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The reliability of eight distinct methods (Giemsa staining,
trypan blue exclusion, acridine orange/ethidium bromide
(AO/EB) double staining for fluorescence microscopy and
flow cytometry, propidium iodide (PI) staining, annexin V as-
say, TUNEL assay and DNA ladder) for detection and quan-
tification of cell death (apoptosis and necrosis) was evaluated
and compared. Each of these methods detects different mor-
phological or biochemical features of these two processes.
The comparative analysis of the 8 techniques revealed that
AO/EB (read in fluorescence microscopy) provides a reli-
able method to measure cells in different compartments (or
pathways) of cell death though it is very time consuming.
PI staining and TUNEL assay were also sensitive in detect-
ing very early signs of apoptosis, but do not allow precise
quantification of apoptotic cells. These three methods were
concordant in relation to induction of apoptosis and necro-
sis in HL60 cells with the various UV irradiation time pe-
riods tested. Both AO/EB (read by flow cytometry) and an-
nexin V-FITC/PI failed to detect the same number of early
apoptotic cells as the other three methods. Trypan blue is val-
ueless for this purpose. Giemsa and DNA ladder might be
useful as confirmatory tests in some situations.
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1. Introduction

In eukaryotes there are two types of cell death, apop-
tosis and necrosis, that are primarily distinguished by
morphology, but also differ in biochemical and molec-
ular properties [2,16,23,40,52]. Necrosis is a patholog-
ical form of cell death, resulting in the loss of the cell
ability to maintain homeostasis. It is morphologically
associated with cell swelling, rapid rupture of cyto-
plasmic, organelle and nuclear membranes, followed
by disintegration of organized structures. In contrast,
apoptosis is a well-controlled, tightly regulated physio-
logical process, in which the cell participates in its self-
destruction. Apoptosis involves chromatin condensa-
tion and margination, cell shrinkage, membrane bleb-
bing and formation of apoptotic bodies. The biochem-
ical event classically described as hallmark of apopto-
sis is internucleosomal digestion of DNA, that occurs
by cleavage action of endonucleases, originating sim-
ple and multiple nucleosomes (180-200 bp), revealed
as the typical “ladder” on agarose gels. DNA degrada-
tion can also occur in necrosis but randomly resulting
in a smear pattern in DNA electrophoresis [2,6,23,24,
54,55]. Another biochemical event that was recently
shown to be present is loss of plasma membrane asym-
metry that occurs early in apoptosis [14,49].

A large body of evidence has accumulated in the last
few years suggesting that apoptosis is a central mecha-
nism in embryogenesis and morphogenesis [23,24,38,
42], immune system regulation [5,13,35,51], nervous
system development [13,39], haematopoiesis [15,41,
53], control of turnover of normal tissues (maintenance
of body homeostasis) and killing of virus-infected tar-
gets [48,50,51,55]. Apoptosis has been implicated in
a variety of diseases. Failure of cells to undergo nor-
mal apoptotic cell death may be involved in the patho-
genesis of cancer, autoimmune disorders and viral in-
fections [3,48,55]. On the other hand increased cell
loss by apoptosis is associated to a wide range of dis-
eases, such as neurodegenerative disorders [26,37,43,
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48], acquired immunodeficiency syndrome [1,17,31]
and myelodysplastic syndromes [56].

Since apoptosis is involved in a growing number of
diseases, is induced by chemotherapeutic agents and
has been associated with the appearance and develop-
ment of pharmacological resistance [3,10,18,21], it is
vital to have reliable methods of detection of cell death
(apoptosis or necrosis). There is a considerable variety
of methods of detection of cell death which are based
on the different morphological or biochemical features
of the two processes, such as changes in DNA con-
tent, DNA fragmentation, alteration of membrane in-
tegrity, loss of asymmetry of plasma membrane, and
other morphological features of cells [11,12,20,23,25,
29,49,54].

In this study we evaluated and compared the re-
liability of eight distinct methods (Giemsa staining,
trypan blue assay, acridine orange/ethidium bromide
double staining for fluorescence microscopy and for
flow cytometry, propidium iodide staining, Annexin
V, TUNEL assay and DNA ladder) for detection and
quantification of apoptosis and necrosis in the HL60
human leukaemic cell line exposed to UV radiation for
different lengths of time, as a model of induction of
cell death.

2. Material and methods
2.1. Cell culture

HL60 human myeloid leukaemic cell line [9] was
maintained in RPMI 1640 medium supplemented with
10% (v/v) heat inactivated (30 min, 56°C) foetal
bovine serum (FBS) (Gibco BRL Life Technologies,
Germany), 100 pl streptomycin-100 U/ml penicillin,
2 mM L-glutamine and 1 mM sodium pyruvate (all
from Gibco BRL Life Technologies, Paisley, Scot-
land). Cells were cultured in a 5% CO0,;-95% air
fully humidified atmosphere at 37°C. The cultures
were demi-populated 23 times a week, by dilution
with fresh medium to a concentration of 0.25 x 10°
cells/ml. Before each experiment, the cell concentra-
tion was adjusted to 0.5 x 10° cells/ml.

2.2. Induction of cell death by irradiation

Cell suspensions were transferred to Petri dishes of
58 x 15 mm (Nunc, Roskilde, Denmark), placed over
an UV transilluminator (Vilber Lourmat, Marne La
Vallée, France) and after 2—3 minutes of resting in or-

der to form a single layer at the bottom of the dish were
exposed to a 312 nm radiation (UV-B), at room temper-
ature, for variable periods of time (3 sec, 15 sec, 1 min,
3 min, 5 min, 15 min, 25 min and 1 h). Cultures were
subsequently incubated under standard conditions (5%
CO,; 37°C) for 4 h before analysing cell death by dif-
ferent methods.

Heat treatment of HL60 cells (0.5 x 10° cells/ml)
was performed in tissue culture tubes in water baths
equilibrated to 37°C (control), 39°C, 45°C and 51°C
for 15 min, 25 min and 1 h, respectively.

2.3. Measurement of cell death

Cell death was measured by eight distinct methods:

(1) Light microscopy analysis of cell death

Control and irradiated cell suspensions were anal-
ysed under light microscopy by two methods: Giemsa
staining and trypan blue exclusion assay. For Giemsa
stain, cells were cytocentrifuged (Shandon, Pittsburg,
PA, USA) 2 min at 500 rpm, fixed in 100% methanol
(Merck, Darmstadt, Germany) and stained with Giemsa
(Merck). The cytospin preparations were examined for
nuclear, cytoplasmic and cell membrane changes in
order to identify the type of cell death (apoptosis or
necrosis) [23]. In the second method, cells were loaded
in a haemocytometer in the presence of a 0.2% (final
concentration) trypan blue solution (Sigma Chemical
Company, St Louis, MO, USA) and scored (a mini-
mum of 100 cells) for dye uptake (blue cells are dead
cells). The percentage of dead cells was obtained by at
least three independent measurements.

(2) Fluorescence microscopy analysis of cell death —
acridine orange/ethidium bromide (AO/EB) double
staining

This method combines the differential uptake of flu-
orescent DNA binding dyes acridine orange and ethid-
ium bromide and the morphological aspect of chro-
matin condensation in the stained nucleus, allowing
one to distinguish between viable, apoptotic (early or
late stages) and necrotic cells. The acridine orange is
taken up by both viable and nonviable cells, and emits
either green fluorescence, as a result of intercalation
into double stranded nucleic acids (mainly DNA) or
red fluorescence as a result of binding to nucleic acids
of single strand (RNA). The ethidium bromide is only
taken up by nonviable cells, and emits red fluorescence
by intercalation into DNA. Thus a viable cell would
have a uniform bright green nucleus and orange cyto-
plasm; an early apoptotic cell, whose membranes are
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still intact but has started to cleave its DNA would still
have a green nucleus, but chromatin condensation be-
comes visible in the form of bright green patches; a
late apoptotic cell would have bright orange areas of
condensed chromatin in the nucleus (ethidium bromide
predominates over acridine); and a necrotic cell will
have an uniform bright orange nucleus [32].

One microlitre of dye mixture [100 pg/ml acridine
orange and 100 pug/ml ethidium bromide (from Poly-
sciences, Warrington, PA, USA and Sigma, respec-
tively), diluted in phosphate-buffered saline (PBS),
pH 7.4], was mixed gently with 24 ul of cell suspen-
sion (0.5 x 10° cells/ml) and put onto a clean micro-
scope slide [32]. The suspension was immediately (dye
uptake is very fast) examined in a fluorescence micro-
scope (Olympus-BH2-RFCA, Olympus Optical Co.,
Lda, Tokyo, Japan), under 400—600x magnification.
A minimum of 200 cells was counted in every sample
and the percentage of cells recorded in four different
groups: viable (V), early apoptotic (EA), late apoptotic
(LA) and necrotic cells (N).

(3) Flow cytometry analysis of cell death

(a) AO/EB double staining

This method differs from the AO/EB double staining
for fluorescence microscopy as it enables assessement
of fluorescence intensity emitted by the fluorochromes.
On the other side, morphological changes of chromatin
would be missed and this parameter cannot be evalu-
ated.

Cells (0.5 x 10%) were pelleted at 300 g, during
8 min, resuspended in 495 ul of ethidium bromide
staining solution (0.2 pg/ml in PBS) and 5 pl of acri-
dine orange solution (2 ug/ml in PBS) were added, fol-
lowed by a 30 min incubation, at room temperature.
Then 10,000 cells were analyzed on a FacScan cytome-
ter (Becton and Dickinson Immunocytometry Systems,
San Jose, CA, USA) using a standard 488 nm argon
laser. Green and red fluorescence were collected us-
ing a 525 nm band-pass (FL1) and a 650 nm long-
pass (FL3) filters, respectively, and displayed using
logarithmic amplification. Data were analysed using
LYSYS'" I software.

(b) PI staining (sub-G1 peak)

The staining of normal cells with a specific DNA
fluorochrome, as propidium iodide, defines a (conven-
tional) cell cycle profile. During the apoptotic pro-
cess internucleosomal DNA degradation occurs due
to activation of an endogenous endonuclease [54] and
subsequent production of low molecular weight DNA

fragments. These fragments are lost after cell per-
meabilization, prior to measurement, resulting in the
presence of cells with lower than GO/G1 (diploid)
DNA content (sub-G1 peak), typical of apoptotic cells.
Necrotic cells would show a normal cell cycle profile,
until nuclear membrane bursts [11].

A volume of 750 pl of ethanol (Merck pro-analysis)
at 4°C was added to 500 pl of cell suspension (0.5 x
10 cells/ml in culture medium). Cells fixed in ethanol
were kept at 4°C during 24 hours. The next day the
suspension was washed twice with 10 ml of saline and
centrifuged at 300 g for 8 min. The pellet was resus-
pended in 500 pl of PBS (pH 7.4) for a 10 min in-
cubation. Cells were then spun and 250 ul of pro-
pidium iodide solution [50 pg/ml PI and 500 pg/ml
RNase in MgCl, buffer (10 mM Tris Base, 5 mM
MgCl, - 6H,0), all from Sigma] were added to the pel-
let and left to incubate for 30 min at room temperature
in the dark. Cells were centrifuged again and resus-
pended in 500 11 of Isoton® (Coultronics France, Mar-
gency, France). Twenty thousand cells were analysed
on the FacScan cytometer under low flow conditions.
Red fluorescence was collected using a 575 nm band-
pass filter (FL2) and displayed in linear amplification.
Data were analysed using LYSYS™ II software.

(c) TUNEL assay

The TUNEL (TdT-mediated dUTP nick end la-
belling) method relies on the capacity of exoge-
nous terminal deoxynucleotidyl transferase (TdT) to
promote binding of fluorescein-labelled dideoxynu-
cleotides (ddUTPs) to exposed 3’-OH ends of DNA
strand breaks (both double and single strands). The flu-
orescence intensity, which is directly proportional to
the number of DNA strand breaks (one molecule of
ddUTP will bind to each break) is then evaluated by
flow cytometry.

TUNEL was employed with slight modifications of
the technique described by Piqueras et al. [36]. Briefly:
2 x 10° cells were fixed in 100 1 of 4% paraformalde-
hyde (Merck) prepared freshly in PBS (pH 7.4), for 1 h
in ice. Cells were then pelleted (300 g, 1 min, 4°C)
and washed once with 500 ul cold PBS-1% bovine
serum albumin (BSA) (Sigma) before resuspending
in 100 pl ice-cold 70% ethanol. Cells were kept for
at least 1 h at —20°C and then washed 3 times at
4°C with PBS-1% BSA. Finally the pellet was resus-
pended in 50 pl labelling buffer (100 mM potassium
cacodylate, 1 mM CoCl,, 0.1 mM dithiothreitol and
0.1 mg/ml BSA, all from Sigma) completed with 0.1
nmol F-12-ddUTP (Fluorescein-12-2’-dideoxyuridine-
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5’-triphosphate; Boehringer GmbH, Germany) and in-
cubated 10 min on ice. Ten units of TdT (Gibco BRL)
were then added for an incubation of 1 h at 37°C. After
addition of 2 ul of 0.5 M EDTA (to block TdT reac-
tion), cells were washed three times in PBS-1% BSA
immediately before analysis of 10,000 cells on the Fac-
Scan cytometer with a standard argon laser and a band-
pass filter for FL1. Data analysis was performed us-
ing LYSIS " II software. Three controls following the
same experimental procedure were set up: for control
1 (autofluorescence control) neither F-12-ddUTP nor
TdT were added to the cultures; for control 2 (back-
ground reaction control) F-12-ddUTP (but not TdT)
was added, and for control 3 (irradiation control) both
F-12-ddUTP and TdT were added but cells were not
exposed to the UV.

(d) Annexin V assay

This assay is based on the ability of the protein an-
nexin V to bind to phosphatidylserine (PS) in the pres-
ence of calcium. In viable cells PS is located in the in-
ner membrane leaflet, therefore annexin V can not de-
tect it since it is not able to penetrate the phospholipid
bilayer. Upon induction of apoptosis PS is translocated
to the outer membrane leaflet and becomes available
for annexin V binding [50]. The addition of propidium
iodide (PI) to annexin V stained cells allows discrimi-
nation between viable cells (annexin-V"°/P1"®¢), early
apoptotic (annexin-VP/PI"°¢), and late apoptotic and
necrotic cells (annexin-VP/PIP%%) [25,49].

Annexin V assay was performed using a commer-
cial kit (Apoptosis detection kit, Oncogene Research
Products, Calbiochem, MA, USA). Briefly: Ten mi-
crolitre of media binding reagent and 1.25 pul of an-
nexin V (200 pg/ml) conjugated to FITC were added
to 0.5 x 10° cells in 500 pl of culture medium and
left to incubate for 15 min at room temperature (RT)
in the dark. The suspension was centrifuged at 1000 g
for 5 min at RT and the pellet resuspended in 500 pl
of 1x binding buffer with 10 pl of propidium io-
dide. The suspensions were placed on ice away from
light and immediately analysed by flow cytometry.
Twenty thousand cells were analysed on the FacScan
cytometer under low flow conditions. Green and red
fluorescence were collected using FL1and FL2 filters,
respectively, and displayed in logarithmic amplifica-
tion. Electronic compensation (subtraction of 25% of
FL-2 from FL-1) was required for the annexin V/PI
assay. Data were analysed using LYSYS " 1 soft-
ware.

(4) Detection of internucleosomal DNA fragmentation
by electrophoresis (DNA ladder)

This procedure is based on the observation of a dis-
tinctive ladder pattern of approximately 200-bp integer
multiples DNA fragments in agarose gel electrophore-
sis. This comes as a result of DNA cleavage between
nucleosomes by an endogenous endonuclease involved
in apoptosis.

DNA fragmentation was analysed by the gel elec-
trophoresis method according to Smith et al. [44].
Briefly, 10° cell pellets were incubated, at 50°C for
1 h, with 20 ul of 10 mM EDTA-50 mM Tris-
HCI (pH 8.0) containing 0.5% (w/v) sodium lauryl
sarkosinate (Sigma) and 0.5 mg/ml proteinase K (Cal-
biochem, La Jolla, CA, USA). Then, 10 ul of 0.5
mg/ml DNase-free RNase (Sigma) were added to each
sample and incubation continued at 50°C for 1 h. Sam-
ples were heated in a 70°C water bath, and 10 ul
of 10 mM EDTA containing 1% (w/v) low-gelling-
temperature agarose, 40% (w/v) sacarose and 0.25%
(w/v) bromophenol blue were mixed with each sample
before loading into the dry wells of a 2% (w/v) agarose
gel containing 0.1 pg/ml ethidium bromide (all from
Sigma). A 100 bp (Gibco BRL) standard was used
to provide molecular weight markers. Electrophoresis
was carried out in 2 mM EDTA-800 mM Tris-borate
(pH 8.0) until the marker dye migrated 3—4 cm.

3. Results
3.1. Light microscopy analysis of cell death

3.1.1. Giemsa staining

HL60 cells exposed to UV radiation during short
periods (3 sec, 15 sec, 30 sec, 1 min and 3 min)
showed morphological features of apoptosis in cy-
tospins stained with Giemsa: cell shrinking, chromatin
condensation and nuclear fragmentation. Prolonged
exposure (15 min, 25 min and 1 h) of these cells to the
same level of UV radiation induced nuclear and cyto-
plasmic swelling with chromatin appearing uniformly
dense and rupture of plasma membrane, resulting in
decreased definition of cellular outlines that are typi-
cal of necrosis. The various morphological types are
shown in Fig. 1.

3.1.2. Trypan blue exclusion assay

The viability of HL60 cells, exposed to UV radia-
tion, was evaluated by the trypan blue exclusion assay
and results are represented in Fig. 2. Loss of viabil-
ity was evident for periods of irradiation longer than
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C

Fig. 1. Cytospins of HL60 cells stained with Giemsa showing
morphological characteristics of: (A) unirradiated cells (control);
(B) apoptotic cells after 15 sec of UV radiation and (C) necrotic cells
after 1 h exposure to UV radiation. A, X400 magnification; B and C,
% 1000 magnification.
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Fig. 2. Comparison of percentage of viable HL60 cells as measured
by two different methods: trypan blue exclusion assay (—4@p—; TB)
and AO/EB double staining (—B—; AO/EB). The results represent
the mean of five independent experiments + standard error.

5 min. HL60 cells irradiated during 1 hour still pre-
sented 13% of viable cells by trypan blue, but cells that
excluded the dye and were therefore considered as vi-
able had a vitreous appearance, considerably different
in morphology from control cells.

3.2. Fluorescence microscopy analysis of cell death —
AO/EB double staining

Irradiated and non-irradiated HL60 cells were
stained with AO/EB and analysed under a fluores-
cence microscope for the percentage of viable, early
apoptotic, late apoptotic and necrotic cells. The results
obtained with this double staining are represented in
Fig. 4, and Fig. 3 shows the different morphology of
cells stained with AO/EB double staining classified ac-
cording to the described in Material and methods. Cul-
tures irradiated for 3 sec showed a decrease in num-
ber of viable cells when compared with control, with
a concomitant increase in number of early apoptotic
cells (26.6%). Cells irradiated for 15 sec to 5 min
showed 100% of death with early apoptotic cells as the
predominant cell type (around 95%). Cultures irradi-
ated for 15 min, 25 min and 1 h showed an increasing
number of necrotic cells, and a concomitant decrease
in the number of early apoptotic cells. The percentage
of late apoptotic cells remain approximately constant
independently of time of irradiation (Fig. 4).

The viability of HL60 cells evaluated by AO/EB
double staining was compared with that evaluated by
trypan blue staining and the results are represented in
Fig. 2. HL60 cells irradiated for periods of time as
short as 3 sec present a relevant loss of viability, which
was not detected by trypan blue staining and cells irra-
diated for 15 sec or more had 0% viability, value never
reached by trypan blue staining.
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3.3. Flow cytometry analysis of cell death

3.3.1. AO/EB double staining

HL60 cells were stained by AO/EB and analysed
by flow cytometry (Fig. 5). In AO/EB fluorescence bi-
parametric contour plots (green fluorescence of AO,
FL1, versus red fluorescence of EB, FL3) it was possi-
ble to observe three distinct populations of HL60 cells
similarly to the reported by Liegler et al. [29]: pop-
ulation 1 (AO"g"-EB!*%) of viable cells, population
2 (AO"“—EB'"Y) of early apoptotic cells and popula-

A B
C D

Fig. 3. Morphology of HL60 cells stained by acridine orange/
ethidium bromide: A, viable cells; B, early apoptotic cells; C, late
apoptotic cells; and D, necrotic cells. X200 magnification.

tion 3 (AO'“—EB"gh) of late apoptotic and necrotic
cells.

Non-irradiated HL60 cells appear mostly in region 1
with a small percentage in region 2 and even in re-
gion 3, corresponding to spontaneous apoptosis occur-
ring in the cultures (Fig. SA). Periods of irradiation be-
tween 3 sec and 3 min induced apoptosis, detectable
essentially in early phase (region 2). It could be no-
ticed however an increased dispersion in the contour
of region 1 (Fig. 5(B and C)). After 25 min of irradia-
tion, HL60 cells are located in region 3 (Fig. 5(D and
E)). The intermediate periods of irradiation showed a
continuum of cells between region 2 and 3 (data not
shown).

Since acridine orange is a metachromatic dye it was
necessary to perform single staining with acridine or-
ange and ethidium bromide to test whether red fluores-
cence of AOV—EB"" population (region 3) in dou-
ble staining was due to binding of EB to DNA or to
AO binding to single stranded nucleic acids (namely
RNA) in the cells. Thus, by comparative analysis of
cells stained with AO only and with AO/EB simulta-
neously it was possible to conclude that the red flu-
orescence of cells in region 3 was the result of entry
and binding of EB to DNA of cells with altered mem-
brane and not due to emission of red fluorescence by
AOQ, since it was not detected a population of cells in
region 3 (high red fluorescence) in cells stained with
AOQ alone (data not shown).

3.3.2. PI staining (sub-G1 peak)

HL60 cells previously fixed with ethanol were
stained with propidium iodide and analysed by flow
cytometry.

An irradiation time as short as 3 seconds resulted in
the accumulation of a distinct subpopulation of apop-
totic cells to the left of the GO/G1 peak (sub-G1 peak)

HL60 cells by acridine orange/ethidium bromide

% of cells

Control {

3 sec
15 sec
30 sec

1 min

3 min
5 min
15 min
25 min
1h

UV irradiation time

Fig. 4. Percentage of HL60 cells evaluated by acridine orange/ethidium bromide. V, viable cells; EA, early apoptotic cells; LA, late apoptotic
cells; and N, necrotic cells. The results represent the mean of at least three independent experiments + standard error.
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Fig. 5. Biparametric contour plots of green fluorescence (FL1, xx’ axis) versus red fluorescence (FL3, yy’ axis) of HL60 cells stained simulta-
neously with AO and EB. Region 1 (R1) of AO"&"_EB!Y staining corresponds to viable cells; early apoptotic cells are distributed to region 2
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cells irradiated for 3 sec, 15 sec, 25 min and 1 h, respectively. Percentages of R1, R2 and R3 cells are shown in the figures. One representative

experiment out of three is shown.

while the remaining viable cells were distributed to the
different phases of cell cycle (Fig. 6B). Irradiation of
cultures for 15 sec induced 100% of cell death by apop-
tosis, which is demonstrated by the formation of a sin-
gle peak in the sub-G1 region (Fig. 6C). The same hap-
pened with cultures irradiated for 30 sec, 1 min, 3 min
and 5 min (data not shown). DNA content of cultures
exposed to longer periods of radiation (15 min, 25 min
and 1 h), is similar to non-irradiated HL60 cells that
distributed to the G1, S and G2/M phases of the cell
cycle displaying a residual percentage of dead cells
which did not form however a sub-G1 peak (Fig. 6(A
and D)).

Analysis of the different HL60 cell cycle histograms
is not able to support that any compartment of the cell
cycle is preferentially affected by UV radiation.

To investigate whether the sub-G1 peak detected in
some irradiated cultures was actually formed by apop-
totic cells or by an accumulation of cellular debris in
that region, control and irradiated cells stained with
PI were analyzed by flow cytometry using logarithmic
amplification. By this means we were able to observe
that cellular debris had a lower fluorescence intensity
forming a continuum from zero to the sub-G1 peak
(Fig. 6(inserts E and F)).

3.3.3. TUNEL assay

HL60 cells exposed to UV showed various kinetics
of F-12-ddUTPs incorporation according to time of ex-
posure to radiation as it can be observed in Fig. 7(A and
B). Cells irradiated for 3 sec showed a slight increase
of incorporation of fluorescent nucleotide compared
to control cultures. Cells exposed for 15 sec, 3 min,
25 min, and 1 h to UV had a pattern of incorporation
of fluorescent dideoxynucleotides which is distinctly
greater than the displayed by control cells (Fig. 7). Ex-
posure to UV during 30 sec, 5 min, and 15 min had a
similar pattern (data not shown).

To investigate whether the increase of F-12-ddUTPs
incorporation was due to internucleosomal fragmen-
tation of apoptosis or to DNA breaks formed as a
result of UV radiation, we decided to perform the
TUNEL assay in irradiated cultures immediately after
UV radiation suppressing the 4-hour incubation period
(Fig. 7B). It was observed that there was no incorpora-
tion of fluorescent nucleotides in HL60 cells irradiated
for 3 sec, 15 sec and 30 sec and not incubated for 4 h
in standard conditions (Fig. 7B). In cultures irradiated
during 3 min and 5 min, not followed by incubation pe-
riod, some incorporation of fluorescent nucleotides oc-
curred relatively to the control but in every case lower
than the incorporation observed in the cells submitted
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Fig. 6. Propidium iodide fluorescence (DNA content) histograms of HL60 cells after exposure to UV irradiation. A, control culture
(non-irradiated). B, C and D, cells irradiated for 3 sec, 15 sec and 15 min, respectively. These irradiation times are representative of the other
times depicted in the text. E and F, same as A and B but using logarithmic amplification. One representative experiment out of three is shown.
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Fig. 7. Fluorescein-12-ddUTP incorporation mediated by exogenous terminal deoxynucleotidyl transferase (TdT) — TUNEL assay, in DNA of
HL60 cells. A, cells submitted to a 4-hour period of incubation after irradiation during 3 sec, 30 sec, 3 min, 15 min, 25 min and 1 h. B, cells
without the 4-hour incubation period, after irradiation for the same time periods. C1, negative control of autofluorescence; C2, negative control
of background/reaction; C3, non-irradiated control cells. Only representative exposure times are shown in the figure, other times referred to in

the text have a similar profile.

to incubation (Fig. 7B). For 15 min, 25 min, and 1 h-
irradiated cells with no incubation period, it was ob-
served a F-12-ddUTP incorporation higher than in con-
trol cultures, and identical to cultures submitted to the
4-hour incubation.

3.3.4. Annexin V assay

The combined analysis of HL60 cells with annexin
V-FITC and propidium iodide by flow cytometry al-
lowed the discrimination between viable cells, early
and late apoptotic cells and necrotic cells (Fig. 8).
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Fig. 8. Biparametric contour plots of annexin V-FITC (green fluorescence, FL1, zz’ axis) versus propidium iodide (red fluorescence, FL2, yy’
axis) of UV-irradiated HL60 cells. Region 1 (R1) corresponds to damaged cells (annexin-V"*8/PIP%%); region 2 (R2) contains necrotic and late
apoptotic cells (annexin-VPoS/PIP%); region 3 (R3) contains viable cells (annexin-V"°8/PI*®€) and region 4 (R4) contains early apoptotic cells
(annexin-VPoS/PI"®€). A, control culture; B, C, D, E and F, cells irradiated for 3 sec, 15 sec, 5 min, 25 min and 1 h, respectively. Percentages of
R1, R2, R3 and R4 cells are shown in the figures. One representative experiment out of three is shown.

Non-irradiated cultures had predominantly viable cells
(94.6%) that are located in region 3 and a small per-
centage of spontaneous apoptotic cells in region 4 (3%)
and region 2 (2.4%) (Fig. 8A). Periods of irradiation
between 3 sec and 5 min induced mainly apoptosis
detectable in early phases (region 4) but a small per-
centage of late apoptotic and necrotic cells were found
(region 2), as it can be observed in Fig. §(B, C and
D). HL60 cultures irradiated for 1 h presented almost
100% of cells in region 2, but with 15 min and 25 min
UV irradiation there are still some cells detected in re-
gion 4 correspondent to early apoptotic cells (Fig 8E).

3.4. Detection of internucleosomal DNA
fragmentation by electrophoresis (DNA ladder)

In order to investigate whether morphological
changes observed in irradiated HL60 cells were in
agreement with chromatin degradation patterns com-
monly associated to apoptosis or necrosis, DNA ex-
traction of cells exposed to different times of UV ra-
diation was followed by electrophoresis in 2% agarose
gel. Figure 9 illustrates the DNA fragmentation pattern
typical of apoptosis (DNA ladder) in HL60 cells irradi-

10 1 12 |

Fig. 9. Agarose gel electrophoresis of DNA extracted from HL60
cells after exposure to UV irradiation and further incubation during
4 h at 37°C. DNA fragmentation typical of apoptosis (DNA ladder)
was observed in cultures irradiated during 15 sec (lane 4), 30 sec
(lane 5), 1 min (lane 6), 3 min (lane 7) and 5 min (lane 8). No spe-
cific DNA cleavage was shown in control cultures (lane 1) and in
cultures exposed to 1 sec (lane 2), 3 sec (lane 3), 10 min (lane 9),
15 min (lane 10), 25 min (lane 11) and 1 h (lane 12) of UV irradi-
ation. M lanes represent a molecular weight size standard (100 base
pairs). One representative experiment out of three is shown.

ated during short periods of time. In cells irradiated for
periods longer than 10 min, this specific DNA cleavage
pattern was not observed. HL60 cells irradiated during
1 sec and 3 sec did not show DNA ladder fragmenta-
tion similarly to control cells (Fig. 9).
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4. Discussion

In the current study we evaluated and compared sev-
eral different methods for detecting cell death (either
apoptosis or necrosis), using UV irradiation of HL60
cell line as a model.

Since apoptosis is involved in multiple physiologi-
cal and pathological processes and is induced by most
cytotoxic drugs used in treatment of neoplastic dis-
eases it is important not only to quantify the percent-
age of death but also to identify the type of cell death.
A variety of methods are now available to detect and
quantify apoptosis, based on parameters as different as
changes in DNA content, DNA fragmentation, chro-
matin condensation, alteration of membrane integrity,
loss of asymmetry of plasma membrane, and other
morphological characteristics of cells.

Apoptosis was originally distinguished from necro-
sis on the basis of cell ultrastructure [22,23] and elec-
tron microscopy (EM) is still considered the most reli-
able method for recognising these two processes. How-
ever their applicability to routine is restricted. The
classical alternative to EM method is Giemsa stain-
ing which also allows recognition of the main mor-
phological features of the cells. However apoptotic and
necrotic cells in advanced phase of deterioration and
apoptotic bodies without chromatin are frequently lost
in cytospin preparations thereby biasing the results to-
wards underestimation of cell death.

All methods tested except AO/EB by flow cytome-
try and annexin V-FITC/PI assay were concordant in
relation to induction of apoptosis and necrosis in the
various irradiation time periods tested. Thus, 15 sec of
exposure to UV induced 100% of apoptosis. The same
happened with all time periods through 5 min of ir-
radiation. Fifteen min, 25 min and 1 h of irradiation
induced necrosis in an increasing percentage of cells.
Three-sec of irradiation induced a relevant percentage
of apoptosis as measured by microscopical evaluation
of AO/EB staining (26.6% of cells) and this result was
confirmed by PI (sub-G1 peak), and TUNEL as well
as by Giemsa staining. Thus, up to 5 min of expo-
sure to UV, almost all cells were in apoptosis, while
longer irradiation periods resulted in necrosis. These
results were not in agreement with those obtained by
other authors that used the same model of cell death in-
duction (UV radiation). Martin and Cotter [30] found
that HL60 cells irradiated for different time periods up
to 30 min died by apoptosis and cells irradiated for 1
and 2 h died by necrosis. Similarly Lennon and col-
leagues [28] referred that 10 min of irradiation induced

apoptosis while 2 h of irradiation induced necrosis. In
both cases the cultures were analyzed for cell death af-
ter 4 h of incubation in standard conditions. These dif-
ferences to our results can be explained by the different
methodology we used: Martin and Cotter [30] placed
the cell cultures at a distance of 2.5 cm of the UV tran-
silluminator source, Lennon et al. [28] irradiated the
cells at a distance of 1.5 cm of the source while we
placed the cultures directly onto the transilluminator.
To exclude the possibility that the cells were dying as
a result of hyperthermia we measured the temperature
reached at which the cells were exposed. In fact for ex-
posure periods of 25 min or longer, temperature was
above physiological limits (42.2°C for 25 min, 47.6°C
for 1 h, at the end of the irradiation period). These
temperatures may be responsible for some percentage
of cell death but this fact does not invalidate results
achieved up to 15 min of irradiation.

It is well known that apoptotic cells stained with pro-
pidium iodide after fixation show a decrease in fluores-
cence intensity, resulting in the appearance of a well-
defined subpopulation in the cell cycle profile, the sub-
G1 cells [11,46]. This holds for staining with other
DNA binding or intercalating agents [47] and is prob-
ably due to the fact that small pieces of DNA resulting
from chromatin fragmentation may leak from the cell
after permeabilization [11].

The utilisation of the sub-G1 peak method for eval-
uation of the percentage of apoptotic cells in a given
population may have however some pitfalls: it is likely
that apoptotic cells originally in S or G2/M phases
which enter apoptosis may fall into other cell cycle
compartments after loss of fragments of DNA, thereby
being located in regions other than the sub-G1 region
and leading to underestimation of the percentage of
apoptotic cells [45]. However, our results suggest that
this might not be a real problem as it does not appear
to be any significant change in the prevalent cell cycle
profile observed. Also, the sub-G1 peak may include
apoptotic bodies, rendering quantification of apoptotic
cells difficult. Lastly, it is important to keep in mind
that not all cell types have the same tendency to form
apoptotic bodies. While HL60 cells rapidly form apop-
totic bodies, MOLT-4 cells, for example, do not [4].
For detection of cell death by necrosis this method
alone is not useful since necrotic cells show the same
cell cycle profile as control cells, as we observed in this
study when HL60 cells were irradiated for time peri-
ods longer than 15 min. However this method is rapid
and enables identification of apoptosis.

DNA ladder detected in agarose gel electrophore-
sis was considered to be the hallmark of apoptosis
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for a long time. However in some situations cells that
ultrastructurally may be defined as apoptotic do not
show the ladder pattern [7,33] and cells that ultrastruc-
turally appear as necrotic show it [§8]. Some of these
“false negative” can be explained by the fact that in
some cases of apoptosis DNA cleavage results in for-
mation of high molecular weight fragments (300 kbp
and 50 kbp) which cannot be revealed by conven-
tional electrophoresis that detect DNA ladder [33].
This methodology does not appear to be as sensitive as
others tested as DNA ladder was not detected in sam-
ples with approximately 30% of apoptotic cells and
less, which was the case for cells exposed for 3 sec to
UV. However this method is still useful, since it allows
assessment of one important biochemical event char-
acteristic of apoptosis.

The TUNEL assay enabled detection of DNA breaks
for an UV irradiation time of 3 sec but it was unable
to discriminate between apoptosis (15 sec to 5 min of
exposure) and necrosis (15 min to 1 h) in our model.
Grasl-Kraupp et al. [19] also observed, using several
models of induction of apoptosis and necrosis other
than UV, that TUNEL assay was not specific for apop-
tosis, since positive reaction for TUNEL appeared in
necrotic hepatocytes. When we analyzed cells without
the 4 h-incubation period it was possible to observe
that time periods of irradiation of 15 min or longer had
the same pattern of incorporation of the correspond-
ing time periods with the 4 h-incubation. This suggests
that direct effect of UV for longer periods of exposure
was able to induce DNA breaks per se. Thus, TUNEL
assay revealed few advantages over AO/EB method
since it is time-consuming and costly and does not
permit unequivocally to distinguish between apoptosis
and necrosis. However this method seems to be more
sensitive in early detection of apoptosis in cells that
by morphological analysis with AO/EB double stain-
ing for fluorescence microscopy were identified as vi-
able. In TUNEL we observed that 3 sec-irradiation of
HL60 cells resulted in an increased incorporation of
fluorescein-labelled nucleotides in relation to the con-
trol. This may suggest that cells appearing microscop-
ically viable may be in fact in a very early stage of
apoptosis. This hypothesis may be tested performing
measurement of cell death using longer periods of in-
cubation post-irradiation, as 8 and 24 h.

Annexin V assay is now widely used for detection
of apoptosis induced by a variety of stimuli, is con-
sidered the most sensitive flow cytometric assay and
when used simultaneously with a membrane imperme-
able DNA stain as propidium iodide enables discrimi-

nation of the different stages of apoptosis, and necrotic
cells [25,49]. This assay was also considered to be an
early marker of apoptosis, occurring prior to the detec-
tion of DNA breaks, evaluated by TUNEL or ISNT (in
situ nick translation) assays [27,34]. With annexin V-
FITC/PI assay it was possible to detect a higher per-
centage of early apoptotic cells and a smaller percent-
age of viable cells in all irradiation periods that induced
apoptosis when compared to AO/EB double staining
for flow cytometry. However in our model, chromatin
condensation evaluated by AO/EB in fluorescence mi-
croscopy, was detected in a higher percentage of cells
than the translocation of phosphatidylserine monitored
by annexin V-FITC/PI assay, what suggests that either
the AO/EB technique (by fluorescence microscopy) is
more sensitive or is able to detect apoptosis at an ear-
lier step. This was also achieved by O’Brien et al. [34]
in plant cells of Nicotiana plumbaginifolia, but in their
model of apoptosis induction (camptothecin) annexin
V was an earlier indicator than TUNEL assay. This
method however is a rapid way to identify and discrim-
inate apoptotic and necrotic cells.

In this study we pointed out advantages and disad-
vantages of the different methods tested in our model,
but it is important to say that AO/EB double staining
read in fluorescence microscopy seems to be the most
reliable, cheap and flawless technique with the sole dis-
advantage of requiring immediate reading.

The choice of the most appropriate method of detec-
tion of cell death is not peaceful amongst the different
groups studying apoptosis as the type of model used
may be relevant as well as the need to quantify or just
identify the type of cell death. Ours and many other
studies suggest that the utilisation of two or more dif-
ferent techniques may be convenient to avoid determi-
nation errors.
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AO, acridine orange; bp, base pairs; BSA, bovine
serum albumin; DTT, dithiothreitol; EA, early apop-
totic cells; EB, ethidium bromide; EDTA, ethylene-
diaminotetraacetic acid; F-12-ddUTP, fluorescein-12-
2’-dideoxyuridine-5"-triphosphate; FITC, fluorescein
isothiocyanate; h, hour; LA, late apoptotic cells; min,
minutes; N, necrotic cells; PBS, phosphate buffered
saline; PI, propidium iodide; sec, seconds; TB, try-
pan blue; TdT, terminal deoxynucleotidyl transferase;
TUNEL, terminal deoxynucleotidyltransferase dUTP
nick-end labelling; UV, ultraviolet radiation; V, viable
cells.
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