ref. 19). However, in some cases, cells were
stained separately with different fluorogenic compounds
(20,21), or antibodies raised against proteins involved in
the apoptotic process were conjugated with fluoro-
phores, and then studied in association with late apoptotic
markers (22,23). When several probes were used simulta-
neously, no early apoptotic steps were investigated
(24,25).

This cytofluorometric approach is distinguished from
the above reported ones in that it allows the precise and
kinetically ordered determination of several apoptotic, or
preapoptotic, cell subpopulations. For instance, it was
possible to quantify the collapse of Dcm and point out a
cell subpopulation entering apoptosis after treatment with
mitochondrial-depolarizing agents or to discriminate
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among the effects of different anisoosmotic conditions on
cell survival (Fig. 3). Moreover, we discriminated between
features of cell subsets undergoing apoptosis induced by
unrelated agents such as anisomycin, the anti-Fas anti-
body, and staurosporine (Figs. 1, 2, Table 1). Indeed, this
technique can be a helpful tool to investigate the molec-
ular mechanisms associated with cell death. In this regard,
the combined analysis of independent apoptotic features
gives additional degrees of information. For example, a
cell subpopulation can be described as simultaneously
shrunken, granular, with intermediate plasma membrane
changes and a marked mitochondrial depolarization. One
can study easily the effect of apoptosis modulators, such
as caspase inhibitors, calcium chelators, or chemothera-
peutic drugs. If associated with time-course analyses (Fig.
2), these experiments could be useful to precisely under-
stand and to order how each pool of cell changes is finely
tuned.

Interestingly, the comparison of the two voltage-sensi-
tive, mitochondrion-selective dyes TMRM and CMXRos
indicates that the latter needs a higher compensation
degree when adjusting flow cytometer parameters (see

Materials and Methods). CMXRos does not allow a sepa-
ration between cells with intact and depolarized mito-
chondria as good as that achieved with TMRM (compare
Figs. 1 and 4A) and more importantly it lacks a complete
reliability to measure Dcm changes (compare Figs. 3 and
4B). This could be due to a lack of correlation between the
magnitude of Dcm and the binding of the probe chloro-
methyl moiety to SH groups inside mitochondria (18). As
mitochondria can be considered the central control point
of apoptosis (26), it is increasingly important to have a
reliable mitochondrial probe.

We only reported data obtained with the human T-
leukemia Jurkat cell line. Similar results were collected
with several other cell types, such as various T-cell lines,
monocytic cell lines, or neutrophils (not shown), indicat-
ing the versatility of this technique.

The high accuracy and reproducibility (Table 1) of ap-
optosis measurements achieved with this multiprobe
method could be useful to determine precisely the mod-
ulation of this process in pathological samples or in re-
sponse to pharmacological treatments. For instance, this
assay could be used on peripheral blood lymphocyte sam-

FIG. 4. Use of CMXRos to determine mitochondrial potential in multiparametric FACS analysis of apoptosis induction. Jurkat cells were treated for 5 h
with A: 500 ng/ml anisomycin (Anis), 150 ng/ml CH11 anti- Fas agonist antibody (aFas), or a 200-mosM hypoosmotic solution (HYPO). B: 50 mM antimycin
A (ANT), 50 mM rotenone (ROT), or 50 mM CCCP. Plots are as in Figure 3 and the percentage of each cell population is reported as above.
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ples, in combination with the staining of specific lympho-
cyte subsets (22), in order to study several lymphoreticu-
lar malignancies.

The primary role of the apoptotic process in the control
of cell homeostasis and in many diseases highlights the
importance of improving methods to better dissect this
phenomenon.
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