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Regulation of peripheral lymphocyte number involves a poorly understood balance between cell renewal and
loss. Disrupting this balance leads to a large number of disease states. Methods which allow qualitative and
quantitative measurements of cell viability are increasingly valuable to studies directed at revealing the
mechanisms underlying apoptotic and necrotic cell death. Here, we have characterized a method using
single-laser flow cytometry that differentiates and quantifies the relative number of live, apoptotic, and
late-stage apoptotic and necrotic peripheral lymphocytes. Following in vitro gamma irradiation and staining
with acridine orange in combination with ethidium bromide, three distinct populations were seen by bivariate
analysis of green versus red fluorescence. The identity of each distinct fluorescent population (whether live,
apoptotic, or necrotic) was determined by sorting and examination of cellular morphology by electron micros-
copy. This flow cytometric method is directly compared with the techniques of trypan blue exclusion and DNA
fragmentation to quantify cell death following exposure to various doses of in vitro gamma irradiation and
postirradiation incubation times. We extend our findings to illustrate the utility of this method beyond
analyzing radiation-induced apoptotic peripheral blood mononuclear cells (PBMC); similar fluorescent pat-
terns are shown for radiation- and corticosteroid-treated murine thymocytes, activated human PBMC, and
PBMC from human immunodeficiency virus-infected individuals. Our results demonstrate that dual-param-
eter flow cytometric analysis of acridine orange-ethidium bromide-stained lymphocytes is overall a superior
method with increased sensitivity, greater accuracy, and decreased subjectivity in comparison with the other
methods tested. By using standard laser and filter settings commonly available to flow cytometric laboratories,

this method allows rapid measurement of a large number of cells from a heterogeneous sample.

Multicellular eukaryotes regulate net cell number during
normal physiological growth and function by a combination of
cell proliferation and death. Initiation and completion of phys-
iological cell death, a process which is termed apoptosis (28),
are intrinsic to individual cells and are controlled genetically.
This process is in contrast to accidental cell death, or necrosis,
which results from severe environmental perturbations. Evi-
dence for apoptotic cell death is seen in embryonic develop-
ment, normal tissue turnover, selection against autoreactive
immune cells, and hormone-induced atrophy of target tissues
and organs (7, 9, 47). There is great interest in understanding
the molecular events involved in the induction and processes of
apoptosis, in that such events may be key to regulation of
normal cell growth (18, 26, 44, 48). Not surprisingly, aberrant
induction of apoptosis has been implicated in many disease
processes, such as cancer, autoimmunity, central nervous sys-
tem degeneration, and AIDS (4). It is conceivable that effec-
tive diagnostic and therapeutic strategies may be designed on
the basis of the genetic and biochemical events involved in
apoptosis. Therefore, methods to accurately characterize and
quantify apoptotic cells have become increasingly important in
further understanding apoptosis in normal and disease pro-
cesses.

There are a variety of strategies possible in developing meth-
odologies that differentiate live from apoptotic and necrotic
cells. The more widely used methods, which are based on
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characteristic biochemical and morphologic changes in apop-
totic versus necrotic cells, include transmission and light mi-
croscopy, analysis of DNA fragmentation using gel electro-
phoresis or DNA quantification assays (17, 39), in situ DNA-
labeling techniques (19, 20), and analysis of nuclear chromatin
by fluorescent DNA-binding dyes and flow cytometry (11, 16,
24, 27-30, 33-35, 37-42, 49). Electron microscopy is consid-
ered the “gold standard” by which characteristic apoptotic
features such as nuclear and chromatin condensation and the
presence of apoptotic bodies and unaltered cytoplasmic or-
ganelles are clearly distinguishable. However, this method has
an inherent degree of subjectivity and is inappropriate for
screening a large number of cells. Similarly, less-time-consum-
ing methods such as visualization of cells stained with supra-
vital dyes, DNA-binding stains, or fluorescent dyes may yield
inaccurate results (36). Oligomeric DNA fragmentation is not
always associated with apoptosis alone and can be used to
quantify the relative number of apoptotic cells only if complete
oligomeric fragmentation of DNA into low-molecular-weight
species occurs. This property cannot be assumed in all cells
under all induction conditions (2, 6, 10, 36).

In this report, we describe a method to accurately and rap-
idly quantify apoptotic lymphocytes from peripheral blood
mononuclear cells (PBMC). By using single-laser multiparam-
eter flow cytometry on unfixed cells, live lymphocytes may be
distinguished from early- and late-stage apoptotic and necrotic
cells on a single-cell basis when they are stained with acridine
orange (AO) and ethidium bromide (EB). AO-EB staining has
been reported in studies of apoptosis in human immunodefi-
ciency virus (HIV) infections (21, 22). However, the claims that
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the AO™Y lymphocyte population represent apoptotic cells are
not supported by direct experimental evidence. Here, we char-
acterize the distinct AO-EB staining populations of radiation-
induced apoptotic PBMC by sorting and ultrastructural mor-
phology. We have compared the results of this flow cytometric-
based assay with those from other widely used assays for
apoptosis, such as vital dye exclusion and DNA fragmentation,
using PBMC undergoing radiation-induced apoptosis. Our re-
sults are of interest to many types of studies in which accurate
quantification of apoptosis is necessary on a single-cell basis
with limited and heterogeneous samples.

MATERIALS AND METHODS

Cell preparation and culturing. Human PBMC were isolated from hepa-
rinized whole blood by density gradient centrifugation (Histopaque [p = 1.077];
Sigma, St. Louis, Mo.). Cells were irradiated by using a '¥’Cs source (dose rate
= 350 rads/min) at a concentration of 107 cells per ml in culture medium (RPMI
1640 supplemented with 10% fetal bovine serum, 10 U of penicillin G per ml, 100
g of streptomycin per ml, and 0.3 g of L-glutamine per liter ((GIBCO]) and were
incubated at 2 X 10° cells per ml for the appropriate length of time at 37°C in 5%
CO,-95% air. Cell viability was determined using vital dye exclusion (0.4%
trypan blue), AO-EB staining and flow cytometry, and visualization of DNA
fragmentation by agarose gel electrophoresis.

PBMC were activated in vitro by addition of the CD4 T-cell-specific superan-
tigen Staphylococcus aureus enterotoxin B (SEB; Sigma) at 1 pg/ml. During this
culture period, lymphocyte blast formation and expression of various cell surface
activation markers were observed, along with a decrease in overall viability (by
trypan blue exclusion) compared with resting lymphocyte cultures from the same
donor.

Thymocytes were prepared from 2- to 6-week-old mice. Thymuses were re-
moved and made into a single-cell suspension in phosphate-buffered saline
(PBS) supplemented with 0.5% bovine serum albumin. Cells were plated at 2 X
10° cells per ml in culture medium following irradiation at 500 rads (5 Gy) or
treatment with 10~7 M dexamethasone (Sigma). After a 24-h incubation at 37°C,
the thymocytes were harvested for DNA extraction (39) or AO-EB staining.

DNA extraction. Whole cellular DNA was isolated from human PBMC. Cells
were pelleted and lysed with 1% sodium dodecyl sulfate in TE (10 mM Tris [pH
8.0], 0.5 mM EDTA), and digested by proteinase K (100 pg/ml; Boehringer
Mannheim Biochemicals, Indianapolis, Ind.) for 2 to 4 h at 56°C. Samples were
extracted with phenol and chloroform, and the DNA was precipitated with a 1/10
volume of 3 M sodium acetate and an equal volume of ethanol. DNA was
pelleted at 15,000 X g and resuspended in TE and 10 pg of DNase-free RNase
(Boehringer Mannheim Biochemicals) per ml for 30 min at 37°C. Low-molecu-
lar-weight DNA from irradiated mouse thymus was prepared as described else-
where (39). DNA samples were fractionated on a 1.5% agarose gel in Tris-
acetate buffer (0.04 M Tris acetate, 2 mM EDTA) by electrophoresis at 25 V for
15 h. The DNA was stained with EB (0.5 pg/ml), destained, and visualized with
254-nm-wavelength UV light.

Electron microscopy. Cells were fixed in 2% glutaraldehyde in PBS, postfixed
in osmium tetroxide, dehydrated, and embedded in Epon. Thin sections were
stained with lead citrate-uranyl acetate and examined under a Zeiss 10 electron
microscope.

Cell staining and flow cytometry. For flow cytometric measurements, 10°
PBMC were pelleted, resuspended in 200 wl of PBS, and stained with 2 wl of
100X stock of AO-EB in PBS. The final concentrations of AO (Aldrich, Mil-
waukee, Wis.) and EB (Sigma) were 0.1 and 0.25 pM, respectively. All samples
were stained and analyzed immediately at room temperature.

Flow cytometric analysis was performed on Coulter Profile II (Coulter Cor-
poration, Hialeah, Fla.) and FACScan (Becton Dickinson Immunocytometry
Systems, San Jose, Calif.) benchtop cytometers with standard argon ion laser
settings (488 nm) and filter sets. Data from the FACScan were acquired and
analyzed as presented by using Consort 30 and LYSIS II software, respectively.
Cells were sorted using a FACS 440 (Becton Dickinson Immunocytometry Sys-
tems) cell sorter equipped with a single argon ion laser and modified with
CICERO (Cytomation, Inc., Fort Collins, Colo.) high-speed acquisition and sort
electronics. AO and EB were excited at 488 nm and emission detected with a
525/20-nm filter (FL1) and a 635/20-nm filter (FL3), respectively. Four-param-
eter list mode data were acquired for analysis and sorting. Light scatter param-
eters were used to gate on single cells, with an acquisition threshold set on the
forward scatter (FS) signal. Irradiated cells tended to have more small cell debris
that was included above the FSC threshold so as not to include them in the sort
window and thus contaminate the sort population. Fluorescence signals were
logarithmically amplified, and fluorescence compensation was determined from
unlabeled and single-labeled cell controls. Samples were run for several seconds
before datum acquisition to allow dye equilibration in the FACS 440 sample
tubing. The initial few seconds of sample flow occasionally showed artifacts in
staining intensity because of higher background fluorescence from increased
sample volume at the interrogation point. Sorting was done with two drop
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FIG. 1. Bivariate scatter and AO-EB fluorescence dot plots of normal human
PBMC. PBMC from healthy donors were isolated and stained with AO and EB.
(A) FS (x axis) versus SS (y axis) light scatter dot plots of ungated cells collected
on a linear scale. Distinguishable populations of monocytes versus lymphocytes
versus red cells, platelets, and cellular debris are shown as gates 1, 2, and 3,
respectively. (B to D) Green (FL1 [x axis]) versus red (FL3 [y axis]) fluorescence
profiles of AO-EB-stained cells from gates 1, 2, and 3, respectively. Fluorescence
events were collected on a logarithmic scale.

packets and under conditions to maximize purity over recovery. Nonrectangular
sort windows were used on all cell subpopulations of interest. Cells were sorted
directly into fixative for EM analysis. Populations were routinely plotted on
logarithmic scales as dual-parameter dot plots with AO on the x axis (FL1) and
EB on the y axis (FL3).

Cell populations differentially stained with AO and EB were routinely gated as
follows. Population 1 (AO"&"-EB'*™) was identified by gating on cells exhibiting
high FS. Populations 2 (AO'*-EB'*%) and 3 (AO'°¥-EB"&") were identified by
gating on cells exhibiting lower FS. Population 2 was defined as all cells with
lowered AO staining and EB staining equal to those of population 1. Population
3 was defined as cells showing AO staining lower than and EB staining higher
than those of population 1. Cellular debris, erythrocytes, and platelets (very low
scatter) were excluded from analysis gates when possible. However, under cer-
tain culture conditions, cells showing low FS were continuous with subcellular
particles and debris. Most of these events could be differentiated from intact cells
when the cells were stained with AO-EB by showing low-fluorescence emission
profiles. Infrequently, however, subcellular debris showing relatively high red
fluorescence following EB staining could not be removed from the analysis gate
and could therefore be included in the AO'**-EB"e" population (see Fig. SD).
In these situations, contaminating debris (showing equal green and red fluores-
cence) accounted for a small percentage of the cell-associated fluorescence.

RESULTS

Two-dimensional AQ-EB staining patterns of untreated and
gamma-irradiated PBMC. PBMC are a heterogeneous mix-
ture of leukocytes consisting of lymphocytes (T, B, and NK
cells) and monocytes. Lymphocytes, monocytes, and contami-
nating erythrocytes, platelets, and debris may be differentiated
by size, shape, and granularity on the basis of FS and SS
properties (45). A scatter plot typical of live, resting PBMC is
shown in Fig. 1A, in which circled (gated) populations 1, 2, and
3 correspond to monocytes, to lymphocytes, and to erythro-
cytes, platelets, and debris, respectively. When PBMC are
stained with low concentrations of AO (0.1 uM) and EB (0.25
pM), the green (FL1) versus red (FL3) fluorescence profile
reveals three distinct populations, each of which correlates
with one of the three gated populations on the basis of scatter
profiles. Monocytes (gate 1) exhibit relatively high red and
green fluorescence. Lymphocytes (gate 2) exhibit lower green
and red fluorescence, such that the green fluorescence falls
within a limited range and the red fluorescence exhibits more
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FIG. 2. Irradiation-induced changes in peripheral lymphocyte light scatter
and AO-EB fluorescence. Untreated and irradiated (1,000 rads, 10 Gy) PBMC
were incubated in complete medium (RPMI, penicillin, streptomycin, 10% fetal
bovine serum) for 48 h. Cells were then stained with AO and EB and analyzed
for light scatter and fluorescence properties. Fluorescence dot plots represent
events within the FS versus SS lymphocyte gates. (A and C) Light scatter plots of
FS (x axis) versus SS (y axis); (B through F) green (FL1 [x axis]) versus red (FL3
[y axis]) emission. (A and B) Unirradiated PBMC; (C to F) PBMC exposed to
1,000 rads (10 Gy). Boxes 1, 2, and 3 represent AOME" AQ°Y-EB'°¥, and
AOQO™™-EB"egh populations, respectively. Exposure to irradiation induces an ad-
ditional population showing a downward shift in FS and a slight upward shift in
SS compared with unirradiated control cells. The lymphocytes displaying scatter
shifts correspond to cells showing reduced green fluorescence and equal or
increased red fluorescence compared with the unshifted population. The distri-
bution of events in boxes 1, 2, and 3 is as follows: panel D, 58, 41, and 6%,
respectively; panel E, 98, 2, and 0%, respectively; panel F, 20, 70, and 10%,
respectively. Triplicate measurements of a single culture from three donors,
whether induced or uninduced to undergo apoptosis, yielded a standard error at
less than 5% of the mean.

variability in intensity (Fig. 1C). Platelets, erythrocytes, and
debris (gate 3), which have lower FS, show the relatively lowest
green and red fluorescence (Fig. 1D).

When PBMC are gamma irradiated and grown in culture for
various periods of time, reproducible changes occur in lym-
phocyte morphology as cells begin to die. These changes are
reflected in both light scatter properties and AO-EB fluores-
cence. Figure 2 shows light scatter (Fig. 2A and C) and AO-EB
fluorescence (Fig. 2B, D, E, and F) of unirradiated and irra-
diated (1,000 rads) PBMC following a 48-h incubation in cul-
ture. Irradiated cells show an additional population with lower
FS and higher SS (Fig. 2C, gate 2) than those for unirradiated
cells. Similar scatter patterns have been observed for rodent
thymocytes (16, 35, 40, 41) and transformed cell lines (13)
treated with agents that induce apoptosis. In such cases, the
lowered SS is attributed to dead or dying cells. These two
scatter populations show distinct patterns when analyzed for
green (AO) versus red (EB) fluorescence. Figure 2 shows the
green versus red fluorescence emission profiles from the
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low-FS and high-FS populations. Unirradiated lymphocytes
with high FS (Fig. 2A, gate 1) show a single population of
fluorescent cells (Fig. 2B, box 1). A similar fluorescence pat-
tern is seen with irradiated cells showing high FS (Fig. 2E).
Irradiated cells with decreased FS and increased SS (Fig. 2C,
gate 2) show an additional population of cells with lowered
green fluorescence, which is split between low (Fig. 2F, box 2)
and high (Fig. 2F, box 3) levels of red fluorescence. Three
populations are therefore observed with AO-EB fluorescence
of irradiated lymphocytes (Fig. 2D, gates 1 and 2): AO"&" (box
1), AO'™-EB'"" (box 2), and AOY-EB"" (box 3). The dis-
tinction between populations showing low AO and low (box 2)
versus high (box 3) EB fluorescence is often obvious. However,
a continuum of EB fluorescence may be seen in some samples
in which the upper limits of the EB™&" and the lower limits of
the EB'™ populations are not clear. In these cases, we based
the AO""-EB'™ and AO'"“-EB™&" boundary on that seen
with live, EB-impermeable cells.

On the basis of reports using these and other DNA-staining
dyes in studies of cell death, it is plausible that these three
populations represent live, early-stage apoptotic and late-stage
apoptotic and necrotic cells, respectively (21, 22, 35). To test
this possibility, we carried out further analysis of fluorescence
profiles and cellular morphology to identify the physiological
basis for each of the three distinct populations.

AO™v -EB"#=".jrradiated lymphocytes represent cells with
increased membrane permeability. At low concentrations
(<10 wM) and under physiological conditions, monomeric AO
exhibits a shift in its emission spectrum from green to red when
it is bound to double-stranded versus single-stranded nucleic
acids, respectively (14). In addition, AO will emit in the red
spectrum when it is incorporated into intracellular lysosomes.
In order to test whether the irradiated lymphocyte population
demonstrating high red and low green fluorescence under si-
multaneous AO and EB staining is due to increased EB uptake
by cells with permeabilized membranes (late-stage apoptotic or
necrotic cells) or is due to red emission by AO, we compared
the two-dimensional staining profiles of irradiated lymphocytes
in the presence of AO alone or of both AO and EB.

Figure 3 shows the results of an experiment in which PBMC
were irradiated at a high dosage (3,000 rads), incubated for 48
h to ensure a substantial amount of cell death, and stained with
AO-EB or AO alone. When the cells are stained with AO and
EB, the three populations AO™e" (box 1), AO'*-EB"" (box
2), and AO'¥-EB"#" (box 3) are observed (Fig. 3A). Under
such a high dosage and lengthy postirradiation incubation, the
predominant cell population is AO'¥-EB"", When cells are
stained with AO alone (Fig. 3B), the population with high red
fluorescence disappears and shifts into the AO'*-EB'®™ pop-
ulation. This shift indicates that the population showing high
red fluorescence is due to increased EB permeability into par-
ticular lymphocytes following irradiation and is not due to the
red emission of AO when it is bound to single-stranded nucleic
acid or uptaken up by lysosomes.

Cell sorting and ultrastructural characterization of popula-
tions based on AO-EB staining profiles. In order to character-
ize whether each distinct population defined by AO-EB fluo-
rescence is live, apoptotic, or necrotic, we sorted the three
populations and independently analyzed their morphological
features by electron microscopy (Fig. 4). Electron micrographs
from untreated or irradiated (1,000 rads, 48 h postirradiation)
lymphocytes sorted from the AO""-EB'* population appear
identical, with ultrastructural features consistent with live, rest-
ing peripheral lymphocytes (Fig. 4A and B, respectively). Irra-
diated cells from the AO™Y-EB'"" population, on the other
hand, reveal the classic features of apoptotic cells (e.g., con-
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FIG. 3. The increased red fluorescence of irradiated lymphocytes stained
with AO-EB is due to increased uptake and fluorescence of EB and not epi-
fluorescence of AO binding to single-stranded nucleic acid. PBMC were irradi-
ated at 3,000 rads (30 Gy), incubated for 48 h at 37°C, and stained with both AO
and EB (A) or AO alone (B). Bivariate fluorescence dot plots are shown rep-
resenting gated lymphocytes based on scatter properties. Three populations are
seen when both AO and EB are used (AO™&" AO'°"-EB'°" and AQ'*~-EBhigh),
Two populations are seen with AO staining alone, AO"&" and AO'*¥-EB'°¥. In
the absence of EB, the AOY-EBM&" population shifts into the AO'Y-EB'*%
population, indicating that the high red fluorescence is due to EB and not to AO.
The distribution of events in boxes 1, 2, and 3 is as follows: panel A, 31, 27, and
42%, respectively; panel B, 32, 65, and 3%, respectively.

densed nuclei and chromatin, intact cellular membrane and
cytoplasmic organelles, and membrane blebbing). The sorted
AOQ'Y-EB"#" population represents a predominance of frag-
mented cells without intact membranes and often damaged
intracellular components, making it difficult to unequivocally
identify the process of cell death as apoptosis or necrosis.
Because some cell remnants appear to have electron dense
nuclei, indicating condensed chromatin, it is likely that this
population represents a mixture of necrotic and late-stage ap-
optotic cells in the more advanced stages of deterioration.
Compared with unsorted cells, the irradiated and sorted cells
are very homogeneous in their appearance. By ultrastructural
examination, the frequencies of cells in the sorted populations
are as follows (n = >100 per sample): AOMe" = 97% live and
3% apoptotic; AO'™-EB'Y = 71% apoptotic and 29% abnor-
mal; and AO'*¥-EB"&" = 100% late-stage apoptotic, necrotic,
or cellular debris. The predominance of live, apoptotic, and
advanced apoptotic and necrotic cells in the AO™", AQ™™-
EB'°", and AO"“-EB"&" populations, respectively, supports
the interpretation that a downward shift in green fluorescence
represents changes in nucleic acid accessibility by AO and/or a
reduced overall amount of DNA in cells undergoing apoptosis
compared with healthy, live cells. In addition, as cells enter into
the later stages of apoptosis (or directly undergo necrosis), the
membrane shows increased permeability to vital dyes, as dem-
onstrated here by increased uptake and fluorescence with EB.
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Differential AO-EB staining of PBMC and thymocytes after
treatment with various apoptosis-inducing agents. Radiation-
induced apoptosis in PBMC is a useful but limited model in
which to study differential DNA staining during processes of
cell death. To test whether differential AO-EB staining of live
and apoptotic cells results from cellular changes associated
with apoptosis in general or is associated exclusively with ra-
diation-induced DNA damage, we examined the fluorescence
of AO-EB-stained human PBMC and mouse thymocytes fol-
lowing exposure to various conditions reported to induce ap-
optosis. Peripheral lymphocytes show significant apoptosis in
culture following exposure to HIV in vivo or in vitro or when
activated in vitro with polyclonal mitogens (23, 31, 43). As
shown in Fig. 5, these two treatments generate green versus red
fluorescence profiles following AO-EB staining that are similar
to those seen following irradiation. PBMC from an asymptom-
atic HIV-seropositive donor show significant cell death by FS
and SS (Fig. 5A). In this example, cells were grown in culture
in the absence of fetal bovine serum, which further induces
apoptosis. Correspondingly, both AO™&" and AO'" popula-
tions are present (Fig. 5B). In addition, in vitro activation of
PBMC from healthy seronegative donors with the CD4 T-cell-
specific superantigen SEB induces blast formation (Fig. 5C)
and proliferation but also induces apoptosis in a variable per-
centage of lymphocytes, as shown by AO™e" and AO™" fluo-
rescence profiles (Fig. 5SD). Although the relative positions
remain the same, the overall shapes of these cell populations
(including very high FS and SS blasts) in scatter and fluores-
cence profiles vary somewhat with individual donors, indicating
heterogeneity in the response to the mitogen.

Murine thymocytes readily undergo apoptosis-associated
DNA fragmentation following irradiation or exposure to the
corticosteroid dexamethasone (9). Figure 6 shows the light
scatter and fluorescence patterns of irradiated or dexametha-
sone-treated murine thymocytes compared with those exposed
to complete culture medium for 24 h. Thymocytes incubated in
complete media show both live and dead scatter and AO-EB
fluorescence properties (Fig. 6A and B). Treatment with irra-
diation (Fig. 6C and D), or dexamethasone (Fig. 6E and F)
results in virtually all cells showing reduced FS and reduced
AO fluorescence. As with HIV-infected PBMC, there appears
to be a continuum of low-to-high red fluorescence that display
reduced AO fluorescence, suggesting a continuum of mem-
brane permeability to EB following initiation of apoptotic pro-
cesses. These results indicate that a consistent correlation be-
tween scatter and AO-EB fluorescence holds for lymphoid
cells regardless of the agent used to induce apoptosis.

Comparison of lymphocyte viabilities by trypan blue uptake
and AO-EB staining. Cellular uptake of vital dyes such as
trypan blue, which stains only cells with damaged and perme-
abilized membranes, is an assay that is frequently used to
differentiate live from dead cells. However, in the initial stages
of apoptosis, the cellular membrane remains intact and per-
haps impermeable to such vital dyes (7, 9, 15, 47), potentially
yielding an artificially high viability count. To compare postir-
radiation lymphocyte viabilities using a membrane-exclusive
dye alone (trypan blue) versus a combination of membrane-
exclusive and nonexclusive dyes (AO-EB), we measured lym-
phocyte death following irradiation with 300 to 4,500 rads after
24, 48, and 72 h. The results are shown in Fig. 7A to D.

With increased exposure to irradiation dose and length of
postirradiation incubation, a decrease in the number of periph-
eral lymphocytes exhibiting AO"™" staining is observed (Fig.
7A). Loss of cell viability is both dose and time dependent. A
noticeable difference in the numbers of viable cells at each
dose occurs between 24 and 48 h; the dose response curves at
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FIG. 4. Cellular sorting and ultrastructural morphology of distinct populations from AO-EB-stained irradiated lymphocytes. PBMC from healthy donors were
irradiated with 1,000 rads (10 Gy) and incubated for 48 h. Following staining with AO and EB, cells were sorted into homogeneous populations on the basis of
fluorescence properties and were analyzed by electron microscopy. (A) Unirradiated, unsorted lymphocyte; (B) irradiated, sorted lymphocyte from the AQMieh
population (note intact membrane, cellular organelles, and dispersed nuclear heterochromatin); (C) irradiated, sorted lymphocyte from the AO'“-EB'*™ population
(note intact membrane, cytoplasmic organelles, and condensed nuclear chromatin; (D) irradiated, sorted lymphocyte from the AO™Y-EBM&" population (note
disintegrated membrane and cellular organelles, condensed nucleus, and electron dense chromatin). The micrographs presented show individual cells representative
of each population. PBMC from two donors, cultured independently, were used for each sort. The data represent findings from three independent sets of donors.

48 and 72 h are essentially overlapping. Correspondingly, the
numbers of AO¥-EB'°* apoptotic cells (Fig. 7C) and AQ""-
EB"Me" ate-stage apoptotic-necrotic cells (Fig. 7D) increase
with radiation dose. Again, irradiation-induced apoptosis is
lower at 24 h than at 48 or 72 h.

Cell viability measured by trypan blue also shows a dose and
postirradiation time dependency. However, the percentage of
live, trypan blue-impermeable cells at a given dose or incuba-
tion time is higher than that measured by AO-EB staining (Fig.
7A versus B). In addition, cell death increases in a continuum
at 24, 48, and 72 h postirradiation, never reaching the values of
cell death as measured by AO-EB staining. These results in-
dicate that AO-EB staining allows increased sensitivity over
membrane-impermeable dyes in differentiating live from early-
stage apoptotic cells most likely due to AO’s uptake by the
intact membranes of apoptotic cells.

Fragmentation of chromosomal DNA from irradiated
PBMC. Enzymatic digestion of chromosomal DNA into 180-
to 200-bp fragments and multimers occurs following induction
of apoptosis in many different cell types under different induc-
ing signals (7, 9, 47). Therefore, it was of interest to test
whether and to what extent DNA fragmentation occurred in
irradiated PBMC. Total cellular DNA was extracted from cells
irradiated at various doses and incubated under the conditions
described in the legend to Fig. 7. The results are shown in Fig.
8.

In selected samples, 200-kb oligomers of DNA are seen from
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FIG. 5. Light scatter and AO-EB fluorescence plots of PBMC undergoing
spontaneous and activation-induced apoptosis. (A and B) Light scatter and AO-
EB fluorescence dot plots, respectively, of PBMC from an asymptomatic HIV-
seropositive subject incubated for 72 h in the absence of 10% fetal bovine serum.
The gated events (panels A and C, gate 1) from the scatter plots are shown in the
fluorescence dot plots. (C and D) Scatter and fluorescence dot plots of PBMC
from a healthy HIV-seronegative donor treated in vitro for 72 h with 1 ug of SEB
per ml. In this example, 86% of the cells were viable by trypan blue exclusion.
The events in boxes 1, 2, and 3 correspond to AO"E"-EB'¥, AO°*-EB'¥, and AQ'*-
EBPeh populations, respectively. The distribution of events in boxes 1, 2, and 3 is as
follows: panel B, 70, 17, and 13%, respectively; panel D, 68, 25, and 7%, respectively.
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FIG. 6. Light scatter and AO-EB fluorescence profiles of mouse thymocytes
undergoing radiation- or corticosteroid-induced apoptosis. Scatter and fluores-
cence dot plots of mouse thymocytes incubated in complete medium for 24 h
following no treatment (A and B) or treatment with 500 rads of gamma irradi-
ation (C and D) or 1077 M dexamethasone (E and F). Fluorescence dot plots
consist of the gated events (gate 1) shown in the scatter plots. The distribution of
events in boxes 1, 2, and 3 is as follows: panel B, 64, 32, and 4%, respectively;
panel D, 4, 77, and 19%, respectively; panel F, 3, 73, and 24%, respectively.

samples incubated for 24, 48, and 72 h postirradiation. No
significant DNA fragmentation is observed in samples of un-
irradiated control lymphocytes. Of the samples that did show
fragmentation, a substantial amount of high-molecular-weight
DNA is present, suggesting that either a small subset of cells
have undergone internucleosomal DNA digestion and/or that
only a fraction of each cell’s DNA ultimately becomes frag-
mented. The most extensive fragmentation is seen following
exposure to 300 to 1,500 rads and 24-, 48-, or 72-h incubations.
Similar fragmentation patterns have been observed for lym-
phocytes incubated for up to 6 days postirradiation at 1,500
rads (data not shown). If DNA fragmentation is an early event
in apoptosis, as seen in rodent thymocytes (8), our results
suggest that fragmented intracellular DNA is relatively stable
and/or that cells are continuously undergoing apoptosis up to
72 h postirradiation. Interestingly, at higher doses (3,000 or
4,500 rads), fragmented DNA is barely detectable or nonexist-
ent at any time postirradiation. As observed by others, high
radiation dosage may elicit cell death that cannot be charac-
terized by the classic markers of apoptosis or necrosis (36).
Although cell viability decreases with increased radiation dose
and length of postirradiation incubation, no such correlation is
evident in the presence of DNA fragmentation. This under-
scores the independence of DNA fragmentation from other
morphological markers of apoptosis (6, 10).

CLIN. DIAGN. LAB. IMMUNOL.

100 100
E 80 A m 80 o
m
5] E
< 6o 2 60
2 8
& 2 ® 40
o 2
2 -
S 20 L 20
B
0 0
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Dose (rad) Dose (rad)
o 100 100
g C. @ D.
80 S 80
< g
@ <
3 60 £ 60
8 g
£ 40 o 40
£ £
o
g- 20 g 20
< -4
(3 0 o
b 0 1000 2000 3000 4000 5000 ° °0 1000 2000 3000 4000 5000
Dose (rad)

Dose (rad)

FIG. 7. Comparison of lymphocyte viability by trypan blue uptake and
AO-EB staining. PBMC were incubated for 24 (squares), 48 (triangles), or 72
(circles) h at 37°C following 0 to 4,500 rads (0 to 45 Gy) of gamma irradiation.
At the various time points, 10° cells were pelleted and viability was measured by
(i) visualization of trypan blue-excluding cells by light microscopy relative to the
total number of trypan blue-excluding and -permeable cells and (ii) AO-EB
staining and flow cytometry such that the percentages of live, apoptotic, and
late-stage apoptotic and necrotic cells were determined by quantifying the num-
bers of events in the three distinct AO-EB-staining populations. The x axes
represent radiation dosages in rads. The y axes represent the percentages of live
cells by AO-EB staining (A) and trypan blue exclusion (B), the percentage of
apoptotic cells by AO-EB staining (C), and the percentages of dead cells by
AO-EB staining (D). Each point represents the average of four independent
experiments using four different donors. Error bars are standard deviations from
the average values.

DISCUSSION

We have characterized a method to rapidly quantify mature
peripheral lymphocytes undergoing apoptosis on an individual
cell basis using a single-laser flow cytometer with standard
laser settings and filters. The method is based on differential
uptake and DNA staining of AO and EB, which, when used

24 hr
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FIG. 8. Fragmentation of chromosomal DNA from irradiated PBMC. PBMC
were irradiated with 0 to 4,500 rads (0 to 45 Gy) and were incubated in culture
for 24, 48, or 72 h. Whole cellular DNA was extracted from 2 X 10° cells and was
fractionated by agarose gel electrophoresis, stained with EB, and visualized with
UV (254-nm-wavelength) light. M1 and M2 represent molecular-weight stan-
dards consisting of $X174/Haelll-digested DNA and DNA from mouse thymo-
cytes which have undergone irradiation-induced (500 rads) apoptosis, respec-
tively. Lanes represent dosages as follows: 1, 0 rads; 2, 300 rads; 3, 750 rads; 4,
1,500 rads; 5, 3,000 rads; and 6, 4,500 rads.
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together in low concentrations at equilibrium, create three
distinct lymphocyte populations that stain (i? brightly for AO
but that are impermeable to EB (AOM&"-EB'"), (ii) dimly for
AO and that are impermeable to EB (AO™¥-EB'"), and (iii)
dimly for AO and that are permeable to EB (AQ'**-EB"e"),
We have identified the cells in these populations as live, ap-
optotic, and late-stage apoptotic and necrotic, respectively, by
cell sorting and ultrastructural examination of electron micro-
graphs. The relative numbers of cells in each population can be
determined by electronic gating, allowing accurate quantifica-
tion of cells in each stage.

Recently, other reports have described methods which dif-
ferentiate live and apoptotic cells using a single nucleic acid-
binding dye with fixed or detergent-permeabilized cells (29, 33,
41, 42, 49) in which apoptotic cells show decreased staining.
However, fixation and permeabilization methods can yield in-
consistent light scatter and fluorescence characteristics. An
important advantage in using a combination of two nucleic
acid-binding dyes (one that enters live cells with intact mem-
branes and one that does not) is that it allows differentiation of
the early and late stages of apoptosis on the basis of their
differential membrane characteristics. Studies using single dyes
with fixed cells lose this distinction, with all dimly stained cells
grouped into one population. Similarly, methods which rely on
scoring cell death using unfixed cells and vital dyes such as
trypan blue will miss apoptotic cells in the early stages, when
membranes are still intact. This is illustrated in Fig. 7, in which
the number of dead or dying lymphocytes measured by trypan
blue at a particular radiation dose or incubation time is con-
sistently lower than that measured by AO-EB staining.

Multiparameter analysis of cells stained with Hoechst dyes is
reported to differentiate live from apoptotic cells (15, 16, 24,
28, 34, 35, 37, 38, 40). The increased blue fluorescence of
apoptotic thymocytes has been attributed to increased uptake
of the Hoechst dye (35). However, in at least one report, the
apoptotic population is shown to exhibit decreased fluores-
cence (5). This discrepancy may reflect factors involved in cell
fluorescence by Hoechst dyes, including dye uptake, binding,
and efflux that may be differentially affected in different cell
types or with different apoptosis-inducing agents (35), possibly
posing a disadvantage over AO-EB staining. In addition, the
Hoechst dyes, in combination with EB or propidium iodide,
require additional lasers compared with those needed for
AO-EB analysis.

It is not clear what mechanism or combination of mecha-
nisms accounts for the observed downward shift in AO staining
seen with apoptotic cells. It has been argued that the reduced
fluorescence of nucleic acid-binding dyes such as AO is due to
reduced accessibility because of changes in chromatin confor-
mation and protein content during apoptosis (42) or DNA loss
following digestion and extrusion by apoptotic bodies (13, 35).
Although our studies do not directly address this issue, we do
show distinct downward shifts in AO staining without oligo-
meric DNA fragmentation (and presumably subsequent loss)
in samples in which PBMC were irradiated with higher doses
(3,000 or 4,500 rads). In addition, all fluorescence measure-
ments were made on cells in the absence of agents that per-
meabilize membranes, reducing the opportunity for significant
DNA loss. It is possible that abundant DNA loss is a distinct
factor in cells such as mouse thymocytes, in which DNA frag-
mentation following induction of apoptosis is extensive. How-
ever, in apoptotic human peripheral lymphocytes, DNA frag-
mentation and ultimate loss appears much less extensive and
thus is an unlikely sole explanation for the observed reduction
in AO binding and fluorescence.

There are many advantages to using flow cytometry in scor-
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ing apoptotic cells. When a heterogeneous population is ana-
lyzed with respect to lineage or developmental stage, distinct
cell subsets can be differentiated by electronic gating on the
basis of light scatter properties. When used in combination
with light scatter, fluorescence analysis of distinct populations
in a single sample increases the power of analysis by delineat-
ing subsets defined by classic light scatter properties. Addition-
ally, apoptosis is measured on an individual cell basis without
the elements of intra- and interobserver subjectivity inherent in
microscope-based assays. More importantly, the data are not
averaged over a particular sample that may be a mixture of live,
apoptotic, and necrotic cells.

We find that this flow cytometric method is significantly
more accurate and reproducible than quantifying apoptosis by
DNA fragmentation, in which relative amounts of lower- ver-
sus high-molecular-weight DNA are taken as measures of the
relative numbers of apoptotic versus live cells, respectively (3,
32, 43). Because such measurements can be considered accu-
rate only if complete digestion without significant DNA loss
can be assumed, they are not suitable for many cell types,
including PBMC, in which DNA fragmentation is incomplete,
as demonstrated here. Recent reports (19, 20) describing quan-
titative measurement of DNA breakage in individual cells can
overcome this problem, but only in systems in which fragmen-
tation clearly correlates with other apoptotic markers. In this
report, DNA fragmentation did not always correlate with ap-
optosis, as measured by three independent methods: AO-EB
staining, electron microscopy, and vital dye exclusion. High-
irradiation doses showed significant cell death in the absence
of DNA fragmentation. These findings are consistent with
other reports showing a lack of correlation between DNA
fragmentation and other apoptotic markers (6, 10) and under-
score the need to measure multiple markers of cell viability for
unequivocal differentiation.

The changes in fluorescence patterns described here that
correlate with radiation-induced apoptosis are also observed
with peripheral lymphocytes and thymocytes undergoing ap-
optosis initiated by inducers that are more physiological than
gamma irradiation. Flow cytometric analysis of AO-EB-stained
lymphoid cells offers a novel approach by which to study agents
suspected to induce inappropriate apoptosis in vivo, leading to
awide variety of disease states (11, 12, 25, 46). For example, we
and others (21, 22) have measured lowered AO staining in in
vitro cultures of PBMC from HIV-infected individuals that
correlates with apoptotic cell death as measured by indepen-
dent assays (23, 31). Thus, flow cytometric analysis of AO-EB-
stained cells has broad applicability to detecting and quantify-
ing apoptotic cells of lymphoid and perhaps other tissue origins
induced by a variety of agents.
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