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QUANTIFICATION OF APOPTOSIS AND NECROSIS BY FLOW CYTOMETRY

MICHAEL G. ORMEROD, XIA0-MING SUN, DAvVID BROWN, ROGER T. SNOWDEN and GERALD M. COHEN

Apoptosis and necrosis are two important mechanisms of cell death. Several methods have recently
been described for quantifying apoptotic cells by flow cytometry. We report a novel method for the
quantification and separation of viable normal and apoptotic cells. We have applied this method both
to immature rat thymocytes treated with a variety of agents and to a murine haemopoetic cell line after
withdrawal of a growth factor. The cells were incubated with two dyes which give fluorescent complexes
when bound to DNA, the bis-benzimidazole, Hoechst 33342, and propidium iodide. Three populations
were identified and characterized. On excitation with UV radiation, dead cells fluoresced red due to the
uptake of propidium iodide whereas apoptotic cells fluoresced bright blue; normal cells showed low blue,
low red fluorescence. In this paper, we demonstrate how this method may be used to help to distinguish

between cell death by apoptosis and necrosis.

Introduction

Two distinct modes of cell death— apoptosis and necro-
sis—have been recognized in eukaryotic cells (1-3).
Apoptosis is involved in many normal biological processes,
such as embryonic and T-cell development, metamorphosis
and hormone-dependent atrophy (see reviews in (2) and
(4)). It can also be induced by a variety of chemicals,
including glucocorticoids (5) and chemotherapeutic agents
which damage DNA (6). Apoptosis, which can be re-
garded as a mechanism of cell suicide, is characterized
morphologically by condensation of nuclear chromatin,
compaction of cytoplasmic organelles, cell shrinkage and
changes at the cell surface (2, 3). Apoptotic cells in vivo
are rapidly phagocytosed whereas in vitro rupture of the
plasma membrane occurs only at a late stage. Biochemi-
cally, the most striking characteristic of apoptotic cells is
the fragmentation of DNA into oligonucleosomal frag-
ments with lengths which are multiples of 180-200 bp (3,
7. 8). In contrast, the hallmark of necrosis is uncontrolled
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swelling followed by rupture of the plasma membrane. The
nucleus also swells but its major constituents are often
recognizable at a late stage in the process (2). DNA
degradation tends to be non-specific.

Conventional light and electron microscopy offer the
best methods for detecting dying and dead cells and distin-
guishing between apoptosis and necrosis (1, 2). However,
these techniques do not lend themselves to quantification.
Biochemical measurements, such as estimation of DNA
fragmentation (7), estimate the average property over a
whole population. Flow cytometry has the advantage that
measurements are made on large numbers of single cells
with the bonus that selected populations can undergo
fluorescence activated cell sorting.

Several papers have recently described flow cytometric
methods for detecting apoptotic cells in lymphocytes and
in cell lines derived from T and B cells or their tumours
(9-24). Most of these methods necessitate fixing or perme-
abilizing the cells and only a few of them can simulta-
neously measure both necrotic and apoptotic cells. We
have recently published a method, based on the uptake of
the bis-benzimidazole dye, Hoechst 33342, which uses
unfixed cells so that the apoptotic population can be sorted
for further morphological and biochemical study. Hoechst
33342, which is taken up by viable cells, binds to AT rich
regions in the minor groove of the DNA where 1t
fluoresces blue under UV radiation. The method relies on
the chance observation that some types of apoptotic cells
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take up Hoechst 33342 more rapidly than normal cells
(19, 22, 23). Cells with damaged plasma membranes, in-
cluding necrotic cells, can be distinguished by adding
propidium iodide (PI) which is excluded by viable cells and
which fluoresces red on binding to the DNA of damaged
cells.

In this article, we use the phrase ‘dead’ to describe cells
which have damaged plasma membranes and are unable to
exclude dyes such as trypan blue or PI. The term ‘viable’ is
used to describe all cells with an intact plasma membrane
including cells undergoing apoptosis.

Material and Methods

Material. Dexamethasone, etoposide, Hoechst 33342,
and propidium icdide were obtained from Sigma Chemical
Co. (Poole, England), zinc acetate dihydrate from Fisons
Scientific (Loughborough, England), camptothecin, 4'-(9-
acridinylamino) methanesulfon-m-anisidine (m-AMSA)
and 4'-(9-acridinylamino) methanesulfon-o-anisidine (o-
AMSA) from the Chemistry Branch, National Cancer
Institute, Bethesda, Md., USA, fetal bovine serum (FBS)
and RPMI-1640 from Gibco (Paisley, Scotland), Dulbec-
co’s ‘A’ phosphate-buffered saline (PBS) from Unipath
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(Hampshire, England) and minimum essential medium
from Flow Laboratories (Irvine, Scotland).

Cell culture. Murine IL-3-dependent BAF-3 cells (25)
were cultured in RPMI medium containing 10% FBS,
1 mM glutamine and 5% conditioned medium from the
IL-3 producing cell line, Wehi-3B. To induce apoptosis,
the cells were washed twice and then cultured in the above
medium without the addition of the conditioned medium.

Thymocytes. Male Fischer 344 rats, 4—5 weeks old, were
bred at the MRC Toxicology Unit (Carshalton, England);
murine thymocyte were obtained from CBA mice. Animals
were given food and water ad libitum. Thymocytes were
isolated as described previously (23). The cells were sus-
pended in RPMI-1640 plus 10% FBS at a final concentra-
tion of about 2 x 10’ ml~". Cells were incubated for 4-6 h
at 37°C under an atmosphere of 95% air:5% CO,, alone or
with different drugs as described in the text.

Flow cytometry. Cells were analysed on an Ortho Cy-
tofluorograf 50H linked to a 2150 computer system
equipped with a Coherent argon-ion laser producing
200 mW at 488 nm and a Coherent krypton laser produc-
ing 50 mW at 352 nm. Univariate histograms and bivariate
cytograms were transferred to an IBM-compatible PC for
further analysis and preparation of figures using software
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Fig. 1. DNA histogram from murine thymocytes incubated at 37°C after 3 Gy y-radiation. The cells were fixed and incubated with PI
and RNAase before recording red fluorescence excited by blue light. A sub-G1 peak, labelled ‘Ap’, appears with time of incubation. A)
No radiation, 0 h; B) No radiation, 4 h; C) 3 Gy radiation, 0 h; D) 3 Gy radiation, 4h.
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written by one of the authors (MGO). In order to record
DNA histograms, about 10° cells were pelleted, resus-
pended in 200 ul PBS and fixed rapidly in 2ml 70%
ice-cold ethanol. Cells were centrifuged from the fixative,
resuspended in 1 ml PBS, 10 pg/ml PI, 100 zg/m! RNAase
and incubated at 37°C for 30 min. The excitation wave-
length in the cytometer was 488 nm and red (> 630 nm)
fluorescence was recorded. Pulse shape analysis was per-
formed to eliminate any cell clumps (26). To discriminate
between live, ‘dead’ and apoptotic cells, cells were incu-
bated at 37°C in RPMI-1640 medium plus 10% FBS in the
presence of 1 pg/ml Hoechst 33342 for 7 min for BAF-3
cells and 10 min for rat thymocytes. The cells were cooled
on ice, centrifuged and the pellet resuspended in PBS,
S pg/ml PI and kept on ice. The flow cytometer was used
with the UV laser and forward light scatter, blue (400-
500 nm) and red ( > 630 nm) fluorescence recorded.

DNA gel electrophoresis and DNA fragmentation.
Agarose gel electrophoresis was carried out as previously

described (22). DNA fragmentation was measured by the
percentage of diphenylamine reactive material present in
the supernatant fraction obtained after centrifuging lysed
cells at 13 000 G (27).

Results and Discussion

DNA histogram

Fig. 1 shows a DNA histogram recorded from some
murine thymocytes after y irradiation in vitro, a treatment
which is known to cause cell death through apoptosis (28).
The cells were fixed in ethanol and stained with PI. Before
the cells were incubated at 37°C (time 0), the DNA
histogram consisted predominantly of a single peak from
cells in G1/GO of the cell cycle. At later times, a hy-
podiploid (‘sub-G1’) peak, which increased with time of
incubation in both irradiated and unirradiated cells, was
evident, being greater after irradiation. A similar peak has
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Fig. 2. Uptake of Hoechst 33342 by BAF-3 cells undergoing apoptosis; cytograms of blue (Hoechst-DNA) versus red fluorescence
(PI-DNA). Cells, incubated in medium without IL3 for 16 h, were incubated with Hoechst 33342 (1 ug/ml) for the times shown,
centrifuged and P1 (5 ug/ml) added. The red PMT voltage was set in order to visualize the red fluorescence from Hoechst-DNA; the
PI-DNA fluorescence from the ‘dead’ cells was consequently off-scale. N = normal cells; Ap = apoptotic cells; Dd = ‘dead’ cells. The times
of incubation with Hoechst 33342 were: A) 5 min; B) 10 min; C) 20 min; D) 40 min.
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been observed on the induction of apoptosis in various
cellular systems, such as rat and murine thymocytes, a
murine haemopoetic cell line and in human leukemic cell
lines after vy irradiation, withdrawal of growth factor and
treatment with glucocorticoids and topoisomerase I and II
inhibitors (9-12, 14-18, 20, 22, 24). Darzynkiewicz et al.
(20) have reviewed the current evidence and concluded
that the reduced stainability of DNA in apoptotic cells

represents a decrease in the DNA content and is not due to
a change in the dye-DNA interaction.

Necrotic cells cannot be recognized in a conventional
DNA histogram although in some systems it may be
possible to distinguish them by light scatter (for example,
see (18)). There is an alternative method of cell cycle
measurement which distinguishes between dead and live
cells. Unfixed cells are incubated with PI which stains the

A

mCcoC ™

mcrC ™

FORWARD SCATTER

Fig. 3. BAF-3 cells undergoing apoptosis incubated for 7 min with Hoechst 33342, other details as in Fig. 2. A) Cytogram of blue
(Hoechst-DNA) versus red fluorescence (PI-DNA). Alongside the cytogram are tracks from DNA gel electrophoresis of cells sorted from
the clusters marked ‘Ap’ and “N’. The apoptotic cells (Ap) gave characteristic DNA ‘ladders’ while the DNA in the normal (N) cells was
of high molecular weight. B) Cytogram of blue (Hoechst-DNA) fluorescence versus forward light scatter after gating out the Pl-positive

(dead) cells on cytogram A.
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DNA of dead cells; the cells are then fixed and stained
with Hoechst 33342. On excitation with UV radiation, the
dead cells fluoresce red from PI and the cell cycle of the
live cells is revealed by the blue Hoechst fluorescence (29).
In this method, the Hoechst-DNA histogram of the apop-
totic cells showed a sub-G1 peak allowing identification of
live, ‘dead’, and apoptotic cells (20).

For these assays, the cells must be fixed or permeabilized
and these procedures limit the value of sorted cells for
further biochemical or morphological study.

The Hoechst-PI method (19, 22, 23)

Murine haemopoetic cell line. The murine haemopoetic
cell line, BAF3, requires interleukin-3 (IL3) for growth
(25). If IL3 is removed, after 9 h, the celis start to undergo
apoptosis (11, 22). These cells, 18 h after withdrawal of
growth factor, were incubated with a low concentration of
Hoechst 33342 (1 pg/ml), washed, PI added and a cy-
togram of blue (Hoechst-DNA) versus red (PI-DNA)
fluorescence recorded. Fig. 2 shows the time course of
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uptake of Hoechst 33342. A separate cluster of cells could
be identified which took up the Hoechst dye more rapidly
and fluoresced more brightly. After extended incubation,
this separate population could only be distinguished by a
difference in the ratio of blue to red Hoechst-DNA fluores-
cence (Fig. 2). Cells from the rapidly staining population
have been sorted and identified as apoptotic by light and
electron microscopy and DNA gel electrophoresis (22). An
example of the latter is shown in Fig. 3A; DNA extracted
from cells sorted from the high blue, low red cluster (‘Ap’
in the Figure) gave a characteristic ‘ladder’ of nucleosomal
fragments or multiples thereof. In contrast, DNA from
cells sorted from the low blue, low red cluster (‘N’) was of
high molecular weight. In the cytogram, cells ‘tracking’
between the apoptotic (high blue, low red fluorescence)
and the ‘dead’ populations (low blue, high red) could be
observed as well as dead cells whose DNA was being
further degraded. In this system, the forward light scatter
of the apoptotic cells was greater than that of the normal
cells but this difference was insufficient on its own to
distinguish between the two populations (Fig. 3B). The
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Fig. 4. The effect of Zn>* on BAF-3 cells undergoing apoptosis. BAF3 cells were incubated for 16 h in the absence of IL3 and in the
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presence of different concentrations of zinc acetate. Cells were then incubated with Hoechst 33342 and PI added as in Figs 2 and 3. Labels
as in Fig. 3. A) No Zn?*; B) 20 uM Zn2*; C) 100 uM Zn?*; D) 500 uM Zn?*.
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ability to distinguish between apoptotic and necrotic cells
was demonstrated when we investigated the effect of zinc
acetate on this system (Fig. 4). Zn>* inhibits the Ca?*,
Mg?* dependent endonuclease which degrades the DNA in
apoptotic cells into oligonucleosomal fragments (30). On
the basis of the inhibition of DNA ‘laddering’, it has been
reported that Zn’* prevents apoptosis but we have shown
that, in the presence of this ion, immature rat thymocytes
treated with dexamethasone still undergo key morphologi-
cal changes associated with apoptosis in the absence of
DNA fragmentation (27). In contrast to thymocytes, over
the period of 18 h used to induce apoptosis, BAF3 cells
were susceptible to the cytotoxic effects of Zn?*. At con-
centrations of zinc acetate greater than 100 uM, dead cells
were observed while at 100 uM or less the production of
apoptotic cells (as measured by high blue fluorescence) was
not inhibited (Fig. 4).

Immature rat thymocytes. When the Hoechst-PI method
was applied to immature rat thymocytes, it was found that
an optimal separation between normal and apoptotic cells

was obtained when a slightly longer time of incubation
with Hoechst 33342 was used (10 min) (23). During apop-
tosis rat thymocytes shrink and become denser (3); this
alteration was reflected in a dramatic decrease in the
forward light scatter, thereby giving a second parameter
with which to distinguish the normal and apoptotic popu-
lations (Fig. 5). This should be contrasted with the BAF3
cells in which the apoptotic cells scattered more light,
emphasizing the importance of fully characterizing apop-
totic cells for each cell type studied. We have sorted cells
from the populations labelled apoptotic and normal and
confirmed their classification using DNA gel electrophore-
sis and electron microscopy (23). Lyons et al. (21) have
observed a small increase in the uptake of ethidium bro-
mide in apoptotic murine thymocytes. The increase in the
rates of uptake of both Hoechst 33342 and ethidium
bromide may be caused by the same change in the plasma
membrane of apoptotic thymocytes. We have used the
Hoechst 33342/PI method to quantify the amount of
apoptosis in thymocytes after treatment with a variety of
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Fig. 5. Quantification of apoptotic rat thymocytes. Immature rat thymocytes were incubated alone (A, B) or with 0.1 uM dexa-
methasone (C, D) for 4 h and then with Hoechst 33342 (1 pg/ml) for 10 min. PI (5ug/ml) was added before analysis. A, C) Cytograms
of blue (Hoechst/DNA) versus red (PI/DNA) fluorescence. B, D) Cytograms of blue fluorescence versus forward light scatter after gating
out the PI positive cells on cytogram A or C. N = normal cells; Ap = apoptotic cells; Dd = "dead’ cells.
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Fig. 6. Correlation between DNA fragmentation and percentage
apoptotic cells in immature rat thymocytes after incubation for
4 h with different drugs. DNA fragmentation was the percent
DNA in the supernatant fraction after centrifugation of lysed cells
at 13 000 G; percentage apoptotic cells was measured by flow
cytometry. M—no drug; ¢ —dexamethasone (0.1 uM); O —
etoposide (1,5, 10, 25 uM); [J-—camptothecin (1, 10, 100 uM);
A —m-AMSA (1. 5,10, 25 uM); V—0-AMSA (1, 5, 16,25 uM).
The lie shown was fitted by linear regression analysis excluding
the data from o-ASMA.

compounds and have compared this to the amount of
fragmented DNA measured by the diphenylamine method.
The compounds used were the glucocorticoid, dexa-
methasone, the topoisomerase I inhibitor, camptothecin,
the topoisomerase II inhibitors, eptoposide and m-AMSA
and the structural isomer, o-AMSA. With the exception of
the data obtained after treatment with 0-AMSA, there was
a good correlation between the two measurements further
establishing the validity of the flow cytometric technique
(Fig. 6). The apoptosis observed in the presence of o-
AMSA was slightly increased above that from the un-
treated control cells while the amount of DNA
fragmentation was the same or less than the control.
Characteristic DNA ‘ladders’ were also absent from the
DNA gels (data not shown). The presence of high blue
cells in the flow cytometric assay without concomitant
DNA fragmentation suggests that o-AMSA inhibits the
specific endonuclease involved in the apoptotic process.
We have previously shown that critical changes in apopto-
sis in thymocytes precede endonuclease activation (Cohen,
Sun, Snowden, Ormerod and Dinsdale, submitted for
publication) and that treatment of immature rat thymo-
cytes with dexamethasone in the presence of zinc acetate
induces apoptosis without DNA fragmentation (27). This
previously unreported effect of 0o-AMSA clearly requires
further study. The two isomers of AMSA also provide an
example of the distinction of different mechanisms of
cytotoxicity (Fig. 7). Immature rat thymocytes were
treated with different concentrations of the isomers, m-
AMSA and o-AMSA. At low concentrations, m-AMSA
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Fig. 7. Effect of m-AMSA and o-AMSA on immature rat thymo-
cytes. Cells were incubated for 4 h with drug and the percentage of
normal and apoptotic cells estimated by flow cytometry. Solid
symbols—m-AMSA; open symbols—o-AMSA; 00, B —viability;
O, @ apoptosis.

caused an increase in apoptosis above that seen in un-
treated cells while at increased concentrations, there was a
large increase in ‘dead’ cells. At the lower concentrations,
0-AMSA had a much smaller effect whereas at higher
concentrations, the predominant effect was loss of viabil-
ity. The flow cytometric data revealed two mechanisms of
cell killing; at high doses of drug, necrosis was induced
equally effectively by both isomers while at lower doses
m-AMSA triggered apoptosis.

Concluding Discussion

It would be highly desirable to have a universal flow
cytometric method for detecting apoptotic cells. Unfortu-
nately, at present, the most reliable method of identifying
apoptotic cells is morphological assessment. Flow cytomet-
ric methods which involve the observation of a hy-
podiploid or ‘sub-G1’ peak in the DNA histogram rely on
extensive DNA degradation as part of the apoptotic pro-
cess. However, it is not known whether endonuclease
activation, which is undoubtedly important in many types
of cell, is universal and we have also shown that this is a
late event in apoptosis and can be divorced from key
morphological changes ((27), and Cohen, Sun, Snowden,
Ormerod and Dinsdale, submitted for publication).

It has been reported that there are alterations in the
plasma membranes for apoptotic thymocytes (31, 32). The
increased staining of thymocytes by Hoechst 33342 is due
to an increased rate of uptake of the dye (Ormerod, Sun,
Snowden, Davies, Fearnhead and Cohen, submitted for
publication) presumably caused by a change in the proper-
ties of the plasma membrane. Although we have observed
this effect in two systems, there is no reason to assume that
such a change is a universal hallmark of apoptosis. Even,
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hose types of cell in which this effect is observed, the

method should still be used with caution since some drugs
may induce changes in the properties of the plasma mem-
brane independent of apoptosis. Despite its limitations, the
Hoechst/PI method has advantages over other methods in

the
apo

literature. It has enabled us to quantify and separate
ptotic rat thymocytes and, more recently, we have

utilized the method to characterize a preapoptotic sub-
population of cells (Cohen, Sun, Snowden, Ormerod and
Dinsdale, submitted for publication).

Any flow cytometric method for quantifying apoptotic
cells must be validated in the cell system under study.
Cell sorting should ideally be combined with light and

elec

14.

tron microscopy.
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