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Several assay systems have been developed to recog-
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The ability to identify apoptotic cells within a com-
lex population is crucial in the research and diagno-
is of normal physiology and disease states. The
ellscan mark S (CS-S) cytometer was used in this
tudy to detect intracellular fluorescence intensity
nd polarization (FI and FP) in several well-
stablished models of apoptosis: Following spontane-
us apoptosis, as well as glucocorticoid or anti Fas-
nduced apoptosis, CS-S individual cell-based analysis
evealed the appearance of a cell cluster character-
zed by low FI and high FP. Temporal analysis of an-
exine V binding and FP measurements following
XM treatment showed that hyperpolarization pre-
eded phosphatidylserine appearance on the outer
lasma membrane. The early increase in FP was found
o be dose dependent and inversely related to cell
iameter. Cell dehydration and alteration of plasma
embrane transport properties, both occurring dur-

ng early stages of apoptosis, may be involved in the
henomena of intracellular fluorescein hyper-polar-

zation in apoptosis. © 2000 Academic Press

Key Words: cellscan; apoptosis; fluorescence polar-
zation; thymocytes.

Apoptosis or regulated cell death is a physiological
rocess of damaged or unwanted cell elimination,
hich ensures equilibrium between cell proliferation
nd cell death. Low level of apoptosis processes may
esult in malignancies, resistance to anti-cancer drugs
nd to autoimmune diseases. On the other hand, high
evel of apoptotic activity can result in immune defi-
iency or degenerative conditions. Hence, the recogni-
ion and quantitative measurements of apoptosis have
ecome increasingly important for diagnosis and ther-
peutic monitoring.
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ize and quantify apoptosis, including analysis of cell
orphology, biochemical analysis, and flow cytometric
ethods.
Chromatin cleavage is the most characteristic bio-

hemical feature of apoptosis. The appearance of the
atter nucleosomal DNA fragments in agarose gel elec-
rophoresis becomes the hallmark of apoptosis (1). In
itu end labeling of fragmented DNA is used to mea-
ure DNA breaks in apoptotic cells in tissue section (2).
his system has been adapted to flow cytometry (3).
Unfortunately, these biochemical techniques detect

n averaged signal, which is obtained from cell suspen-
ion. Thus, a low reading might be the result of either
low expression across the entire population or a high

xpression originating only in a few cells, being
asked by the negative majority of the population.
Flow cytometers and the Cellscan apparatus, on the

ther hand, measure individual cells, thus enabling the
etermination of apoptotic cell frequency. Moreover,
eterogeneous cell populations with regard to cell
ypes or cell cycle phase can be measured by selecting
ubpopulations or individual cells.
A variety of flow cytometric methods currently exist

o analyze apoptotic cells (4–8). These assays can be
rouped on the basis of the evaluated parameters used
o define a cell as apoptotic:

a. Structural parameters, including cell size, shape,
nd granularity, chromatin structure, and DNA strand
reaks. Most of these assays cannot be used to measure
n intact living cells.
b. Functional apoptotic parameters measured in liv-

ng cells include reduction in mitochondrial membrane
otential, changes in intracellular pH and calcium
ons, an increase in the level of superoxide anions and
eactive oxygen intermediates, and augmentation in
he activity of specific serine proteases.

Quantification of proteins involved in the apoptotic
ascade like FAS or TNFR (9, 10) or intracellular pro-
eins, including bcl-2, bax, c-mic p53 (11), and Apo 2.7
0006-291X/00 $35.00
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12), are also used to measure apoptosis. Annexine V is
ommonly used for staining phosphatidylserine, which
s translocated from the inside to the outside the
lasma membrane in the early steps of apoptosis (13).
The CS-S cytometer enables repeated measurement

f individual intact living cells (14–16) and may thus
erve as a suitable tool for monitoring the kinetics of
he apoptotic process. In the present report the CS-S
as used to detect intracellular fluorescein fluores-

ence intensity and polarization (FI and FP) in several
ell-established models of apoptosis. Both FI and FP
rovide quantitative measures of structural and bio-
hemical changes which occur during early apoptosis.

FIG. 1. Demonstration of apoptosis taking place in different cell
vertical axis) vs FP (horizontal axis) of FDA labeled thymocyte indi
luster is defined by a polygon for further statistical analysis. (b) D
hown in (a). (c) Scatter diagram of FI (vertical axis) vs FP (horizonta
ouse thymocytes. (d) FP distribution histogram of the same cellp

ollowing 3 h incubation with (red) and without (blue—control) DXM
f untreated (blue) or anti-Fas-treated (1 mg/ml for 6 h) (red) mouse t
nd following 28 h of serum deprivation (red). (h) FP distribution hi
156
The degree of FP is defined as FP 5 (Ii 2 I')/(Ii 1 I'),
here Ii and I' are, respectively, the intensities of the
arallel and perpendicular FP components relative to
he excitation electric field vector. The more restricted
he fluorescent probe mobility, the higher its FP, which
s dictated by probe size, hosting media viscosity and
inding.

ATERIALS AND METHODS

Materials. Propidium iodide (PI) and dexamethsone (DXM) were
btained from Sigma (St. Louis, MO). FDA was obtained from
iedle-de Haen AG (Seelze, Germany). Working dilutions (1.2 mM in
BS) were made from a 25 mM stock solution in acetic acid (Fruta-

es, by means of FI and FP measurements. (a) Scatter diagram of FI
ual values before (blue) and after (red) 24 h in culture. The HP cell
ibution histogram of FP values of the same thymocyte populations
is) of untreated (blue—control) or DXM-treated (1 mM for 4 h) (red)

lation shown in (c). (e) FI vs FP scatter diagram of Jurkat T cells
mM). (f ) Scatter diagram of FI (vertical axis) vs FP (horizontal axis)
ocytes. (g) FI vs FP scatter diagram of control Jurkat T cells (blue)

gram of the same cell population shown in (g).
typ
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um, Israel), stored at room temperature for one week or less. Goat
nti-mouse Fas antibodies were obtained from PharMingen (San
iego, CA). FITC-conjugated annexine V was obtained from Gen-

yme (Cambridge, MA).

Cell preparations. Mouse thymocytes were obtained from 2- to
-week-old BALB/c male mice. Single thymocytes were prepared by
echanical disruption of freshly excised thymus. Suspensions were
ltered, washed, and suspended in RPMI 1640 culture medium
Biological Industries, Israel) at a concentration of 1 3 106 cells/ml.
urkat human T-lymphoblast cell line was grown as previously de-
cribed (15, 17).

Apoptosis induction. Induction of spontaneous apoptosis was
chieved by culturing thymocytes (5 3 106 cells/ml) in complete
PMI 1640 medium for 24 h. For DXM-induced apoptosis cells were

ncubated in complete RPMI 1640 medium in the presence of various
oncentrations of DXM for 0.5–24 h at 37°C. For serum-deprivation-
nduced apoptosis, Jurkat cells were washed twice with incomplete
PMI 1640 medium, then incubated in the same medium for 24 h.
poptosis induction by anti-Fas was achieved by culturing mouse
ells in the presence of anti-mouse Fas 1 mg/ml for 1–24 h at 37°C.

FDA staining. The cells were washed 3 times with incomplete
PMI 1640 medium without phenol red, containing 10 mM Hepes

FIG. 1—
157
uffer solution. An aliquot of 50 ml of cell suspension (1–3 3 106

ells/ml) was added to 50 ml of staining solution of FDA in phosphate-
uffered saline (PBS) and incubated at room temperature for 5 min.
t the end of incubation, cells were settled in their well traps on the
ell carrier as previously described (18), washed 3 times with fresh
uffer to remove excess staining solution, and measured.
Plasma membrane integrity of FDA stained cells was checked

y restaining the same cells with PI. At the end of FDA measure-
ents, the cells were washed twice with fresh buffer, and a

olution containing PI (2.5 mg/ml) was added on top of the pre-
ested trapped cells for 5 min. Cells were then washed twice and
nother measurement was performed. Positive PI cells were ex-
luded from the analysis.

Double staining with FITC-Annexine V and PI. One million cells
ere washed with PBS and resuspended in binding buffer (Genzyme,
ambridge, MA), FITC–annexine V was added at a final concentra-

ion of 1 mg/ml and PI was simultaneously added. After 10 min
ncubation in the dark at room temperature, cells were analyzed by
ow cytometry (FACScan BD).

Viability test. Viability of cultured cells was determined by eosine
xclusion test. Cells were incubated in the presence of eosine (0.1% in
ater) for 1 min.

ntinued
Co
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Feulgen procedure. Cells were fixed on coverslips and stained
ith Shiff reagents as described (19).

Image analysis. Image analysis was performed using Scan Array
image analyser (Galai, Israel) (19). The quantitative parameters

btained by this system were the area of the nuclear profile and
ntegrated optical density (IOD) related to the total DNA content.

CS-S apparatus. A detailed description of the CS-S apparatus
as been given elsewhere (14–16).

Single cell morphological measurements. Minute and early mor-
hological changes associated with apoptotic process were monitored
y a unique single cell diffractocytometer described in detail else-
here (20).

Statistical analysis. Data are expressed as means 6 SD and were
nalyzed by two tailed paired Student’s t test. Differences were
aken to be significant at P , 0.05.

ESULTS

Apoptosis in thymocytes is a crucial event involved
n the negative intrathymic selection of the T cell rep-
rtoire. It has been shown that thymocytes cultured for
4 h at 37°C in the absence of stimulation undergo
poptosis (21). Single thymocytes obtained from
-week-old mice were cultured in medium, and then
arious apoptotic parameters including FI and FP
ere measured.
After 24 h in culture, about 25% of the cells were found

ead, and 15% of the live thymocyte population were
nnexine V positive (Table 1). Significant alterations in
SC units, SSC, and the nuclei area were evident when
easured by FACS and image analysis. Furthermore,

hanges appeared in the mean FI and FP values of the
DA-labeled thymocyte population; a significant de-
rease in FI concomitantly with an increase in FP.

The FI vs FP scatter diagram and the distribution
attern of FP values of individual cells within the
hymocyte population after 24 h in culture compared
ith control at time 0 are shown in Figs. 1a and b,

espectively.
A cell subgroup (defined by a polygon) characterized

y low FI and high FP is apparent in the thymocytes
ndergoing spontaneous apoptosis. Restaining of the
ame cells with PI shows that this group of thymocytes
xcluded the dye PI, thus indicating membranal integ-
ity (data not shown). Based on its comparison to the
ontrol scatter diagram pattern, this cluster of cells

Morphological and Membranal Changes in Mous

Time
(h)

% Dead cells
(eosine)

% Annexine V
positive

FSC
(Au)

0 1.2 6 1.8 2.3 6 1.7 524 6 70
24 25.8 6 4.3 14 6 3.4 390 6 55

Note. Fresh thymocytes were cultured in RPMI medium for 24
ACS, nuclei area was measured by image analysis, and FI and FP of
nits.
158
hat exhibited high polarization values was defined as
responding one.
Similar high polarization (HP) cell clusters of cells
ere apparent in DXM (Figs. 1c and d) and anti Fas

Fig. 1f ) treated thymus cells, as well in Jurkat T cells
ollowing either serum deprivation or DXM-induced
poptosis (Figs. 1e, g, and h, respectively).
Figure 2 shows the frequency of responding thymus

ells as measured by the CS-S, following spontaneous,
lucocorticoid, or anti-Fas-induced apoptosis. The per-
entage of cells in the high polarization cluster in-
reased from 10% at the beginning of the test to 37%
fter 12 h in culture. Treatment of the thymocytes with
ither 1 mM DXM or anti-Fas antibodies resulted in a
igher rate of responding cells than the spontaneously

nduced apoptotic cells, which was expressed by a sim-
lar HP appearing earlier in the course of cell death.

Figure 3 presents both annexine V binding and FP
ersus time in thymocytes and Jurkat T cells following
XM induced apoptosis. In both cell types, the increase

n frequency of cells exhibiting hyperpolarization ex-
eeds that of annexine V positive cells. After 5 h of
XM treatment, only about 10% of the thymocytes
ere positive to annexine V, whereas more than 50%

howed HP. After 12 h, the majority of treated thymo-
ytes showed HP, and only 23% demonstrated mem-
rane asymmetry (Fig. 3a).
Cultured Jurkat T cells displayed different kinetic

ehavior (Fig. 3b). About 20% had already exhibited
poptotic parameters at time point 0. A sharp increase
f up to 55% in the portion of cells possessing HP was
vident during the first hour of DXM treatment, which
hereafter decreased moderately (to 40%). Neverthe-
ess, the frequency of annexine V binding cells was
lower, reaching a maximum of about 26% after 6 h of
xposure to DXM and decreased thereafter to about
0%. The frequency of viable cells in thymocytes and
urkat populations exposed to DXM is shown in Fig.
c. Indeed, the two cell types exhibited different death
rocess kinetics. While most of the thymocytes show
embrane integrity during the first 5 h of apoptosis

nduction, only 7 h later the percentage of live cells
ecreased dramatically reaching 90% 24 h from the
eginning of the test. Cultured Jurkat T cells exhibited

hymocytes Undergoing Spontaneous Apoptosis

SSC
(Au)

Nuclei area
(mm2) FP

FI
(Au)

383 6 81 10.9 6 2.18 0.173 6 0.018 47 6 14.6
457 6 91 8.9 6 2.55 0.197 6 0.016 24 6 9.5

in 37°C. Annexine V binding, FSC, and SSC were measured by
A labeled cells were measured by the CS-S cytometer. Au, arbitrary
e T

h
FD
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rapid decrease in cell viability within the first 5 h of
XM exposure, but the number of dead cells leveled off
t 50% after 12 h and increased thereafter.
Comparison between the kinetic assessment of DXM

nduced apoptosis (Figs. 3a and b) to the viability
raph (Fig. 3c) indicates that the measure of FP
ight be more sensitive than annexine V in measuring

poptosis.
Figure 4 shows a dose–response curve of DXM-

xposed thymus cells measured 30 min following in-
uction of apoptosis. The treated cells showed no evi-
ence of apoptosis as assessed either by sub G0/G1

ubpopulation or by image analysis of the apoptotic
ucleus. Furthermore, no changes were observed, nei-
her in both cell size and granularity when measured
y FSC and SSC in flow cytometry nor in the number of
ead thymocytes as measured by the PI exclusion test.
till, as early as 30 min of DXM exposure, a significant
hange in HP cell count was evident, while no change
t all was detected with annexine V, thus indicating
hat the FP increase of thymocytes preceded the ap-
earance of phosphatidylserine on the outer plasma
embrane. This early increase in FP of FDA labeled

hymocytes was dose dependent, reaching a maximal
alue at 5 mM.
Hyperpolarization was also shown to occur earlier

han annexine V binding when apoptosis was induced
ith anti-Fas antibodies (data not shown). An increase

n FP value was evidenced after 3 h of anti-Fas treat-
ent while annexine V positive cells were detected

nly after 6 h.
One of the early events in apoptosis is cell dehydra-

ion. This leads to cytoplasm condensation followed by
change in cell shape (6) and an increase in cytoplas-

FIG. 2. Time dependence of HP cell cluster emergence. The per-
entage of HP thymus cells following spontaneous (gray bars) DXM
white bars) and anti-Fas (black bars)-induced apoptosis. The results
re averages of three different experiments. The bars represent the
orresponding SD of each set of experiment.
159
FIG. 3. Time-course analysis of apoptotic cells following DEX
reatment. The percentage of annexine V (■) and high FP (h) posi-
ive cells in the Jurkat T cell line (a) and in fresh thymocytes (b)
ndergoing DEX-induced apoptosis. (c) Percentage of viable cells
ithin these cell populations along the same period of DEX treat-
ent. (E—thymocytes; F—Jurkat T cells).
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ic viscosity. Morphological alterations taking place in
hymocytes during early exposure to DXM could not be
etected by FSC and SSC as measured by flow cytom-
ter (see Fig. 4), but were detectable by the diffracto-
ytometer, as discussed below.

Analysis of freshly isolated mouse thymus cells re-
ealed a gaussian distribution histogram of cell diam-
ter with a mean value of 7.5 6 0.3 mm. Following
XM exposure, a subpopulation of smaller thymocytes
aving diameters between 6.2 and 7.1 mm was identi-
ed (data not shown).
The correlation between percentage of small size

hymocytes and HP cells, measured in 5 different ex-
eriments of apoptosis induction by various DXM con-
entrations, is depicted in Fig. 5. The figure indicates
hat the change in FP was correlated with the changes
bserved in cell size. A linear correlation (R2 5 0.83)
as found between the percent of HP and of small cells.
Figure 6 illustrates the fact that cell shrinkage due

o dehydration occurs concurrently with fluorescein hy-
erpolarization. Mouse thymocytes were suspended in
60, 280, or 300 mOsM PBS. Diffraction and FP mea-
urements were performed. A reduction of mean diam-
ter (from 7.35 6 0.82 to 6.44 6 0.42) and a simulta-
eous distribution shift in FP were evident (mean FP
alue of 0.159 6 0.017 and of 0.185 6 0.015 at 260 and
00 mosM, respectively).

ISCUSSION

The apoptotic response to various stimuli is an im-
ortant part of cellular regulation, and the ability to

FIG. 4. DEX-induced apoptosis in thymocytes. DEX dose–respo
ollowing exposure to DEX and demonstrated by various parameter
urther explanation see text.
160
dentify apoptotic cells within a complex population is
prerequisite to a more detailed understanding of its

ole in normal physiology and in disease states.
Apoptosis is a dynamic process of variable duration.

he time span during which the cell death process is
dentifiable varies depending on the method used, cell
ype, the cell cycle phase, or the nature of its inducing
gent. Moreover, high variability exists within cell pop-

curves of mouse thymocytes. The response was measured 30 min
efined in the insert. SSC—side scatter, FSC—forward scatter. For

FIG. 5. Correlation between cell shrinkage and increase in FP
ollowing apoptotic induction. The mean percentage of small-
iameter cell as a function of the mean percentage of HP cells within
ouse thymocyte population undergoing DEX-induced apoptosis
as obtained from 5 different experiments. In each experiment the
easurements were performed in duplicate. The bars represent the

orresponding SD of each set of experiment.
nse
s d
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lations with regard to the kinetics and the duration of
he course of death (6, 22).

Flow-through and laser scanning cytometry (23) are
eing used to follow changes in the apoptotic cells and
o quantify the number of these cells in culture, and
ecently also in clinical samples (22). Flow cytometry
llows rapid analysis of large cell populations while
aser scanning technology makes possible the correla-
ion of fluorescence signals with visual microscopic
orphology.
The CS-S cytometer allows repeated and high preci-

ion measurements to be made on the same individual
ntact living cells under physiological conditions over
arious periods of time (14–16). This feature is used to
race the kinetics of apoptotic events taking place in
ndividual cells within a cell population as well as to
lassify subpopulations according to their measured
arameters.
Since measurements and online cell manipulations

reagent addition, staining, changing buffers) are ac-
omplished on the cell carrier (where cells are trapped
nd specifically localized) the cell loss as a result of
etachment from the surface during late stages of
poptosis is negligible. Furthermore, an additional

FIG. 6. Monitoring of cell dehydration induced by means of FP (a)
hymocyte population suspended in 260 (– – –), 280 (——), and 300
161
taining with a second probe (PI) at the end of mea-
urements enabled the exclusion of dead cells.
The change in FI of FDA labeled cells is being used

y others to monitor cell death (8, 24, 25). However, FI
easurements of single cells depend on variables
hich may bias the results, such as intracellular flu-
rophore concentration, cell volume, cell trajectory,
nd position. Moreover, the CV (coefficient of vari-
nce) of FI values among cell population is high
about 65%). The FP level, being a measure of the
uorescent molecule rotational mobility level, is inde-
endent of FI, thus yielding smaller variation among
ells (#10%).
FP measurements can provide considerable insight

nto the nature of macromolecular interactions, ligand
inding, and conformational dynamics (16, 26, 27) as
ell as intracellular processing of protein (28).
Previous studies have shown that intracellular FP of

DA labeled T lymphocytes is cell cycle dependent,
ith significantly lower values for cycling than for non-

ycling populations (17, 29). Changes in FP of FDA-
abeled lymphocytes have been shown to occur early in
he course of lymphocyte activation triggered by mito-
ens (30–32) or antigens (33, 34).

d DLS (b). FP (a) and cell diameter (b) distribution histogram of fresh
.) mosM PBS.
an
(. .
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ellular fluorescein can be utilized as an early kinetic
arker for apoptosis detection. The increase in the FP

arameter was found to be ubiquitous, since it was
emonstrated in several well-known models of cells
ndergoing apoptosis induced by various agents (i.e.,
erum-deprived and DXM-treated Jurkat T cells, cul-
ured, DXM, and anti-Fas treated mouse thymocytes).

The intracellular HP coincided with morphological
hanges observed by light diffraction cytometer. A di-
ect correlation (R2 5 0.83) was found between the FP
hanges and the decrease in cell diameter. Moreover,
anipulating the cells by changing the osmolarity

aused structural alteration with a concomitant
ncrease in FP values. In addition, a decrease in FI
oncurrently with FP changes of apoptotic cells was
easured.
The biophysical aspects of fluorescein FP are thor-

ughly discussed elsewhere (35, 36). Several mecha-
isms may be involved in the phenomena of inracellu-

ar fluorescein HP in apoptosis: (1) cell dehydration
ncreases the cytoplasmic viscosity, yielding a higher
P, which occurs during the early stages of apoptosis
nd is accompanied by cell shrinkage (6); (2) alteration
n plasma membrane transport properties. The plasma

embrane permeability of apoptotic cells is higher
han that of normal cells (37). This results in a higher
ate of DNA binding dyes uptake (37–40), and may
ffect esterase substrates influx as well as their hydro-
yzed products efflux (37, 41). In this respect, efflux
nhancement may shift the equilibrium ratio between
free” and “rotationally restricted” intracellular fluo-
escein towards the “rotationally restricted” state, thus
ielding a higher FP.
Hyperpolarization due to intracellular viscosity in-

uced solute/solvent interaction was ruled out (36).
uch interactions may enhance the non radiating en-
rgy transitions which shorten the actual fluorescence
ecay time, causing higher FP.
Furthermore, the degree of acidification associated
ith apoptosis is sufficient to influence both absorption
nd emission spectra of the intracellular fluorescein
ut not its FP (36).
Detection of early cellular responses occurring dur-

ng the apoptotic cascade is of great importance be-
ause of the ability to monitor the death process at an
arly stage where it may still be reversible and can be
odulated. Moreover, since the early apoptotic phase

s already associated with surface changes that allow
ecognition by macrophages, it is very likely that the
poptotic cells found in vivo before phagocytosis occurs
re mostly those in the early phase.
This cell surface exposure of PS during apoptosis

erves for recognition and removal of the dying cell by
hagocytes. It has been shown that murine thymocytes
ncubated in the presence of DXM first start to expose
S at their cell surface while the plasma membrane
162
ver, externalization of PS is a late apoptotic event
hich coincided with the loss of surface adhesion and

he phagocytosis by microglia (45). Moreover, several
odels of apoptosis showed no change in annexine V

inding (8).
In the current study externalization of PS by mouse

hymocytes was found to be an early signal of apoptosis
receding the plasma membrane and nuclear changes.
oreover, HP in FDA labeled cells was shown to ap-

ear earlier than the PS exposure and a more sensitive
easure for early apoptosis. Hyperpolarization in

urkat T cells exposed to DXM was also shown to
etect apoptosis at an early kinetic time point, prior to
nnexine V binding.
Time dependency analysis of FP in thymocytes and

urkat lymphocytes revealed that the two cell types
xhibited different kinetics of DXM-induced apoptosis.
uch a difference may be attributed to the variation in
ell cycle regulation of the death process. It has been
hown that in murine thymocytes DXM kills a broad
pectrum of the CD4/8 immunophenotypes with no
electivity for cell cycle stage (7), whereas in human T
ells, cell cycle control of apoptosis was found for both
eukemic (46) and mature T lymphocytes (47, 48).

The current study implies that analysis of FP by the
S-S cytometer can provide an additional quantitative
nd sensitive tool for monitoring early biophysical
hanges taking place in cells undergoing apoptosis and
ay be used in the study of the mechanism involved in

he apoptotic process.
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