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SUMMARY INTRODUCTION

U937 cells induced to apoptosis, progressivel' Apoptosis, a physiological mode, is a self-direct-
and dramatically modified their cell shape byed process of cell death that proceeds with charac-
intense blebbing formation, leading to the producteristic biochemical and cytological features,
tion of apoptotic bodies. The blebs evolved withincluding DNA digestion into high (300 and
time; milder forms of blebbing involving only a 50kpb) and low (ladder of multiple of 200 bp)
region or just the cortical part of the cytoplasmmolecular weight fragments (Zharmg al. 1998;
were observed within the first hour of incubationKhodarevet al. 1998). In parallel with the bio-
with puromycin; blebbing involving the whole cell chemical processes, many morphological modifi-
body with very deep constrictions is the most fre-.cations become progressively visible. Morpholog-
guent event observed during late times of incubeical changes include cell shrinkage, chromatin
tion. The ultrastructural analysis of apoptotic cellscondensation at the nuclear periphery, and nuclear
revealed characteristic features of nuclear fragmeifragmentation in several membrane-bound vesi-
tation (budding and cleavage mode) and cytoplascles (Kerr 1971; Falcierét al. 1994; Earnshaw
matic modifications. The cytoplasm of blebs doe:1995; Kas®t al. 1996; Saraste 1999; Robertszin
not contain organelles, such as ribosomes or mitcal. 2000) and the formation of actin-dependent
chondria. Scarce presence of endoplasmic retici(Lemasteret al. 1983; Huotet al. 1998; Asumen-
lum can be observed at the site of bleb detachmeldi et al.2000; Spanet al.2000) cytoplasmic pro-
However, blebbing is a dispensable event as evaltrusions (blebs) which eventually detach from the
ated by using inhibitor of actin polymerization.  cell, thus forming the so-called “apoptotic bodies”

In the present study, the progressive modifica(Mills et al. 1998; Gore=et al. 1990). Apoptotic
tions of the nucleus, mitochondria, nuclear fragblebbing is characteristic of many, but not every,
mentation, cytoplasmic blebs formation and pro-cell and requires major cytoskeletal reorganiza-
duction of apoptotic bodies in U937 monocytiction; it has been related to Cand thiol distur-
cells induced to apoptosis by puromycin (arbances, which may interfere with the actin
inhibitor of protein synthesis) were simultaneous cytoskeletal network (Nieminegt al. 1988; Fish-
ly analyzed. kink et al. 1991; Cunningham 1995; Martat al.
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1995; Miyoshiet al. 1996; Atenciaet al. 2000). dye Hoechst 3334Z1ug/ml) according to the
Inhibition of actin polymerization inhibits bleb nuclear morphological feature.

bing without afecting the development of other Ultrastructure of apoptotic cells was obtained by
apoptotic features (Huet al. 1998). Trasmission and Scanning electron microscafy
The process of apoptosis is very rapid, and inteicells/ml were fixed with 2.5% glutaraldehyde in
mediate stages are not easily detectalite. end cacodilate biér, pH 7.4, for 1h at ice temperature,
point of this process is the rapid removal of thepostfixed with 1% OsO4 in the same feuf dehy
apoptotic cells and/or bodies by phagocytosis, drated, embedded in Spurr resin and examined
process involving membrane changes which-stimynder a Philips CM1ZEM. SEM observation was
ulate and address a correct phagocytic recogniticdone on U937 deposited on poly-L-lysine-treated
(Fadoket al.1998a; Dini, 2000). Indeed, cell death coverslip slides. Critical Point Dryer 020 Balzer
by apoptosis does not elicit an inflammatoryand Sputter Coated 040 Balzer were used for the
response since the uptake of the dead cells occlfing| preparation steps. Cells were examined under
before any leakage of intracellular material (Fadoly Philips XL50 scanning microscope.

et al. 1998b).The ultimate fate of the internalized Quantitation ofApoptosis:The quantification of
dead cells is their definitive digestion 'ns'deapoptotic cells was performed by flow cytometry
phagosomes (Savill 1998yu and Horvitz 1998). gng by light microscopy morphology

To this purpose, nuclear and cytoplasmic fragmer  percentage of apoptotic and viable cell fractions
tation, beside DNAligestion, may have a phy5|o’ was performed by cytofluorimetryEPICS XL
logical meaning in promoting the phagososne’ cyiofluorimeter (Coulter Electronic Inc. Hialegh
digestion, and may not only be a series O_f,fathL) with 1024 channel of resolution was used
strophic eventsTherefore, cell surface modifica iy propidium iodide (1Qug/ml) labelled U937.
tions and cell and nuclear fragmentation are esse The fraction of cells with fragmented, crescent-
tial events for the ‘apoptotic bodiesipid removal  ghaned, or shrunken nuclei was evaluated among
and subsequent digestion by means of a NCe Hoechst-stained cells by counting at least 300
inflammatory and non-immunogenic elimination cis in at least three randomly selected fields at
(Meagheret al. 1992; Reret al. 1998). light microscopy Cell viability was assessed by

Irgégz\s/eStrl:]%)éj\i%iailirg#slt%?g[?\léshluilrg)s/zen:i?gcﬁgon normal nuclear shape and texture revealed upon
9 i vital staining with Hoechst 33342.

‘rjnr;ionn“g'r?;f Ig%gu”;t‘ifg;agfog’ gyigg'cag{)‘gji‘;g';bﬁ ;%f_ Inhibition of cell blebbingTo inhibit the forma
P Pop 'tion of membrane blebs cytochalasin B (CCB)

cells induced to apoptosis by puromycin, ar . :

C : - (5ug/ml) were added to culture medium 30 min
inhibitor of protein synthesis. before the apoptogenic treatment and maintained
throughout incubation.

Ca™ localization: The intracellular Ca (mem
brane bound) localization was visualized by means
of the yellow-orange fluorescence due to chlorote
tracycline (CTC)/Ca complex (Tetyn and Kop
cewicz 1988). U937 were fixed with 4% para
formaldehyde in 0.1M PBS pH 7.2 at room tem
perature on glass slides and incubated with 10
CTC in the same bidr for 30 min in the dark.
Mounted slides were observed with a Zeiss
Axioskop light fluorescence microscope.

MATERIALS AND METHODS

Cells andTreatments

Cells and cultues U937 cells were kept in a log
phase in RPMI 1640 medium (Mascia Brunelli -
Italy) supplemented with 10% inactivated fetal
calf serum (FCS), 2 mM L-glutamine, 100 1U/ml
penicillin and streptomycin in a controlled atmos
phere (5% CO2) incubator at ¥7. Experiments
were performed at a concentration of ¢élls/ml.

Induction of apoptosisApoptosis was induced
with 10 ug/ml puromycin (PMC). RESULTS
Analysis of Apoptosis and analysis of blebbin .
Apoyptosis Vﬁa‘s’ detected byylight and e|egtm, We f_oIIowed cell shape andg_anelle modifica
microscopy and by cytofluorimetriluclear frag ~ tions in U937 monocytic cells induced to apepto
mentation was detected after staining with the viteSis by puromycin, a protein synthesis inhibitor that
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Fig:ll -Ap(.)ptosi's'in U§.37Icel.ls.A: Phas.e_(;o.ri{'raét light fnicroscopy showing morphology of apoptotic U937; magnification 600x;
B: Time course of induction, quantified by flow cytometry as described in material and methods. One experiment among 5 is shown.

produces almost 100% apoptotic cells in foui(about 3%) (Fig. 1)Apoptotic U937 cells always
hours of continuous incubatiohhe percentage of have fragmented nuclei and DN# digested in
necrosis in the fraction of dead cells is minimalthe characteristic laddéike pattern.

Fig. 2 -Time course of blebbing in apoptotic U937. SEM micrographs showing the progressive loss of cell shape and the progressive
formation of blebsA: normal U937 showing rough surface with small pseudopodia; B: after 1hour of incubation with puromycin, the
pseudopodia are changing and are becoming more sphericall, shaped; C: after 2.5 hours, the cells are starting to safi&rh and D:

4 hours of continuous incubation with the drug, numerous blebs are forming, prone to detach from the cell body
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The cell shape was directely analyzed by obse budding and cleavage (Fig. 4)jhe evolution of
vation of living cells at the phase contrast micro the morphological changes involve chromatin
scope and on fixed cells at light and electrorcondensation at the nuclear peripheigrming
microscopy (TEM and SEM). Cell shape alter patches protruding from the nuclear envelope,
ations and blebbing are strikingly rapid phenemewhich evolve into buds leading to nuclear frag
na: the irregular round shape of the living cellsmentation. In an alternative process, chromatin
with  many pseudopodia-like protrusions iscondenses in tinyregularly shaped crescents
replaced by the smooth round shape of apoptotinvolving most of the nuclear edge, without pro
cells protruding spherically shaped blethe truding. The subsequent fragmentation occurs by
presence and distribution of blebs in the U93cleft in the nuclear sap at a point in the nuclear
cells is time dependent (Fig. 2). Early modifica periphery which is free of condensed chromatin
tions include the presence of milder forms of bleb (Dini et al. 1996). Howeverirrespective of the
bing which involve only a region or just the certi modality of fragmentation, mature/late apoptotic
cal part of the cytoplasmkith increasing time, U937 cells present a total nuclear fragmentation in
blebbing involves the whole cell body with very different sized fragments, occasionally visible
deep constrictions and the original cell shape ialso inside blebs. Interestinglya deep nuclear
entirely destroyed (Fig. 2). Since blebbing hasconstrinction is always related to strongly bleb
been related to Caand thiol disturbance, which bing cells (Fig. 5). Cell blebbing is a dispensable
may interfere with the actin cytoskeletal networkevent in apoptosis. CCB completely eliminates
(Nieminenet al. 1988; Fishkinket al. 1991; Cur  cell blebbing and the resulting cellular fragmenta
ningham 1995; Martiret al. 1995; Miyoshiet al.  tion; however apoptosis is still morphologically
1996), membrane bound Chas been detected by recognizable, since chromatin condensed at the
labelling with CTC (Caninet al. 1993). C& sur  nuclear periphery is easily detectable (Fig. 6).
rounds the nucleus in normal living cells and, upol In the majority of blebs, the cytoplasm does not
blebbing, is redistributed inside the cytoplasm contain oganelles, such as ribosomes or mitoehon
Blebs are always negative to the labelling (Fig. 3)dria. Sometimes, a scarce presence of endoplasmic

By TEM ultrastructure analysis, changes oecur reticulum can be observed at the site of the bleb
ing in the cytoplasm and g@anelles during bleb detachment, forming a regular line of small vesicles.
bing were monitoredTwo modes of nuclear frag Morphologically intact mitochondria are observed
mentation characterized the nuclear modificationsduring the early phases of apopto3iseir position

Fig. 3 - Chlorotetracycline labelling in apoptotic U937 cells. Fluorescent light micrographs showing the presence of membrane
bound C& in (A) normal cells and (B,C) after puromycin incubation. In living cells the fluorescence is concentrated around
nuclei, while the periphery of cell is scantily fluorescAmtows indicate the absence of the fluorescent dye in the blebs of apop
totic U937 cells. Magnifications: 1000x.
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Fig 4 - Representative apoptotic nuclear morpholodi€M micrographs showing the @fent nuclear morphologies observed
during induction of apoptosis in U937 by puromydnnormal cells with beam shaped nucleus, nucleolus, and condensed and
non condensed zones of chromatinTBly crescents of condensed chromatin that will fragment by cleavage; C: Patches of con
densed chromatin along the inner nuclear envelope that will fragment by budding; D: mature/late apoptotic U937-with com
pletely fragmented nucleus. Magnifications: 8200x (A); 4200x (B); 13000x (C); 8200x (D).

inside the cytoplasm isfatted by blebbing. During remain unchanged. Howeyet the ultrastructural
the cell shape changes, they are squeezed from thlevel, mitochondria disappear in the late apoptotic
normal position and concentrate near the nucletU937 cellsThe reason for the reduction of morpho
and far from the blebs (Fig. 7). In fact, mitochondriclogically intact mithocondria and, as a consequence,
localization inside the blebs is unfrequent. Durincloss of function, must be found in their important
this migration, the morphology of mitochondria role during the apoptotic proces® support this
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Fig. 5 -Blebbing and nuclear cen
striction in apoptotic U937 cells.
TEM micrographs showing the
progressive nuclear fragmentation
induced by blebbing in apoptotic
U937 cellsA: initial nuclear con
striction (arrow) due to the first
apperance of a bleb. Chromatin is
just starting to condensate; B: par
ticular of a nuclear constriction
following the production of a bleb.
Condensate chromatin is present;
C: strongly blebbing cells develop
deep nuclear constrinctions and
subsequent fragmentation (aster
isks). Condensed chromatin
(arrows). Magnifications: 7000x
(A); 11200x (B); 8000x (C).

finding, an increasing number of degenerating mitothe present workThe evolutionarly conserved
chondria, or only vesicles showing a double memexecution phase of apoptosis is defined by the
brane, are observed during late apoptosis (Fig. 7). above-mentioned characteristic changes occurring

DISCUSSION

during the final stages of death. Howevtre
description of these hallmark features of apoptosis
has been previously elusive, daty because the
execution phase is a rapid event whose onset is

The time course modifications of some typicalasynchronous across a population of cells. By
features of apoptosis (i.e. cell shrinkage, dynamimeans of electron microscqpyrogressive ultra
membrane blebbing, condensation of chromatiistructural changes can be described in the -apop
and nuclear fragmentation) have been described totic cell, as well as the appearance of its typical
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aspects (Falcieet al. 1994; Saraste 1999; Moon
et al.2000). Morphology represents the phenetyp
ical expression of the biochemical and/or motecu
lar changes occuring to the cells during apoptosis.
The diferent apoptotic morphologies that have
been so far described are a picture of each single
step of the biochemical pathway chosen by the
cell during its progression in the apoptotic pro
gram (Ghibelliet al. 1995).This is in agreement
with the involvement of various metabolic path
ways (membrane or nuclear receptors, oxidative
stress, mitochondria, etc.) in the apoptotic induc
tion (Saini andNValker 1998).

Two main, cell-specific types of nuclear shape
alterations have been reported to accompany-chro
matin condensation in apoptotic cells: mild (i.e.,
lymphocytes, thymocytes) or strong (i.e., Jurkat
cells) nuclear shrinkage, ,oin those cell types
where shrinkage is negligible or absent, nuclear
fragmentation (Nagata 2000). Nuclear fragmenta
tion can be obtained by multiple choice (Denal.
1996), thus suggesting evolutionary comgrce.
Therefore, the nuclear fragmentation (micronuclei
formation) and apoptotic bodies formation may be
crucial events in the death program, whose impor
tance may deal with the clearance of apoptotic
bodies, since nuclear fragmentation is a late and
possibly dispensable step in apoptosis.

Blebbing is a good marker of apoptosis indepen
dently of the apoptogenic stimulus; it has been
found associated with apoptotic ladder formation
and nuclear fragmentation gfanoet al. 1991).
Apoptotic blebbing requires actin polymerization
as demonstrated by our and oteesxperimental
data (Millset al. 1998). F-actin has been suggest
ed byAsumendi and coworkers (2000) to be-cor
related to the characteristic shape observed in
apoptosisAdditionally, the disposition of G-actin

Fig. 6 -Inhibition of cell blebbing and nuclear fragmentation.
Cytochalasin B fag/ml inhibited nuclear fragmentation,
whereas chromatin condensation is not (arrowjedifit pre
gression of the chromatin condensation at the nuclear edge is
easily recognizablél) early condensation of chromatin at the
nuclear periphery; B) CCB inhibits the formation of nuclear
vesicles, and the patches of condensed chromatin are very
protruding. Nucleoli are still visible; C) early signs of sec
ondary necrosis in apoptotic U937 cells without any signs of
blebbing and fragmentatiohe two nuclear membranes fall
apart where condensed chromatin has accumulated. Magnifi
cations: 6000x (A); 7500 (B); 7500x (C).
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