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Treatment with VP-16 (1-50 uM) or excess thymi-
dine (5 mM) caused a block of L cells at different steps
in their progression through the replicative cycle. The
arrest was followed by an asynchronous process of cell
death that conformed to criteria for apoptosis. Careful
monitoring of this process in the whole ¢ell population
by flow cytometry showed a virtual absence of necrosis,
an increase in side light scattering, followed by the oc-
currence of a population with subdiploid DNA fluores-
cence ns well as reduced forward and side lipght seatter-
ing. The development of apoplosis required suflicient
time and adequate ion gradients in the eclls. By the
combined use of flow cytometry and fluorcscence mi-
croscopy data were obtained suggesting that (i) intra-
cellular free Ca®* and pH and/or their drug-induced
allerations had to be adequately controlled for the
apoptotic process to evolve; {ii} mitochondria were com-
promised earlier than the plasma membrane or lyso-
somes; and {(iii) K* extrusion possibly played a role in
the final loss of cell volume. Interfering with the control
of ion gradients and/or their changes in drug-treated
cells resulted in cell death by necrosis, @ 1895 Academic

Uress, Inc,

INTRODUCTION

Apoptosis is a mode of cell death, by condensation or
shrinkage, that occurs in a variety of physiolegical and
pathological sitvations. In vitro studies have demon-
strated that cells may die by apoptosis if their progres-
sion through the replicative eycle is affected by the lack
of adequate trophic support {1, 2]. Likewise, since the
initial observations by Searle et al. [3], the apoptotic
maode of cell death is now regarded as a flinal commaon
pathway in the action ol a variety ol antibiastic agents
f4-71, many of which interfere with cell eycle progres-
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sion. Using monolayer cultures of L, cells continuously
exposed to excess thymidine [8] or the DNA topoiso-
merase inhibitor VP-16 [9], we have developed drug-in-
duced models of cell death that share the basic features
of apoptosis: chromatin condensation, elevation of
transglutaminase activity, strong immunocytochemical
reactivity of apoptosing cells for tissue transglutamin-
ase, cell shrinkage, and formation of apoptotic bodies,
though no internucleosomal DNA fragmentation detect-
able by agarose gel electrophoresis. In these models, cell
detachiment, from the monolayer characterizes the con-
cluding steps of the cell death process and is followed
cither by “secondary pecrosis” of the apoptotic bodies
(unpublished data) and/or by their homophagic dis-
posal by viable cells in the monolayer [8, 10].

In addition to morphologic assessment, a number of
other technigques have heen applied to detect and quan-
tify apoptosis in a cell population. Flow cytometric pro-
cedures have been extensively utilized in this regard (re-
viewed in [11]). These techniques permit rapid and de-
tailed analysis of cell populations and can easily
discriminate among viable, apoptotic, and necrotic sub-
populations [12], These features are particularly impor-
tant when dealing with events that can be relatively rare
and asynchronous, as is usnally the case for apoptosis.
Here we propose a flow cytometric method for the rapid
monitoring of cell death obtained by inhibitors of cell
cycle progression such as VP-16 (etoposide) or excess
thymidine in L cell cultures. Although some precautions
are needed when analyzing cells growing in monolayer,
these models offer the apportunity to easily distinguish
between early and late phases of the process (also
see [131).

Variations in intracellular free calcium ({Ca?*},)? and

? Abbreviations used: [Ca?' |, [H' ), [Na'],, {K');, intracellular free
enleivim, proton, sodivm, and potassium concentrations, respectively;
AM, acetoxymethyl esier; AO, acridine orange; BAPTA, 1,2-bis(0-
aminophenoxy)ethane-N, N, N’ N'-tetraacetic acid] tetraacetoxy-
methyl ester; DMA, 5 (N, N-dimethylamiloride; D-MEM, Dul-
becco’s modified Eagle’s medium; DMSQ, dimethyl sulfoxide; EGTA,
ethylene glycol bis{8-aminoethyl ether) N, N,N',N'-tetraacetic acid;
FCS, fetal calf serum; FITC, fluorescein isothiocyanate; FL, fluores-
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pH (pH,) have been suggested as early events in the
onset of apoptosis. In many, though not in all, studies an
elevation of [Ca®*], has been reported to precede apop-
tosis induced by various agents [14-18]. The endonucle-
ase activation involved in the intermiclecsomal cleav-
age of DNA has been suggested to be triggered by a
[Ca®*]; rise [14, 19] or, more recently, by a drop in pH;
[20, 21]. A prominent reduction in cell size characterizes
the apoptotic mode of cell death [22, 23] and ions such
as Na*, K*, and H" themselves are involved in fibro-
blast volume regulations [24]. Therefore, by the com-
bined use of flow cytometry and fluorescence micros-
copy, we have monitored alterations in the intracellular
concentrations of Ca>", H*, Na*, and K*. The relevance
of these changes to the development of apoptosis in the
present models of drug-induced cell death is discussed.

MATERIALS AND METHODS

Cell culture and treatrment. Mouse L cells were grown in D-MEM
supplemented with 10% FCS, penicillin (100 units/ml}, and strepto-
mycin (100 pg/ml} and maintained at 37°C, in a humidified atmo-
sphere of 5% CO, in air. Cultures were regularly checked for myco-
plasma contamination by staining with the DNA-specific fluoro-
chrome 4-6-diamidine-2-phenylindole dihydrochloride (DAPI)
(Boehringer, Mannheim, Germany) or by an enzyme immunoassay
(Boehringer). Cells were seeded in 56-cm® petri dishes at a density of
12,000 cells/cm? and 24 h later (time 0) shifted to medium containing
0.1, 1, 5, 10, 20, 50, 100 uM VP-16 or 5 mM thymidine. Experiments
were extended for 3 to 7 days, with daily medium changes in order to
ensure constant drug concentrations.

At each time point, cells from the monolayer were harvested by
trypsinization and cells floating in the medium were collected by cen-
trifugation. These were kept separate and resuspended in PBS. In
both cases cell number and size were determined with an electronic
cell counter (ZM, Coulter Electronics, Hialeah, FL). Cell viahility,
DNA, and protein content were evaluated on the whale population
(monolayer plus medium). All other experiments were performed on
cells from the monolayer alone.

DINA content. In view of the remarks about the subdipleid peak
expressed by Darzynkiewiez et al. [11], a very strict protocol was used
for cell fixation. Cell suspensions in PBS (10° cells/ml) were centri-
fuged at 0-2°C and the pellet was washed with PBS {(at 0-4°C) and
resuspended in ice-cold 70% ethanol for at least 30 min. After centrifu-
gation cells were incubated at room temperature in the presence of
DNase-free ribonuclease (Type 1-A) and PI at final concentrations of
0.4 and 0.18 mg/ml PBS, respectively. Fluorescence was measured
using & FACScan flow cytometer (Becton-Dickinson, Mountain
View, CA) equipped with a 488-nm light source (argon laser). Two
filters were used to collect the red fluorescence due to PI staining the
DNA, one transmitting at 585 nm with a bandwidth of 42 nm {FL2),
the other transmitting above 620 nm (FL3). FL2 and FL3 were regis-
tered on a linear and on a logarithmic scale, regpectively. Forward
(FSC) and side (S8C) light scatter were simultaneously measured.
The flow rate was set at about 200 cells/s and at least 10* cells were
analyzed for each sample. Debris was excluded from analysis by ap-
propriately raising FSC and FL3 thresholds to values selected experi-

cence channel; FSC, forward light scatter; PBFI, potassium-binding
benzofuran isophthalate; PBS, phosphate-buffered saline; pH;, intra-
cellular pH; PI, propidium iodide; R123, rhodamine 123; SBFI, so-
dium-binding henzofuran isophthalate; snarf-1, carboxyseminaph-
torhodafluor-1; S5C, side light scatter; VP-18, etoposide.
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mentally. Data were recorded in a Hewlett Packard computer (HP
9000, Model 300}, using CellFit software (Becton-Dickinson).

Biparametric flow cytometric analysis of DNA and protein. Cells
fixed in ice-cold 70% ethanol were centrifuged and resuspended in
PRBS. FITC (1 ug/ml final concentration) was added to each sample.
After 30 min at room temperature, DNase-free ribonuclease (0.4 mg/
ml) and P1 (0.18 mg/ml) were added and cells were gently mixed and
kept for 15 min at room temperature before analysis. Green fluores-
cence due to protein labeling by FITC was collected by using a 525-nm
filter with a 15-nm bandwidth (FL.1), while PI fluorescence was mea-
sured as specified above, Adequate compensation was introduced to
separate overlaps between FL1 and FL2, as established using
Calibrate flow cytometer beads and Autocomp software (Becton-
Dickinson).

Cell viability. Cell viability was assessed by three independent pa-
rameters, essentially as described elsewhere [25].

Plasma membrane integrity was checked by the PI exclusion test.
Unfixed cells suspended in PBS (10°/ml) were incubated with PI (10
pg/ml} and analyzed by flow cytometry. Cells excluding PI were con-
sidered either viable or apoptotic, while dead cells not excluding PI
were considered either necrotic [25] or in the latest stages of apopto-
sig in vitro (corresponding to secondary necrosis according to Wyllie
et al. [26]). In some experiments, monolayers were directly incubated
with PI for 30 min and washed twice with PBS and then cells were
detached by trypsinization and analyzed by flow cytometry.

The mitochondrial transmembrane potential was evaluated with
R123. Cells resuspended in PBS were incubated for 30 min at 37°C
with R123 (10 ug/ml, final concentration) and analyzed. Cells retain-
ing R123 were considered either viable or apoptotic [25]. In three
experiments cells were preincubated with R123 and then stained with
P1 as specified above and analyzed for both green (R123) and red (PI)
fluorescence to compare PI exclusion and R123 retention.

The ability to maintain a low intralysosomal pH was evaluated by
incubating monolayers in complete D-MEM in the presence of 4 ug/
ml AQ for 30 min at 37°C. Cells were then enzymatically detached,
washed twice in PBS, and analyzed. The detection of red lumines-
cence reflects a low lysosomal pH, which is typical of viable or apopto-
tic cells, whereas necrotic cells show green fluorescence only {25,

[Ca®*], measurements on single cells. Cells were loaded with fura-
2/AM (2-4 pM final concentration in complete D-MEM) by incuba-
tion for 20-30 min at room temperature {incubation at 37°C did not
modify results), washed with PBS, and resuspended in 10 mM Hepes,
pH 7.3, containing (in mM): 145 NaCl, 5 KCl, 1 MgS0,, 10 glucose, 2
CaCl,. [CaZ']; measurements were performed with an inverted micro-
scope (Zeiss Axiovert, D) equipped with a photometer (Cairn Re-
search, Ltd., UK) and devices to synchronize and decode the emitted
light and to generate the F350/F380 ratio. The fluorescence ratio was
calibrated vs [Ca®'] as described [27] using the equation

[Ca*) = Ky % (R — Ry} /(Riae — R) % 8£,/8h,. (1

A K, of 225 nM was assumed for the Ca®*—fura-2 interaction in the
cytosolic environment. The measured values were: R, = 0.32 £ 0,05,
R = 6.82 = 2.4, Sf,/Sh, = 9.42 + 0.68 (means + SD, n = 6).

[Ca®]; measurements by flow cytometry. Flow cytometric analysis
of [Ca®"]; was carried out using the Ca® -sensitive dye fluo-3/AM in
association with the pH;-sensitive dye snarf-1/AM. The two probes
were directly added to the cultured medium at final 1 (Auc-3) and 0.2
{snarf-1} x M concentrations, followed by 30 min incubation at 37°C.
Cells were then detached by trypsinization and resuspended in the
Hepes-buffered solution described above. On excitation at 488 nm
flue-3 emits at 5256 nm (FL1}, while snarf-1 is isoemissive at about 610
nm (FL3). As reported [28], the ratio of Auo-3/snarf-1 emissions is
more sensitive to [Ca?*]; oscillations than fluo-8 flucrescence alone,
Chronys software (Becton-Dickinson) was used for data acquisition
and analysis.

Calibration of the fluorescence vs [Ca®*];, assuming a K, of 400 nM
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for the Ca?*—fluo-3 interaction in the eytosolic environment, was per-
formed as described [29], based on the equation

[Ca™] = Ky X (F = Foun)/ (Foe — F), (2)

wherein F_,, represents the maximum fluorescence obtained from
cells permeabilized to Ca?* with 2 uM ionomycin and F the fluores-
cence of the experimental samples. F_; was calculated from the equa-
tion

Fmin = qu - (qu - FMnC]Z) X 1.25 3)

as described [29]. Fyp¢, was obtained by adding 2 mM MnCl, to iono-
mycin-treated cells.

pH; measurements by flow cytometry. Flow cytometric analysis of
the intracellular pH (pH,} was carried out with the pH-sensitive dye
snarf-1/AM as described [30, 31}. Briefly, 1 mM snarf-1/AM in
DMSQ was added in the medium at a final concentration of 10 uM.
Cells were incubated at 37°C for 30 min and then detached and resus-
pended in 25 mM Hepes, pH 7.3, containing (in mM ): 140 NaC), 5.4
KCl, 0.8 MgS0,, 5 glucose, 2 CaCl, and immediately analyzed. In
some experiments, this solution was replaced with one containing
bicarbonate {in mM: 43 NaHCQ,, 110 NaCl, 5.4 KCIl, 2 CaCl,, 0.8
MgS0,, 25 Hepes, pH 7.3).

A calibration curve was obtained according to the equation [30]

[H*]; = [H*], > [KT)/[K),. 4)

Control cells were suspended in the above described buffer containing
both the proton ionophore nigericin and higher KCI in order to
achieve a K* concentration ([K*],) approximately equal to the intra-
cellular one ([K*],). In the presence of nigericin, the pH; reflects the
extracellular pH (pH,). At 488 nm excitation, snarf-1 emits at 585
(FL2) and 620 nm (FL3). The FL2/FL3 ratio measured on cells in the
presence of nigericin at varying pH, was used to relate histogram
channel number to pH;.

[Na*); end [K™), measurements on single cells. SBFI/AM and
PBFI/AM were dissolved in DMSO (5 mg/ml) and stored at —20°C.
Immediately before use, each solution was mixed with an equal vol-
ume of Pluronic F-127 (20% in DMSO0} and added to cell suspensions
(final probe concentration: 10 uAf); these were incubated for 60 min
at 37°C and then washed with PBS and resuspended in 10 Hepes, pH
7.3, containing (in mM): 145 NaCl, 5 KCI, 1 MgS0,, 10 glucose, 2
CaCl,.

SBFI and PBFI fluorescence was measured [32] with the same
equipment used for [Ca®"]; measurement on single cells. Instrumen-
tation setup was independently adjusted for SBFI and PBFI. SBFI
{or PBFI) fluorescence as a function of [Na™]; (or [K'];) was cali-
brated in situ with cells bathed by media of known [Na™] {or (K7])
prepared by mixing different amounts of two solutions of equal ionic
strength: one Na*-free, containing 100 mM potassium gluconate and
30 mM KCIl, the other containing 100 sodium gluconate and 30 mM
NaCl. Both solutions contained 10 mM Hepes, 2 mM CaCl,, and 1
mM MgS0O,. The 350/380-nm fluorescence ratio was determined be-
fore and 3 min after addition gramicidin D (1-2 ¢ M final concentra-
tion)} which equilibrated Na;" and NaJ as well as K and K. Gramici-
din D {1 ¢M final concentration) and valinomycin (2 uM final concen-
tration} were used for PBFI calibration only.

Chemicals. D-MEM and FCS were purchased from Bicchrom
(Berlin, I}; calmidazolium, DMA, DMS0, DNase-free ribonuclease
(Type 1-A), FITC, gramicidin D), ionomycin, ouabain, penicillin,
PI, R123, streptomycin, thymidine, trypsin, valinomycin, and
VP-16 from Sigma (St. Louis, MO); AO, fura-2, fluo-3, snarf-1,
nigericin, SBFI, PBFI, and Pluronic F-127 from Molecular Probes
(Eugene, OR}.
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FIG. 1. DNA distribution in L cells from monolayers exposed to
continuous treatment with 1 uM VP-16 for different times. Cells were
progressively blocked in late S and G2-M phases of the cell cycle.

RESULTS

Previous reports had shown that 5 mM thymidine [8]
and 10 uM VP-16 [9] not only totally inhibited L cell
growth, as estimated from the number of cells or the
total cell protein in the monolayer, but also induced,
after a 24-h lag, an asynchronous process of cell death
manifesting the morphological features of apoptosis
and associated with cell detachment from the mono-
layer.

Cell Cycle Arrest and Cell Death

When exponentially growing L cell cultures were con-
tinuously exposed to various concentrations of VP-16
for up to 7 days, virtually all cells on 1-50 uM VP-16
were blocked in the late S and G2-M phases by 24 h
(Fig. 1), in agreement with other findings on various cell
types [7, 21]; in surviving cells in the monolayer such
blockade may persist for up to 7 days. On 5 mM thymi-
dine, L cells were arrested in the G1-8 phases by 24 h
{not shown; cf. [33]). The protein/DNA ratio in L cells
was increased after 24 h on 5 mM thymidine and after
48 h on 1-50 uM VP-16, indicating that protein and
DNA accumulation were unbalanced (Fig. 2); the latter
change can be largely ascribed to the divergence be-
tween protein synthesis, which remained well active,
and DNA replication, largely ceased [8, 9]. Except for
these findings relating to the different mechanisms
leading to growth arrest, most further observations on
cells treated with thymidine or VP-16, particularly at 10
uM concentration, were quite comparable; therefore,
the following sections will mostly illustrate only results
obtained with 10 uM VP-16.

Forward light scatter, a parameter indicative of cell
volume, and side light scatter, indicative of “cellular
density,” were monitored by flow cytometry in L cells
treated with VP-16 (Fig. 3) or thymidine (not shown).
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FIG. 2. Unbalanced protein/DNA ratio induced in L cells by VP-
16. Controls (left panel) and cells exposed to 5 uM VP-16 (right
panel) at Day 2. An earlier increase of the ratio was observed on 5 mM
thymidine {not shown; cf. [8]) likely reflecting the different time
course of DNA synthestis inhibition.

Both FSC and SSC progressively increased until 24 h of
treatment, then remained approximately unchanged
the next day, and eventually decreased at Day 3, when a
large subpopulation of apoptotic bodies was present,
characterized by low FSC, very low SSC, as well as by
subdiploid Pl fluorescence. By impedance measure-
ments [8], the diameter of these apoptotic bodies was
found to be 7-10 um, much less than the average diame-
ter of t, cells (14-16 um) or than that of $- and G2/M-
arrested cells.

Cleavage of nuclear DNA into multiples of 180-200
bp, as detectable by agarose gel electrophoresis (“DNA
ladder™), is usually regarded as a key feature of apopto-
sis (reviewed in [34]). It has been shown that flow cytom-
etry can detect the emergence of a population charac-
terized by a subdiploid DNA fluorescence, slightly lower
than that in the G0/G1 peak, and that this correlates
with the occurrence of the DNA ladder [35, 36]. In the
present experiments, a prominent “subdiploid” popula-
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tion, with reduced FSC (cf. Figs. 3 and 4), developedin L
cell cultures treated with VP-16. On 5-10 uM VP-18
(Fig. 4}, this population was prominent in the medium
by Day 1 and alsc in the monolayer by Day 3. Such a
subdiploid population, however, was characterized by a
DNA fluorescence less than 10% of 2n and thus in the
cytogram was much more “distal,” with respect to the
G1 peak, than the usual “proximal” subdiploid peak [35,
36]. By electron microscopy, typical apoptotic bodies
were observed in the cell population harvested from the
monolayer; moreover, the subdiploid population recov-
ered from the medium was mostly formed by typical
apoptotic bodies, a substantial part of which showed
clear signs of secondary necrosis (unpublished observa-
tions). Since cells with an apparent DNA content inter-
mediate between the distal peak and the G0-G1 level
were unfrequent, it should be inferred that the DNA
degradation process was extremely rapid, in keeping
with the results of a more detailed study on this issue
(J.S. Amenta, M. J. Sargus, F. Duranti, G. Barbiero,
F. M. Baccino, and G. Bonelli, manuscript in prepara-
tion).

Viability Tests

Three viability tests, PI exclusion and R123 or AO
retention, were performed by flow cytometry on L cell
cultures exposed to VP-16 or thymidine, examining
cells in both monolayers and media. Dead cells neither
excluding PI nor retaining AQ were almost undetectable
with 1-5 pM VP-16 and occurred only to a very limited
extent with 10-50 uM VP-16 or 5 mM thymidine. By
contrast, dead cells were prominent with 100 uM VP-186,
from 6 h on, yet no typical apoptotic cells could be de-
tected at this drug concentration. Figure 5 illustrates
the results obtained with 10 uM VP-16. At any experi-
mental time point, although in the medium the propor-
tion of Pl-excluding or AO-retaining cells was much
lower, most cells in the monolayer were able both to
exclude PI and to retain AOQ (95% until Day 3); the

day 3
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FIG. 3. Side light scatter (S3C) vs forward light scatter (FSC). Control {Day 1) and treated L cells (10 uM VP-16) at Day 1 and Day 3.
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sub-G, peak

debris

diploid peak

FIG. 4. Forward light scatter vs log Pl fluorescence in ethanol-
fixed L cells (monolayer plus medium). Left panel, control cells,
showing a peak of debris. Right panel, cells exposed to 10 uM VP-16
for 4 days; FSC was gated to exclude debris, thus showing that the
sub-G1 peak was clearly distinct. Cells in this sub-G1 population were
only alittle smaller (8-14 pm diameter) than controls (12-16 pm diam-
eter), while their PI fluorescence was about 5% of the G2-M value.

latter figures are entirely consistent with previous data
showing that at any time of the treatment with 10 pM
VP-16 or 5 mM thymidine only 2% of the cells in the
monoelayer were permeable to trypan blue and thus
should bhe considered “dead” by this routine viability
test [8, 9].

By contrast, the proportion of cells that retained
R123 was definitely lower both in the monolayer (83%
at Day 3 and 70% at Day 4 on 10 ¢M VP-16) and in the
medium (23% at Day 4). Plotting the time course of the
changes for the three viability tests in the monolayers or
in the whole population {monoclayer plus medium, Fig.
5b) shows that mitochondrial functionality was com-
promised earlier than integrity of both the plasma
membrane and the lysosomal system, which changed in
parallel. Thus, cells that were still able to exclude PI
and had a functional lysosomal pump had lost the abil-
ity to maintain a mitochondrial transmembrane poten-
tial.

Intracellular Free Calcium

[Ca?*]; has been reported to increase in many experi-
mental models of apoptosis {14, 15, 17, 18]. In cultures
exposed to various concentrations of VP-16 or 5 mM
thymidine, [Ca®*"], was monitored both on individual L
cells by fluorescence microscopy and on cell populations
by flow cytometry. With 1-50 pM VP-16 or 5 mM thymi-
dine we could not detect any rapid elevation of the
[Ca®'],, in keeping with previous reports on other cell
lines [20, 21, 37-40]. Rather, the [Ca**]; slowly increased
from 97 nM to approximately 150 nM in the initial 6 h
and then returned to basal levels at 24 h (Fig. 6).

We next studied whether blocking this slow increase
in [Ca*"]; would prevent cell death. Cells pretreated for
30 min with 20 uM BAPTA-AM, an intracellular chela-
tor, were exposed to the drugs, either 1-10 uM VP-16 or
5 mM thymidine. During the first hour the [Ca®"]; re-
mained at or below the lower level of detectability (ap-
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proximately 35 nM), then gradually increased, reaching
the basal level (approximately 100 nM } after 3 h of drug
treatment. No further variation was observed until 16-
24 h, when a large part of the population became ne-
crotic, as indicated by the above viability tests (Fig. 7).
Necrosis rather than apoptosis also developed after 16—
24 h of exposure to VP-16 or thymidine when L cells
were treated with 10 pM calmidazolium, a calmodulin
inhibitor, over the initial 6-h period. Control L cells ex-
posed to either agent were unaffected (data not shown).

Intracellular pH

A shift in pH,, down to 6.6-6.8, has been reported in
human promyelocytic HL-60 cells undergoing apoptosis
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FIG. 5. Viability tests on L cells treated with 10 xM VP-16.
Plasma membrane integrity (Pl exclusion}, mitochondrial trans-
membrane potential {(R123 retention), and lysosomal pH {AO reten-
tion} evaluated on monolayer (V), medium (C), or total (@) cells.
Percentages on the ordinates represent the fraction of drug-treated
cells whose fluorescence was within an area gating selected to include
=98% of control cells. Data are means of five experiments, vertical
bars represent SD {not shown when smaller than symbols). The per-
centage of cells in the monolayer amounted to 94% at Day 0, 89% at
Day 1, 87% at Day 2, 71% at Day 3, and 48% at Day 4.
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single control cells (#®) and cells exposed to 1 uM VP-16 (O) or 5 mM
thymidine (V). Data are means of 230 c¢ells examined in seven sepa-
rate experiments; vertical bars represent SD,

by VP-16 and proposed as the triggering event for the
internucleosomal DNA fragmentation [21]. In L cells
treated with 1-50 uM VP-16 or 5 mM thymidine the
pH;, measured by flow cytometry, progressively and ho-
mogeneously declined, maximally by 0.2-0.4 units at 24
h {Fig. 8), and gradually rose during the next 48 h,
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FIG.7. Effect of chelation of intracellular Ca®* on plasma mem-
brane integrity. Control cells (left panels) and cells treated with VP-
16 (right panels) at Day 1. Cells preloaded with BAPTA for 30 min
before t, (lower panels).
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FIG. 8. Effect of 10 pM VP-16 on pH; in L cells {24 h). Snarf-1
fluorescence ratio {(585/620 nm, excitation 488 nm) vs FSC. An in-
crease in the ratic corresponds to a decrease in pH,.

reaching a basal value of 7.3 by 72 h (Fig. 9). To exclude
the possibility that the pH, drop resulted from a rapid
loss of intracellular HCQ; in the course of the flow anal-
ysis, we repeated this experiment substituting the
Hepes-buffered medium with a bicarbonate-containing
solution. A comparable pH; drop was observed in three
experiments with this buffer. In further experiments
106 uM DMA, an inhibitor of the Na*-H™* exchanger,
was applied to L cells at h 6 or 24 of the VP-16 treatment
(the time of initial and of maximal inflection of the pH,)
to investigate whether such exchanger played a role in
the pH, recovery. However, by 48 h these cells under-
went extensive necrotic death, whereas in control cul-
tures DMA caused necrosis in less than 10% of cells,

Intracellular Sodium and Potassium

Since cell volume changes were prominent in these
drug-treated L cells, we examined whether other ions
involved in volume regulations, such as Na* and K™,
underwent significant alterations. As measured by fluo-
rescence microscopy with the probe SBFI on single L
cells in the monolayer, {Na*]; increased from an average

7.6

7.4 |
7.2

7.0t

Intracellular pH

6.8

6.6

day

FIG. 9. pH, variations in L cells treated with 1 pM VP-16. Con-
trol (W} and experimental (CJ) cells, Flow cytometric data are means of
at least five experiments, vertical bars represent SD. Difference sta-
tistically significant at Day 1 (P < 0.01 by Student’s ¢ test).
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FIG. 10. In situ calibration curves for SBFI (left panel) and PBFI {right panel), See Materials and Methods for details.

15 mM at t, to a steady value of approximately 30 mM,
attained by the second day of treatment with 10 uM
VP-16, On Day 3, [Na*); was 30 mM in 94% of cells, Very
high [Na™]; (=110 mM) was found in 6% of the VP-16-
treated cells, but this was similar to the percentage
found in control cultures (5%) and also close to the per-
centage of cells that did not exclude P1 in both control
and treated cultures.

Because the affinity of the PBFI probe for K* was
only 1.5-fold higher than that for Na* [41] (Fig. 10),
measurements of [K'], in the presence of substantial
[Na']; changes were precluded. In the present models,
however, the [Na']; did not appreciably change after
Day 2; therefore, any difference measured after this
time using PBFI should primarily refiect [K*]; changes.
At Day 3 (Fig. 11) the [K*}, was approximately 110 mM
in control cells. In VP-16 treated cells a marked reduc-

20

cell.s (%}

o Il—

CONTROL VP-16

FIG. 11. Intracellular Na* and K" in L cells treated with 10 uM
VP-16 for 3 days. {Na*];, and [K*]; measured on single cells in the
monolayer with SBFI (n = 205 for controls, n = 214 for VP-16) and
PBFI {(n = 222 for controls, n = 233 for VP-16), respectively. Data
represent percentages of cells with [Na™]; 30 mM (black columns) or
with [(K*]; <50 mM {open columns}. The difference (12%) between
such percentages for VP-16-treated cells should be accounted for hy
cells with [Na*); <30 mM and [K*);, <50 mM.

tion in [K*]; (€50 mM) was found in 18% of the cells
examined in the monolayer. Assuming that cell loading
or leakage did not differ for SBFI and PBFI, the differ-
ence between the frequency of cells with low [K*], (18%)
and the frequency of cells with high [Na*]; (6%) should
be accounted for by cells having both low [Na*]; (30
mM) and low [K*]; (<50 mM). Such a pattern was likely
related to the decrease in cell size characteristic of
apoptosis.

DISCUSSION

When exponentially growing monolayers of L cells
were continuously exposed to VP-16 (1-50 pM ) or thy-
midine (5 mM), cells progressively accumulated in the
G2-M or (G1-5 phases, respectively, of the cell cycle
until by 24 h a complete growth arrest was achieved.
Thereafter, cell death developed as an asynchronous
process, manifesting with the morphological features of
apoptosis [8, 9]. The overall fraction of dead cells mea-
sured by flow cytometry in the whole cell population
(monolayer plus medium) shifted from 4% (t,) to about
29% {(Day 3). These figures show the accumulation of
dead cells in the cultures, reflecting rates of cell death as
well as rates of disposal of dead ceils by homophagy [10]
or of their disintegration into fragments (unpublished
data). For a comparison, the fractional rates of cell loss,
as estimated from DNA radiocactivity decay in the mono-
layer, amounted to 0.53/day on thymidine [8] and 0.57/
day on 10 M VP-16 [9].

The present data show that at any time during the
different treatments the vast majority of cells in the
monolayer were “viable,” as evaluated by current viabil-
ity tests, though many cells had already entered the
early stages of the apoptotic process. By contrast, the
cells released into the medium corresponded to ad-
vanced stages of the process or even to postapoptotic
changes [9] of the kind referred to as “secondary necro-
sis” [26]. Thus, detachment from the substrate gener-
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ally marked some well-defined step in the apoptotic pro-
cess. Moreover, the present data show that the current
viability tests often are not interchangeable, do not
clearly distinguish between apoptotic and viable cells,
nor discriminate necrosis from the postapoptotic
changes (“secondary necrosis”) as occurring in tissue
cultures.

In the present models the mitochondrial failure (loss
of R123 retention) distinctly preceded the loss of integ-
rity of both the plasma membrane and lysosomes. This
finding would indicate that functional mitochondria
were not required in the concluding phases of the apop-
totic process. Of interest in this regard are recent obser-
vations showing that apoptosis in various cell types,
1.929 cells included, can be elicited by inhibitors of the
mitochondrial electron transport chain, such as roten-
one and antimyein, or by oligomycin, a mitochondrial
ATP-gynthetase inhibitor [42].

The onset of the apoptotic changes in L cells was pre-
ceded by an elevation of the SSC of cells, in agreement
with previous ohservations on apoptosing thymaocytes
[23], as well as by a slow but steady increase of [Ca®"];in
the initial 8 h of treatment. Cells then recovered basal
levels of [Ca®*}; at 24 h, when the cell cycle arrest was
complete. Moreover, when cell death subsequently bhe-
came manifest, no further [Ca®*’], alteration could be
detected in cells in the monolayer or in the medium.

Lowering [Ca®**], by the use of an intracellular chela-
tor (BAPTA) can prevent the accurrence of apoptosis in
HI.-80 cells treated with VP-16 [39]. Consistently, since
calmodulin mediates most Ca®*-dependent reactions,
calmodulin inhibitors can prevent apoptosis [43, 44]. In
the present experiments L cells treated with VP-16 or
thymidine combined with either BAPTA or calmidazo-
lium resulted in extensive necrotic cell death. These ob-
servations suggest that Ca®* played a role in the coordi-
nated sequence of events underlying apoptotic death of
L cells and that with lack of an adequate [Ca®]; the
death process appeared to default to a necrotic mode.

In L cells exposed to 1-50 uM VP-16 or 5 mM thymi-
dine the pH; downshift, largely coincident with the
growth arrest, likely reflected the cell cycle blockade
[30]. Blocking the Na*-H* exchanger with DMA both
prevented L, cells from recovering basal pH; levels (7.3)
at 48 h and caused necrotic death in a substantial frac-
tion of them {approximately 50%). These observations
indicate that the Na*-H* exchanger was actively in-
volved in the pH, recovery in such cells and further sug-
gest that this activity was required for cell to progress
into the apoptotic process, whereas blocking the ex-
changer unbalanced the ionic fluxes to the point of pre-
cipitating cells into necrotic (colloidoosmotic) lysis.

Both an increase in cell size, associated with the cell
cycle blockade, and a subsequent decrease in size, asso-
ciated with apoptosis, have been observed in the present
models. Changes in [K*]; were evaluated with regard to
the final cell shrinkage. In spite of the limitations of the
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technique we used to measure [K*),, a significant frac-
tion of cells in the monolayer after 3 days of treatment
were characterized by a strongly decreased [K*);, al-
though still maintaining an appreciable barrier function
of the plasma memhrane (PI exclusion, only moderate
increase of [Na*], PBFI retention). The presence at Day
3 of cells with [Na*]; about 30 mM and [K*], <50 mM is
similar to observations on dense 838 (homozygous) red
bleod cells in sickle cell anemia. Classical studies [45-
47] demonstrated that this subpopulation is character-
ized by slightly increased [Na*]; and markedly de-
creased [K™];, correlating with changes in size and mor-
phology of erythrocytes. One possible explanation may
be that cell swelling activates a KCl symport resulting in
a cell volume decrease driven by the K* gradient [24, 48,
49). Therefore, although the intracellular CI” was not
measured in the present work, the present data are not
incompatible with the hypothesis that an active K* ex-
trusion took part in the shrinkage of L cells.

Concluding Remarks

The present observations, derived from the study of
two different drug treatments, show that blockade of L
cells at different steps in their progression through the
replicative cycle is followed by a process of cell death
that conforms to criteria for apoptosis. Careful moni-
toring of this process in the whaole cell population by
flow cytometric techniques provided data consistent
with morphological and biochemical investigations [8,
9] and also permitted easy discrimination between the
necrotic and the apoptotic modes of cell death. In spite
of the different initial effects of the two drugs, the pro-
cess elicited by excess thymidine or VP-16 appeared ba-
sically similar by all the parameters investigated. This
would suggest that the hlockade in the cell cycle or some
related event(s) somehow signaled the apoptotic pro-
cess in cells. By the combined use of flow cytometry and
fluorescence microscopy, data were obtained suggesting
that (i) a certain level of [Ca®*],, though not necessarily
its observed slight increase, was required for the apop-
totic death; (i1) mitochondria were compromised earlier
than the plasma membrane or lysosomes; and (iii) K*
extrusion possibly played a role in the final loss of cell
volume. Taken together our data suggest that inhibition
of L cell progression through the replicative cycle by
thymidine or VP-16 leads to a slow and asynchronous
cell death process, the development of which by the
apoptotic mode requires time and specific intracellular
1onic conditions. When these conditions are not ful-
filled, cells may, by default, manifest only plasma mem-
brane failure, i.e., necrotic death. We ignore whether the
Present observations might also imply that in the pres-
ent models these two modes of cell death were alterna-
tive [50]. Further work is needed to evaluate such a pos-
sibility.
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