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    Abstract 

   Most authors currently quantify the frequency of apoptotic cells in a given phenotypically defi ned popula-
tion after calculating the apoptotic index (AI), i.e., the percentage of apoptotic cells displaying a specifi c 
linage antigen (LAg) within a population of cells that remain unfragmented and retain the expression of 
the LAg. However, this approach has two major limitations. Firstly, apoptotic cells fragment into apoptotic 
bodies that later disintegrate. Secondly, apoptotic cells frequently lose, partially or even completely, the cell 
surface expression of the LAg used for the identifi cation of specifi c cell subsets. This chapter describes a 
fl ow cytometry method to calculate the apoptotic rate (AR) that takes into account both cell fragmenta-
tion and loss of lineage antigen expression on measurement of apoptosis using fl ow cytometry ratiometric 
cell enumeration that emerges as a more accurate method of measurement of the occurrence of apoptosis 
in normal and tumoral cell cultures.  
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1      Introduction 

  The initial methods developed for the in vitro quantifi cation of 
apoptosis measured phenomena associated with apoptosis in cul-
tures at the population level, such as the assessment of nucleosomal 
DNA fragmentation after gel electrophoresis [ 1 – 3 ]. However, it 
soon became clear that individual cells undergo apoptosis in a het-
erogeneous and asynchronous manner [ 4 ]. It was therefore real-
ized that the accurate measurement of apoptosis required methods 
that could identify apoptosis events at the single-cell level [ 5 – 11 ]. 
These methods revealed the heterogeneity of the apoptotic process 
to be correlated with cell phenotype—at least to a certain extent [ 12 ]. 
The ongoing development of fl ow cytometric techniques eventually 
made it possible to simultaneously identify and quantify apoptotic 
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cells phenotypically defi ned by the expression of their surface lineage 
antigens (LAg). 

 The relevance of apoptosis has promoted active research into 
new methods of detecting these subcellular lesions at the single- 
cell level in complex cell mixtures both  ex vivo  and in cultured cells 
[ 5 ,  7 ,  13 ]. A good example is the use of annexin V for the detec-
tion of early apoptotic cells. In such cells, PS translocates from the 
inner side of the plasma membrane to the outer membrane leafl et, 
where it becomes exposed [ 14 – 16 ]. It can then be bound by 
annexin V, a phagocyte membrane protein [ 17 ]. The availability of 
fl uorochrome-labeled recombinant soluble annexin V provides a 
useful tool for detecting and quantifying early apoptotic cells by 
fl ow cytometry [ 7 ,  8 ,  14 ]. The annexin V labeling method can be 
improved by the staining with the vital dye 7-amino-actinomycin 
D (7AAD) [ 11 ] to identify early and late apoptotic cells and 
necrotic ones. Cell washing, and choice of resuspension buffer, can 
affect the accuracy of measurements of apoptosis. It has been 
shown that wash cycles not only cause cell loss, but also affect the 
viability of cells, as well as the precision of repeat measurements. 
Therefore, wash cycles should be reduced to a minimum, which 
also reduces the time required for sample preparation.  

  7AAD labeling can be used to discriminate between either viable 
and apoptotic whole cells, or cell fragments. Apoptosis led to the 
fragmentation of apoptotic cells into apoptotic bodies under dif-
ferent culture conditions (Fig.  1 ). Compared to whole cells, apop-
totic bodies are smaller, consistent with the notion that one cell 
generates several apoptotic bodies. The inclusion of the latter in 
the cell analysis gate and their subsequent consideration as apop-
totic cells result in an overestimation of the frequency of apoptosis 
and, therefore, discrimination between cells and apoptotic bodies 
is critical for accurate measurement of apoptosis.

   As shown in Fig.  1 , the discrimination between either viable 
and apoptotic whole cells or cell fragments was achieved by the 
analyses of both their bivariate profi les of size (FSC)/DNA stain-
ing with 7AAD (left panels), and their FSC/granularity (SSC) dis-
tribution (right panels). Contour plots in the top panels show that 
freshly purifi ed CD19 +  lymphocytes formed a homogeneously 
sized population of viable cells that uniformly excluded 7AAD. After 
24 h of culture (bottom panels) both apoptotic cells and apoptotic 
bodies emerged, but the remaining subset of viable B-cells main-
tain the characteristics from the original fresh B-lymphocytes, since 
they shared their FSC/SSC features (panel d), and did not take up 
7AAD (contour levels under viable cell arrows in the panels c and 
d). In contrast, apoptotic cells showed a reduced FSC and a slightly 
increased SSC (panel d) that was coincident with variable 7AAD 
staining related to progression into late apoptosis (panel c). Finally, 
apoptotic bodies showed markedly smaller FCS and SSC signals than 
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did live or apoptotic whole cells independently of their occasionally 
weak 7AAD staining (panels c and d). Thereafter, an event was 
considered to correspond to a whole cell when it provided an FSC 
signal greater than the lower limit of 7AAD +  apoptotic cells (insert 
of continuous line boxes in bottom panels). Using these criteria, 
whole apoptotic cells were clearly distinguishable from apoptotic 
bodies (inserts of discontinuous line boxes).  

  Most authors currently quantify the frequency of phenotypically 
defi ned apoptotic cells after calculating the apoptotic index (AI), 
i.e., the percentage of apoptotic cells displaying a specifi c LAg 
within a population of cells that remain unfragmented and retain 
the expression of the LAg [ 18 – 20 ]. However, this approach has 
two major limitations. Firstly, apoptotic cells fragment into apop-
totic bodies that later disintegrate. This leads to an underestimation 
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  Fig. 1    Flow cytometry approach used to discriminate whole cells from apoptotic bodies by gating in 7AAD/FSC 
bivariate dot plots. Freshly purifi ed CD19 +  lymphocytes were labeled with CD19-APC, annexin V-FITC, and 
7AAD. Flow cytometry analysis was performed prior to and after 24 h of culture. The experiment was repeated 
six times.  Panels  ( a ) and ( b ) show SSC/FSC and 7AAD/FSC bivariate contour plots of freshly purifi ed B-cells. 
 Panels  ( c ) and ( d ) show how whole cells (R1) were differentiated from apoptotic bodies (R2, 7AAD − , and lower 
FSC signal than the lower limit of the 7AAD +  apoptotic cells) through combined analysis of the FSC/SSC/7AAD 
characteristic of the events measured       
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of the percentage of apoptotic cells if the debris is excluded from 
the gates for cell analyses, or, alternatively, to the overestimation of 
apoptosis if several apoptotic bodies derived from a single cell are 
misinterpreted as individual apoptotic cells [ 21 ]. Secondly, apop-
totic cells frequently lose, partially or even completely, the cell sur-
face expression of the LAg used for the identifi cation of specifi c cell 
subsets [ 22 – 24 ]; this means that the apoptotic cells from one phe-
notypically defi ned cell subset that lose the expression of their char-
acteristic LAg can no longer be identifi ed as targets in the apoptosis 
quantifi cation, which leads to miscalculations [ 25 ]. 

 The limitations of current fl ow cytometric approaches for eval-
uating apoptosis warrant the development of a new multiparameter 
method that (1) identifi es and quantifi es cells suffering apoptotic 
lesions in earlier stages of apoptosis; (2) discriminates live, necrotic, 
and apoptotic cells in a time frame within the death program that 
is well ahead of LAg loss and the generation of cell debris; and (3) 
extends AI to provide an estimate of the number of cells that have 
undergone apoptosis and its relation to the number of seeded cells: 
the apoptotic rate (AR). 

 The AR overcomes the limitations of current fl ow cytometric 
techniques which do not use internal standards to determine 
absolute numbers. In previously described methods [ 6 ,  7 ,  9 – 11 ], 
AI has been used to measure the proportion of apoptotic cells in 
relation to the total number of detectable cells in the test tube at 
the end point of the cell culture assay. The enumeration of apop-
totic cells by the AR refl ects the proportion of cells that have 
undergone apoptosis in relation to the total number of cells seeded 
at the start point of the cell culture assay. This makes the estimation 
of the incidence of apoptosis more valid, since current methods 
ignore late apoptotic cells which have suffered LAg loss or frag-
mentation into apoptotic bodies. Therefore, the AR is a more 
sensitive indicator of apoptosis than the widely used AI. 

 The ability to accurately and sensitively determine the number 
and population of cells undergoing apoptosis will allow great 
advances in evaluating new therapies targeted at inducing or inhib-
iting apoptosis. In addition, it could provide an early marker of 
therapeutic outcome, enabling clinicians to quickly determine if, 
for example, a new chemotherapeutic agent is successfully target-
ing neoplastic cells or if these are resistant to the therapy. The ease 
of use of fl ow cytometric techniques allows apoptosis to be used as 
a clinical parameter. Well-defi ned interpretations of results such as 
AR will help develop the use of apoptosis as a marker in making 
clinical decisions. 

 A limitation of the proposed method is that AR can only be 
properly applied in time frames in which the in vitro cell prolifera-
tion does not alter signifi cantly the number of cells in the culture. 
This time frame depends on the rate of proliferation of the studied 
cells. If the cells do not proliferate (i.e., B-chronic lymphocytic 
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leukemia cells) then apoptosis can be measured by AR at 24 h or 
even 48 h of culture. When cells proliferate vigorously (i.e., certain 
tumor cell lines) it is necessary to perform the apoptosis assays after 
shorter periods of culture (3–6 h) to avoid interference of prolif-
erative processes on the quantifi cation of cell loss by apoptosis. In 
any case, even in conditions in which apoptosis and growth simul-
taneously occur, methods that enumerate apoptotic cells provide 
more information than those which only provide relative propor-
tions of apoptotic cells. 

 In summary, apoptosis cannot be accurately quantifi ed by sim-
ply taking into account the percentage of cells that show apoptotic 
lesions. Single-cell approaches must therefore be used with care if 
occurrence of apoptosis is to be accurately evaluated, and should 
take into account absolute cell enumeration via the use of an inter-
nal microbead standard and the calculation of the AR.   

2    Materials 

      1.    Sterile 50 ml conical tubes.   
   2.    5 ml polystyrene round-bottom tubes 12 × 75 mm.   
   3.    96-Well fl at-bottom culture plates.   
   4.    Neubauer chamber.   
   5.    FACSCalibur fl ow cytometer (Becton & Dickinson Biosciences).      

      1.    Complete medium: RPMI 1640 supplemented with 10 % 
heat- inactivated fetal calf serum, 25 mM Hepes, and 1 % 
penicillin-streptomycin.   

   2.    7-Aminoactinomycin D (7-AAD)—Highly toxic.   
   3.    Ca 2+ -binding buffer: Hepes 10 mM, NaCl 150 nM, MgCl 2  

1 mM, CaCl 2  1.8 mM, and KCl 5 mM; pH adjusted to 7.4.   
   4.    Annexin V-binding buffer containing Ca 2+ : Hepes 10 mM, 

NaCl 150 nM, MgCl 2  1 mM, CaCl 2  1.8 mM, and KCl 5 mM; 
pH adjusted to 7.4.   

   5.    Annexin V-FITC.   
   6.    6 μm CALIBRITE microbeads (Becton & Dickinson 

Biosciences).   
   7.    Gelatin.   
   8.    Trypan blue.   
   9.    0.5 × 10 −6  M Staurosporine—Highly toxic.   
   10.    10 −3  M Cycloheximide—Highly toxic.   
   11.    2 μg/ml Phytohemagglutinin—Highly toxic.   
   12.    T Cell Expander (Dynal, Oslo, Norway).       

2.1  Equipment

2.2  Reagents
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3    Methods 

 The methods described below outline (1) preparation of the 
microbeads, (2) preparation of the cell suspension, (3) preparation 
of the culture, (4) preparation of the basal condition, (5) acquisi-
tion of cells after culture, and (6) calculation of the apoptotic rate. 

  One of the major problems of the use of microbeads in fl ow cyto-
metric enumeration of cells is the possibility of adherence. Due to 
this, we need to block the adherence of microbeads to both the 
tube and the own microbeads by using gelatin in the solution used 
to dilute the microbeads. Another factor is the sedimentation of 
microbeads in the tube. Just before adding the microbeads to the 
cell sample, we need to vortex vigorously the microbead solution.

    1.    In a 50 ml conical tube, prepare a volume (μl) of Ca 2+ -binding 
buffer equal to 100 × number of sample tubes you will use 
( see   Note 1 ).   

   2.    Add gelatin 0.05 % (w/v).   
   3.    Heat the tube in a thermal bath to 37 ºC for 30 min.   
   4.    Keep at room temperature for 30 min.   
   5.    Add CALIBRITE microbeads to the 50 ml tube to prepare a 

1/100 (v/v) dilution.   
   6.    Vortex the 50 ml tube during 1 min.   
   7.    Store at 4 ºC in a refrigerator until use.      

  A cell suspension of tumor cells in complete medium must be 
obtained. This suspension could be homogeneous (i.e., tumoral 
cell line) or heterogeneous (i.e., peripheral blood mononuclear 
cells from a patient suffering from leukemia or tumor cells obtained 
from a tumor biopsy). All the protocol must be performed using 
sterile material in a laminar fl ow chamber.

    1.    Take 20 μl of the cell suspension and dilute it with 20 μl of 
trypan blue ( see   Note 2 ).   

   2.    Mix gently and count the viable cells (cells without blue stain-
ing) in a Neubauer chamber.   

   3.    Adjust the cells to a cell concentration of 0.5 × 10 6  viable cells/ml.      

      1.    Add 100 μl of complete medium into three wells (triplicate) in 
96 fl at-bottom culture plates ( see   Note 3 ) and into three 5 ml 
polystyrene round-bottom tubes.   

   2.    Add 100 μl of the diluted cells to the wells with complete 
medium ( see   Note 4 ) and into three 5 ml polystyrene round- 
bottom tubes to make the basal condition.   

   3.    Culture the plate at 37 ºC in 5 % CO 2  ( see   Note 5 ).      

3.1  Preparation 
of the Microbeads

3.2  Preparation 
of the Cell Suspension

3.3  Preparation 
of the Culture
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       1.    Add to the tubes a combination of monoclonal antibodies 
labeled in FL-2 (i.e., phycoerythrin) and FL-4 (i.e., allophyco-
cyanin) ( see   Note 6 ).   

   2.    Incubate cells at 4 ºC in the dark for 20 min.   
   3.    Centrifuge cells at 300 ×  g  and 4 ºC for 5 min and decant the 

supernatant ( see   Note 7 ).   
   4.    Resuspend cells and add 100 μl of Ca 2+ -binding buffer.   
   5.    Add 6 μl of annexin V-FITC diluted 1/5 in Ca 2+ -binding buf-

fer at 4 ºC in the dark for 10 min.   
   6.    Add 100 μl of the prepared microbeads (remember to make a 

vigorous vortexing of the microbead solution before adding it 
to the cell suspension).   

   7.    Add 100 ml of 7AAD diluted in Ca 2+ -binding buffer to a fi nal 
concentration of 2.5 μg/ml and wait for 3–5 min ( see   Note 6 ).   

   8.    Acquire the cell tubes in a four-color fl ow cytometer ( see   Note 
8 ). You must make a cell gate around microbeads and adjust 
the number of acquired microbeads (i.e., 2,000 microbeads) 
to simplify the calculations to obtain the apoptotic rate.      

      1.    Take out the volume of each well with a micropipette ( see   Note 
9 ) and add it into 5 ml polystyrene round-bottom tubes.   

   2.    Prepare the 24-h condition like Subheading  3.4  ( see   Note 10 ).      

  The calculation of apoptotic rate (AR) consists of two sequential 
steps. First, the number of events corresponding to cells which 
have fi nished the apoptotic process and have undergone fragmen-
tation into apoptotic bodies or have completely lost the expression 
of surface markers is calculated from the difference between the 
number of events corresponding to seeded cells and that of cells 
which remain in culture and are LAg +  after challenge. Second, we 
sum to this number the number of events corresponding to annexin 
V +  cells and calculate the apoptosis occurrence with respect to the 
total number of seed cells:

    1.    NFC = NSC − NRC  
 where NFC = events corresponding to fragmented cells or that 
completely lost the expression of their LAg; NSC = events cor-
responding to seeded cells; and NRC = events corresponding 
to the remaining cells, which include both annexin V +  and 
annexin V −  cells.   

   2.    The AR is then calculated by the following equation ( see   Notes 11  
and  12 ):

  
AR NAV C NFC NSC   /

   

where NAV + C = events corresponding to the number of 
annexin V-positive cells.    

3.4  Preparation 
of the Basal Condition

3.5  Acquisition 
of Cells After Culture

3.6  Calculation 
of the Apoptotic Rate
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4       Notes 

     1.    Prepare an extra 10 % more volume that you will need to be 
sure that you will have enough volume for all the tests if any 
problem arises. The minimum volume you must prepare is 
10 ml because less volume cannot be shaken properly. Do not 
use microbeads prepared 10 or more days ago.   

   2.    If you have an excessive number of cells per count chamber 
fi eld you can dilute the cells in trypan blue until obtaining the 
proper dilution. A cell count per fi eld between 30 and 120 cells 
allows accurate counting.   

   3.    This is to measure spontaneous apoptosis. You can induce 
apoptosis by several kinds of apoptogens like etoposide, stau-
rosporine, or cycloheximide or even study the activation- 
induced cell death induced by phytohemagglutinin or 
microbeads coated with anti-CD3 and anti-CD28 antibodies.   

   4.    Critical step: It is very important to seed cells carefully because 
it affect so much to cell enumeration.   

   5.    The time of culture should be adjusted depending on the 
apoptosis and cell growth properties of the tumor cells in cul-
ture. If the cells grow quickly then the time frame to measure 
apoptosis should be sorter.   

   6.    If you want to make several different labeling of the cells with 
different combinations of antibodies you must prepare three 
culture wells and three 5 ml polystyrene round-bottom tubes 
for each combination to assess the precision of apoptosis mea-
surement. If you do not want to label with 7AAD then you can 
add an additional monoclonal antibody labeled in FL-3 chan-
nel (i.e., peridinin chlorophyll protein conjugate).   

   7.    Critical step: It is very important to decant cells carefully 
because it affect so much to cell enumeration due to cell loss.   

   8.    You can label the cells with more or less fl uorochrome-labeled 
antibodies depending on the technical characteristics of your 
fl ow cytometer.   

   9.    Critical step: It is very important to take out cells carefully 
because it affects so much to cell enumeration due to cell loss. 
You must take out all the volume of the well.   

   10.    It is critical to use for all the tests for a given experiment the 
same microbead solution for the reference of the ratiometric 
enumeration.   

   11.    It should be noted that you can calculate the AR of a cell sub-
population defi ned by the expression of a cell marker and not 
only the total AR.   

David Diaz et al.
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   12.    It is possible to make a more immediate calculation of AR 
using the next equation:  

   AR NSC NVC NSC  – /      

 where  
 NSC = events corresponding to seeded cells.  
 NVC = events corresponding to viable cells after culture (number 

of annexin V-negative cells).         
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