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SUMMARY The morphological data reported in the present

paper should lead to a more precise quantification

In this study we investigated the relationshicof apoptosis by improving the detection of apop-
between nuclear and cell surface modifications (i.¢totic cellsin vivo (i.e. in tissue, organs), which is
blebbing, phosphatidylserine [PS] and sugaa crucial point in the evaluation of efficiency of

residues exposure) in a monocytic cell line, U937antiproliferative drugs, such as antiblastic or
during apoptosis induced by oxidative stress (1m'\immunosuppressive compounds.

H,O,) or inhibition of protein synthesis (L@g/ml

puromycin). Dying cells were simultaneously
observed for nuclear modifications, presence ¢\NTRODUCTION
superficial blebs and plasma membrane alterations
Morphological analysis performed by conventional
fluorescence microscopy, or by transmission an
scanning electron microscopy showed that th

Many morphological changes, such as cell shrink-
age, cytoplasm and chromatin condensation, charac-
courses. of nuclear and membrane alteratiorterize a_poptosis. T_his subsequently leads to the frag-

mentation of cells into clusters of membrane-bound

occured concomitantly, but the phenotype wa: ) S .
dependent on the stag)e/: of the apogtotic g(l)ocess gStructures or apoptotic granular bodies in which the

. tegrity of various subcellular organelles is initially
the type of apoptogenic inducer used. The progreIn A : .
sion of apoptosis in U937 cells beyond early Stagemalntalned (Wyllieet al. 1980). The apoptotic bod-

resulted in the extensive formation of blebs whict/€S are incorporated into phagocytes or neighboring
concomitantly lost some typical markers of apopto cells and the DNA breaks up at the internucleosomal
sis, such as PS and sugar residues. Therefore, -SPaces into oligome fragments (Nagata, 2000; Dini,
modality by which the nucleus condenses the 2000; Savill, 1998; Platet al. 1998; Fadok and
amount and the pattern of distribution of PS on thHenson, 1998; Dinet al. 1996).

cell surface were, for each cell line, strictly related tc Development of the characteristic apoptotic mor-
the apoptogenic inducer. phological features depends on the specific bio-
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chemical events involved in the process of apoptcis important to note that the above studies do not
sis induced by diérent stimuli (Diniet al. 1996;  describe the evolution of “apoptotic phenomena”,
Kumar and Harvey 1995; Falciezi al. 1994a). In  since they only describe morphological features
fact, morphological modifications occurring in the corresponding to a biochemical step of the apop
nucleus of cells dying by apoptosis are related ttotic machinery Therefore, in the present work,
phase of apoptotic progression and the apoptithe time course of morphological modifications of
genic inducer used (Dirgt al. 1996). U937 cells induced to apoptosis byfeient apop
A peculiar feature of apoptosis is the nuclear-fragtogenic inducers (oxidative stress, protein synthe
mentation that follows DNAfragmentation and sis inhibition) has been studied. Dying cells were
chromatin condensatioffwo principal forms of simultaneously observed for their nuclear medifi
nuclear fragmentation have been described to occcations, presence of superficial blebs and plasma
in U937 cells (Diniet al. 1996).The most common membrane alterations.
modality is fragmentation by budding which eon
sists in the condensation of chromatin to forrgdar
clumps that press against the nuclear envelope aMATERIALS AND METHODS
protrude from the nuclear membraiibe protrusion
evolves in budding with consequent detachment ¢Cells andTreatments
membrane-bound nuclear fragments. Howgrean
alternative process occurring within the same celCells and cultues
chromatin condenses in timgegularly shaped cres U937 cells were kept in a log phase in RPMI
cents involving most of the nuclear bordsithout 1640 medium (Mascia Brunelli, Milano, Italy)
protrusion.The successive fragmentation occurs bysupplemented with 10% heat inactivated fetal calf
a cleft in the nuclear sap at a point in the nucleeserum (FCS), 2 mM L-glutamine, 100 IU/ml peni
periphery which is free of condensed chromatircillin and streptomycin in a controlled atmosphere
(Dini et al.1996). (5% CQ) incubator at 37C. Cells were used with
Moreover during the apoptotic process, dynamica concentration of 2@ells/ml.
modifications occur in plasma membrane struc
tures and on the cell surface (Mikg al. 1998; Induction of apoptosis
Rudel and Bocock 1997). Dying cells are ofter Apoptosis was induced with 1mM freshly pre
blebbing dramatically such that the cell structure i;pared hydrogen peroxide &) for 1hr, followed
completely modified. Many blebs extrude from theby 1, 3 and 4 hrs recovery in fresh medium; or
cytoplasm giving to cell a foamy shaféwe blebs induced with 1Qug/ml puromycin (PMC) for 1,3
can detach from the cell and generate “apoptotiand 4 hrs.
bodies”. The mechanism(s) involved in blebs-for
mation is unknown. Howeveredox perturbation Analysis of apoptosis and evaluation of cell shape
and reassembling of actin filaments favour and/oc Apoptosis was detected by light and electron
control cellular blebbing (Wlie et al. 1980). microscopy and by cytofluorometrifuclear frag
The apoptotic process is also characterized kmentation was detected after staining the cells
peculiar cell surface modifications such as expreswith the vital dye Hoechst 3325%&g/ml) accord
sion of specific molecules (antigens and/or receging to the nuclear morphological feature.
tors) or alteration in lipid asymmetry and carbohy Ultrastructure of apoptotic cells was obtained by
drate structure (Fadok and Henson 1998; Bini trasmission and scanning electron microscopy
al. 1992; Morriset al. 1984).These modifications (TEM and SEM, respectively). 1@ells/ml were
have great importance during the recognition anfixed with 2,5 % glutaraldehyde in cacodylate
removal of apoptotic cells by phagocytes (Savilbuffer, pH 7.4, for 1h at ice temperature; postfixed
1998). It has been difult up to now to identify with 1% OsQ in the same bidr, dehydrated,
changes likely occurring at the cell surface duringembedded in Spurr resin and examined under a
the early phases of apoptosis while the cell centir Philips CM12TEM. U937 cells deposited on poly-
ued to appear overtly normal and healthyit L-Lysine treated coverslip slides were observed at
which were responsible for their swift removal. It SEM. Critical Point Dryer 020 Balzer and Sputter
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Coated 040 Balzer were used for the final preparé Samples were observed with conventional and
tion steps. Cells were examined with a Philips XL5(confocal fluorescent microscapymages were

SEM. acquired by means of a Biorad MRC-1024 confocal
microscope, using a 60x/1.4 Ntmersion oil lens.
Quantitation ofApoptosis 3D stack were acquired at resolution of 0.1 micron

The percentage of apoptotic and viable cell-fracin X, Y and Z axis. 3D image processing (image
tions was quantited by cytofluorimetn EPICS  deconvolution) was applied in order to increase pla
XL cytofluorimeter (Coulter Electronic Inc. Hialeah, nar and axial resolution (by public domain software:
FL) with 1024 channels of resolution was used witt XCOSM fromWashington University).
propidium iodide (10g/ml) stained U937 cells.

The fraction of cells with fragmented, crescent-Flow cytomety
shaped, or shrunken nuclei was evaluated among t Quantitation of binding of lectins andhnexin
Hoechst-stained cells by counting at least 300 cel V-FITC conjugates to U937 cells were evaluated
in at least three randomly-selected fields at lighby cytofluorimetry U937 cells were incubated
microscopy Cell viability was assessed by normalwith 10 pg/ml of the fluorescent lectins for 20
nuclear shape and texture revealed upon vital-stai min.or with 0.5ug/ml of AnnexinV-FITC for 10
ing (10 min in the dark) with Hoechst 33342. min. at £C in the dark.

The type of nuclear fragmentation of dead cell
was analyzed using the dye, Hoechst 33258,
fixed cells laid on gelatinized slides, and by analyzZRESULTS
ing its ultrastructure on glutaraldehyde-fixed cells
The visualization of nucleus and the condensatioQuantitation of apoptosis and nuclearmodifi-
status of the chromatin was observed, respectivelcations

at the fluorescence microscope and@M. Two substances (puromycin and hydrogen perox
ide) with different cellular tagets induced U937
Cell Surface Modifications cells to apoptosig-he apoptotic indexes were mea

Structural modifications of the cell surface weresured by flow cytometry at dérent times of incu
examined by SEM and lectin cytochemistry (con bation or recovery (within 4 hrs) (Fig. Tie apop
ventional and confocal microscopy and cytofluo totic rate was dependent on the apoptogenic stimu

rometry analysis). lus; it was higher in puromycin-induced cells-ver
sus HO.-treated U937 cells. Puromycin induced (at
Conventional and confocal mascopy the concentration of 1Ag/ml) more than 80% of

Apoptotic U937 cells, fixed with 4% paraformalde apoptosis in U937 cells within 4 hrs versus 40% of
hyde in phosphate ef pH 7.4 for 10 min., and apoptosis in kD-treated U937 cells. But, as a eon
deposited on gelatinated microscopy slides wersequence of the oxidative stress, the apoptotic peak
analyzed for surface localization of sugars by usinwas reached more rapidly (3 hrs) than it was after
FITC-labeled conjugates with téfent specificities. inhibition of protein synthesis (4 hrs).

The following lectins were used (in brackets are The type of nuclear fragmentation of dead cells
reported the concentrations, the abbreviations arwas analyzed by fluorescence microscope and
the sugar specificity):Helix pomatia (HPA,  TEM. From these observations, nuclear fragmen
60ug/ml, N-acetylgalactosamine)jlex euppaeus tation by budding or cleavage, total fragmenta
(UEA, 40 ug/ml, a-fucose);Phytolacca americana tion, mitosis/apoptosis, chromatin condensation
(PWM, 6Qug/ml, N-acetylglucosammine/galac and nuclear “constriction” without chromatin
tose); Concanavalin-A(Con-A, 40 ug/ml, man  condensation were simultaneously observed in
nose); Triticum vulgaris (WGA, 12Qug/ml, N-  both treatments (Fig. 2). Howeyewithin the
acetylglucosamine, neuraminiacid). All lectins  same treatment (i.e..8, or puromycin), the fre
were from Sigma (St. Louis, MO, USAMnnexinV-  quency of each morphology was fdilent. The
FITC (Genzyme, Cambridge) (@/ml for 30 minin  most frequent nuclear fragmentation forGH
the dark) was used for detection of phosphatidylsetreated cells is by budding, while nuclear frag
ine (PS) on the surface on dead cells. mentation by cleavage is the process most fre
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Fig. 1 -Time course of apoptosis in untreated U937 cells or cells treated y@ttakt puromycinThe values were obtained by
flow cytometry of H.-labelled cells during 4 hrs of recovery after 1hr of oxidative stress (1p@y) Br during 4 hrs of incu
bation with puromycin (20g/ml). After 4 hrs of incubation, at least 80% of U937 were apoptotic. 1 hr of 1n@ikbuced
50% of apoptosis at 3hrs of recovery

% apoptotic cells

Summarizes the main features obserlgglgulring the apoptotic processes in U937 cell lines
APOPTOSIS HO; induced APOPTOSIS Puromyci n induced
EARLY MATURE LATE EARLY MATURE LATE
NUCLEUS  budding budding total NUCLEUS cleavage cleavage total
fragmentation fragmentation

PS + - .- PS + VTN
SUGARS - -- () .- (7 SUGARS - -- ---
BLEBS - - - BLEBS + - + + +

+ increase; - decrease. (*)The level of PS decreased as compared to the early phases, but was always higher than
control. (**) The level of sugar residues was always lower than control.

Fig. 2 -Electron micrographs of main apoptotic nuclear morphology of U937 Eeéisaucleus of a normal (a) U937 cell is bean-shaped

with clods of uncondensed chromafiino principal ways of nuclear fragmentation are observed in apoptotic U937 cells: budding and
cleavageThe early phase during progression of apoptosis can be seen either in (b) (budding) or in (c) (cleavage). In the budding modal
ity, condensing chromatin formsdgrclumps which press against the nuclear envelope, bud and detach from the nuclear membrane. In
an alterntive process, chromatin condenses in nonprotruding cresceleft.in the nuclear sap forms at a point in the inner nuclear
membrane, which remains close to the nucleoplasm, whereas the outer membrane does not follow th@atigavagear fragmen

tation is shown in (d) while in (e) the nucleus is squeezed by modifications of the cell shape without condensation matieAhro

small percentage (about 5%) of apoptotic cells, which is always present among the apoptotic cell population irrespestisaitif the
shows the nuclear modification called “apoptosis/mitosis”. Magnification: (a, c, f) 5500x; (b, d) 7000x; (€)12000x.
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Fig. 3 -Transmission electron micrographs representative of apoptic U937 cells at early and late stages of the program follow
ing H,O, (a,c) or puromycin (b,d) treatment. a) early apoptotic U937 cells showing chromatin condensation typical of budding
fragmentation; b) total nuclear fragmentation in late apoptotic U937 cells: many nuclear fragments are spread in the cytoplasm;
¢) chromatin condensation and nuclear fragmentation by cleavage in early apoptotic U937 cells; d) nuclear fragments at the end
of the fragmentation resulting from cleavage (late stage) are forming a cluster: some zip-like structures are visiblataifthe po
contact (arrows). Percentages indicate the frequency that the type of nuclear fragmentation shown in each panel was observed in
all experiments. Magnification: (a, ¢) 7000x; (b) 4200x; (d) 9000x.

quently observed in cells induced to apoptosis bCell shape modifications

puromycin.The percentage of each nuclear mor During the apoptotic process, cell shape is dramat
phology also changed with time (Fig. 3 arable ically altered; quite often many blebs protruding
), thus suggesting that each picture is only aifrom the dying cells can be se@s.observed for the
intermediate step during the programmed deatinuclear changes, the presence and extention of blebs
Therefore, our observations indicate that, withirare related to the inducer and to the phase in the pro
the same type of cell, morphological modifica gression of apoptosis. U937 cells treated wit®,H
tions of dying cells are related to the apoptogeniprogressively modify their shape (i.e. volume and
inducer and to the phase in the progression croundness), but rarely are blebs formed; conversely
apoptosis (Fig. 3 antable I). in puromycin-treated cells, blebs, very often deep in
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the cytoplasm, are highly frequent. Fig. 4 reports thcentage of each type of blebbing is, once again,
time-course of blebbing appearance in puromyciildependent on the inducer and on the phase of the
treated U937 cellsAs reported for the type of apoptotic process.

nuclear fragmentation, also for the presence and di At the ultrastructural level, a close relationship
tribution of blebs, the apoptotic U937 population isbetween the type of nuclear fragmentation and cell
not homogenous; in the same sample apoptotic ce shape modifications atice versacan be found
without blebs, with blebs that squeeze the entire ce complete smooth surface of the apoptotic cells is
superficial blebs all around the cell surface or bleblinked to nuclear fragmentation by buddinith
deeply imbedded in the cytoplasm but confined tithe same type of fragmentation, blebs can be also
one pole of the cell have been observite per  observed randomly or apically distributed on the

Control § b - 30 min

Fig. 4 - SEM micrographs showing the time course of blebbing in apoptotic U937 cells during 4hrs of continuous incubation
with puromycin (1@ug/ml). Normal U937 cells showing rough surfaces with small pseudopodia (a) that progressively round up
starting at 1/2 hour of incubation with puromycin (b) and becoming more spherically at 1hr of incubation with puromycin (c).
At the latest times of incubation (3 hrs) the cells are stretched and form big blebbing elongations (d) that after 4hms- of cont
ous incubation with puromycin have completely damaged the cell structure (e,f). Magnification: (a) 4200x; b) 8000x; (c) 8500x;
(d,e) 5500x; f) 6000x
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cell surface. On the other hand, apoptotic nucle:N-acetylgalactosamine) on the plasma membrane
fragmentation by cleavage is always associated 'of dying U937 cells after oxidative stress and-nhi
foamycell shape derived by the presence of deebition of protein synthesis. Figures 6, 7, 8 and 9
blebs squeezing and destroying the entire celluléshow data from flow cytometry and from observa

morphology (Fig. 5). tion at conventional and confocal microscopye
- use of diferent techniques allowed us to obtain
Cell surface modifications both qualitative and quantitative data.

We have examined the time course of modifica Lectin binding sites on U937 cells (both normal
tions of PS and various carbohydrate residueand apoptotic) were only scarcely expressed with
(mannose, fucose, N-acetylglucosamine/galactosthe exception of Con-AWGA and PWM.The

Fig. 5 - Transmission electron micrographs representative of blebbing apoptic U937Thellsimultaneous observation of
nuclear modifications and blebbing has been useful forcorrelating these two events: no blebs at all (a), apical blebtsing, when
invaginations among blebs are deep in the cytoplasm but are only confined to one pole of the cell (d), and superficial blebbing
when the modifications occur in the entire cell but the constriction remains confined at the cell periphery (b) are &l tredated
nuclear fragmentation by buddiriiptal blebbing, when the entire cell is modified and squeezed in many bubbles (c) is observed
with nuclear fragmentation by cleavage. Magnification: (a) 12000x; (b) 7000; (c) 5500; (d) 7000
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Fig. 6 - Flow cytometry time course of the binding of lectin-FITC conjugate to the surface of normal and apoptotic U937 cells
treated with HO, (ImM) (panelA) or puromycin (1Qg/ml) (panel B).The lectins used were PW[Phytolacca americana),

UEA (Ulex euppaeus) HPA (Helix pomatig, Con-A (Concanavalin-A). See Material and Methods for detAilprogressive
decrease in the exposure of sugar residues during the late stage of the apoptosis process waValhseraeel given as per
centage of fluorescence. One experiment out of three performed is reported.
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Fig. 7 -Flow cytometry time course of the bindingAofnexin\AFITC conjugate to the surface of normal and apoptotic U937 cells

treated with HO, (1mM) or puromycin (1Qg/ml). Following the apoptogenic treatment, PS exposure on the external leaflet of the
plasma membrane increases during the early phase of the process and then the percentage of fluorescence decreases as the apop
totic program progressegalues are given as percentage of fluorescence. One experiment out of three performed is reported.

amount and distribution of carbohydrate residueplasma membrane during apoptosis led to patch
are dramatically modified during the apoptoticformations (Figs. 8, 9).

process in a time-dependent manhwever the PS exposure was quickly expressed on the cell
changes were independent of the induaerd surface of U937 cells as randomly distribuited flu
comparable cell surface modifications were founcorescence, in parallel with the appearance of
in both treatment$\ common trend was found for apoptosis. Surprisinglythe amount of PS exter

all the lectins tested: their cell surface binding site nalized on the cell surface was dependent on the
greatly decreased with time, thus indicating a losinducer In fact, cells that underwent oxidative
of sugar residuedhis decrement was particularly stress externalized more PS on the outer leaflet of
evident in the late phase of the apoptotic procesthe plasma membrane than did the puromycin-
One exception was found for N-acetylgalac treated U937 cells (Fig. 7).

tosamine residues, which increased dramaticall' By using double staining (Pand/or Hoechst for

as detected by the increase of the fluorescent sithe nucleus and FITC-conjugated lectindonex

nal (about 3 times above the control values) durinin V for the surface modifications), nuclear and
the early phase of the process. Howelste apop  cell surface events were contemporaneously ana
tosis was characterized by a decrement oA HPlyzed (Figs. 8, 9). Homogenously distributed fluo
binding sites in agreement with other lectin bind rescence was present on the cell surface of normal
ing sites.The reason of this behaviour is, at-pre cells, while a ligand distribution as patches was
sent, still unknownAs far as the distribution of observed on the apoptotic cellhese modifica
binding sites is concerned, the pattern of lectiitions, which parallelled the nuclear changes, were
bound to the plasma membrane of normal cellgradually achieved during the apoptotic process.
was (irrespective of lectins) uniformly distributed. The early nuclear morphological modifications
A progressive change of lectin-FITC conjugates tccorresponded to a sligthly modified pattern distrib
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Fig. 8 - Representative light micrographs of double labelling (WGA-Fitc and Hoechst) to U937 cells treatedOwithniiM)

(a,a’) and puromycin (1@/ml) (b,b’). The normal amount and distribution of carbohydrate residues modifies (independent of

the inducer) during the apoptotic process in a time-dependent manner with comparable cell surface modifications for both treat
ments. Sugar residues are not concentrated on cell surface areas corresponding to nuclear fragments of highly condensed chro
matin. Magnification: 1000x.

Fig. 9 - Repre
sentative confocal
micrographs of dou
ble labelling (WGA-
FITC and lodure
propide) to U937
cells treated with
puromycin
(10ug/ml) (c) and
H.0, (ImM) (d,d).
Two aspects are pre
dominant: i) the
modifications

(quantity and disti
bution) of the sugar
residues on the cell
surface of normal
cells (a) and on the
apoptotic ones; ii) the
similarity between
the patches distribu
tion of the fluores
cence of the late
apoptotic cells and
the mitotic ones (b).
Magnification:
2000x.
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ution of fluorescent conjugates. In particuldn-  However opposite results are shown in a recent
ing the “early” apoptotic phase, fluorescence correpaper by Cikalat al. (1999).They report that in
sponded to nuclear areas with not condensed chrhydra, cell death is morphologically indistinguish
matin.At the late apoptotic phase, when chromatirable from apoptosis in higher animals. In addition,
was condensed, the intensity of fluorescenchydra polyps express two genes with strong
decreased and the pattern changed to patches. Shomology to members of the caspase-3 family
prisingly, a similar pattern was observed in mitoticShQWWQ caspase-3-specific enzyme activity
cells (Fig. 9). It is worthwhile to mention the dif (Cikalaet al. 1999). It has been recently hypothe
ferences among mature apoptotic U937 cells fo/Sized that dierent types of cell death share com
lowing oxidative stress and those treated bMON mechanisms in the early phase, whereas acti
puromycin.The latter in fact, showed lower fluo Vation of caspases determines the phenotype of
rescence for both lectin afdnexin-V conjugates. cell death supporting the correlation between bio
This progressive reduction of fluorescence was evchemlcal events and cell morphology (Saraste and

) ; . : Pulkki, 2000). Moreovelin a yeast mutant, a num
dent in particular in the blebs, very common in the, o ' 10 ofological and molecular indicators of
puromycin treated cells.

apoptosis that are typical of the metazoan cells, are
present: i.e. exposure of PS on the outer leaflet of
the cytoplasmic membrane, DN#eakage, chro
DISCUSSION matin condensation and fragmentation, and even a
_ _ . series of tiny buds that can be considered the
In this study the time-course of morphological equivalent of apoptotic bodies (Madetzal. 1997).
modifications of U937 cells induced to apoptosis \We have described here in the U937 cell lines
by two treatments with dérent cellular tagets, that each dferent morphology is related to the
i.e. puromycin or KD, has been describedhe  apoptogenic stimulus and to the step in the execu
research was focused on the relation between tltion of the apoptotic process. It derives from this
onset of nuclear modifications and the onset of cethat progressive modifications of the nucleus can
surface changes, both sites of major morphologicihe used to distinguish among earhature or late
changes during the apoptotic process. apoptotic cells. Howeverthese criteria are not
Virtually every cell constitutively expresses afeasible for apoptotic bodies, beeing very-het
core program controlling the proper executiorerogenous structures due to the modality of their
phases of the apoptotic program. Cell death is moiformation (by cytoplasmic fragmentationiyhe
often defined by the use of morphological criteriemorphology of apoptotic bodies is not representa
(Leist and Nicotera 1997; Seade al. 1982). For tive of the entire apoptotic cell, because, during
example, chromatin condensation has been for cell fragmentation, various components of the
long time considered to be a requisite for the detecytoplasm are segregated in fdient places
tion of apoptosis (Gavriekt al 1992; Falcieriet  (Bonannoet al. 2000).Very often, the cytoplasm
al. 1994b; Leist and Nicotera 1997). Howevalt  in the blebs does not containganelles or rem
the morphological changes so far reported in the lithants of oganelle-like vescicles, etc.
erature (Allen 1987; Falcieet al.1994a; Madeet The apoptogenic inducerfats cell shape (bleb
al. 1997; Di Baldassarreet al. 2000) do not bing), exposure and cell surface distribution of PS
describe the morphology of apoptotic phenomenzand sugar residues. Howeyarodifications at the
In fact, the known morphology of apoptosis give uslevel of the plasma membrane seem to be a com
only an individual framework? corresponding topulsory event of the apoptotic program for this
biochemical events during the execution of thecell line. In fact, apoptotic U937 cells, despite
apoptotic programThis is the reason why many their cell surface changes, are never phagocytosed
different morphologies of apoptosis are describein in vitro or in vivotests (Dini 2000). In spite of
(Dini et al.1996). On the other hand, the concept othe fact that PS and sugar residues exposure are
a programmed death is not always linked to a spwresponsible for the proper recognition of apoptot
cific morphology For example, very often, in non- ic cells, we found that their amount on the celt sur
vertebrate systems, programmed cell death doface decreased at the later stages of apoptosis. Our
not display an apoptotic-like morphology (Leist data (at least for PS externalization) are in agree
and Nicotera, 1997; Schwartz and Osborne, 1993ment with the work of Spanet al. (2000) who
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reported a similar decrement of PS exposure. Fdamaging events have recently been reported to
has been reported to be a transient event with ¢activate two diferent pathways of apoptotic sig
expression peack during the early stages of apo nalling. The two pathways convge at the activa
tosis. Moreover modifications of the sugar tion of caspase-3, the keyfagtor of the execution
residues expression appear to be a more complphase of apoptosis, thus giving rise to apoptosis
phenomenon including increase and/or decrease (Ghibelli and Coppola, 2000yhe knowledge that
different residues at the féifent steps of pro different biochemical routes exist could explain
grammed deathA hierarchy of progressive expo the reason for the dérent morphological appear
sure of sugar residues during apoptosis has not yancesWith regards to this latter aspect, it should
been reported (Russedt al. 1998). In addition, pe kept in mind that the inducers used in this study
from the localization studies, plasma membraninterfere with diferent cellular tagets: the first
delimiting detaching blebs always appears to binducer (H202) causes an imbalance in the redox
different (decreasing amount and distribution o0'condition of the cell, thus triggering apoptosis by
both PS and sugar residues) from the rest of ttan oxidative stress, while the second induces
cell (Bonanncet al.2000). Only a partial explana apoptosis via a non-oxidative pathway

tion could be found in the release of membran symming up, our findings demonstrate that in the
during apoptosis (Zhangt al. 1998). U937 cell lines cellular modifications (i.e. percent
As the apoptotic phenomenon of U937 cells- progge of apoptosis, chromatin condensation, blebbing)
gresses over the early stages, it causes extensive lgepend on the inducing treatment. In fact, although
mation of blebs that, concomitantigose some tp  he final stages of apoptosis are morphologically
ical markers of apoptosis, such as PS or sugingistinguishable, the morphology of early and
residues. One major candidate to link nuclear mod ,51ure phases of apoptosis is strictly determined by

fications, blebbing formation and cell surfacey,q jnqycer Oxidative stress induces nuclear bud
changes might be the cytoskeleton. Changes in tlying and occasional membrane blebs, whereas

cytoskeletal aganization have been extensively ;
) X S > puromycin cause nuclear cleavage and gelar
described to occur during apoptosis ifedént bie 54 nts of blebs. On the other hand, in the late

logical situations (Mdlie et al 1980; ljiri and Potten .
. : L phase of the apoptotic process, we observed a com
#?ngu%ﬂ?eg liSS n;)r\:v ﬂf[eearrg?at gr‘,f’ olmf tlh" éagoré Ot‘;ti(plete nuclear and/or cytoplasmic fragmentation irre
gral p pop spective of the apoptotic treatment (Sedble I).

rocess (Pittmart al. 1994; Ireland and Pittman L e :
2995) Mt()reoven'n apoptotic cells, cytokeratin fia Quantitative modifications of P_S and sugar residues
: ; are not related to the apoptotic treatment although

ments aggregate in the early stage of the proceStopographic variations have been observed. It is

while during later stages they are degradedn@ . ; . o
interesting to note that blebs formation and distribu
manset al. 1995). It was proposed that, membranetion are closely related to the modality of nuclear

blebbing is a discrete subprogram operating durinfra mentation since they are significantly present in
mammalian apoptosis which can lead to cell deat 9 ey 9 yp
the cleavage modality (s@able I).

via caspase-independent mechanisms (Mc Catthy I lusion th hological data. should
al. 1997), although surface blebbing is not essenti:. " concﬂt:sgnt f_:se rfnorp (tht)_glca_ﬂwa a shou
for apoptosis completion and can be dissociate/MPrOVe the detection of apoptotic cefisvivo i.e.
from it (Huot et al. 1998). Membrane blebbing is N USSU€s, @ans), in particular during the early
thus a primary modification of cell toxicity which is St2ges of the process, leading to a more precise
not necessarily linked to apoptosis. quantification of apoptosisA precise apoptotic

It may be also kept in mind that evidence has bee"€c0dnition is a crucial point in the evaluation of
presented implying a role of conventional ancefficiency of antiproliferative drugs such as anti
unconventional myosins in the formation of blebsPlastic or immunosuppressive molecules.
in serum-deprived cells (Millst al. 1998); and of
a relationship between membrane lipid asymmetr
and cytoskeletal alterations, and between actiACKNOWLEDGMENTS
microfilaments and dynamics of the plasma mem _ o o
brane and cytoplasm modifications related to th: We are indebted to Dt. Ghibelli for providing
formation of blebs (Kulkarnet al. 1994). us with the U937 lineThis work was supported

Finally, it is worth noting that physiological and by grants from MURST
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