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Abstract
Apoptotic and necrotic blebs elicited by H2O2 were compared
in terms of dynamics, structure and underlying biochemistry
in HeLa cells and Clone 9 cells. Apoptotic blebs appeared in a
few minutes and required micromolar peroxide concentra-
tions. Necrotic blebs appeared much later, prior to cell
permeabilization, and required millimolar peroxide concen-
trations. Strikingly, necrotic blebs grew at a constant rate,
which was unaffected throughout successive cycles of
budding and detachment. At 1 lm diameter, the necks of
necrotic and apoptotic blebs were almost identical. ATP
depletion was discarded as a major factor for both types of
bleb. Inhibition of ROCK-I, MLCK and p38MAPK strongly
decreased apoptotic blebbing but had no effect on necrotic
blebbing. Taken together, these data suggest the existence of
a novel structure of fixed dimensions at the neck of both types
of plasma membrane blebs in epithelial cells. However,
necrotic blebs can be distinguished from apoptotic blebs in
their susceptibility to actomyosin kinase inhibition.
Cell Death and Differentiation (2003) 10, 687–697. doi:10.1038/
sj.cdd.4401236

Keywords: apoptosis; necrosis; blebs; cytoskeleton; ATP;

calcium

Abbreviations: KRH, Krebs Ringer Hepes buffer; AVD, apopto-

tic volume decrease; NVI, necrotic volume increase; PI,

propidium iodide; LDH, lactate dehydrogenase .

Introduction

Blebs are balloon-like, quasi-spherical protrusions of the
plasma membrane that are found in association with cell
injury. Blebs have also been observed in healthy cultured cells
during particular stages of the cell cycle,1,2 rapidly expanding
within 3–5 s and stopping abruptly at diameters of a few
micrometers, followed by slow shrinkage.3,4 Such ‘normal’
blebs may play a role in cell locomotion during embryogen-
esis.5 In damaged cells, the presence of blebs correlates with
impending cell death but their biological function is not yet
known. At the systemic level, blebs may play pathogenic
roles; for instance, the blebbed lumenal surface of endothelial
cells is a preferential site for platelet aggregation6 and
monocyte chemotaxis.7 Blebs can also carry infective viral
particles from liver into the blood, thus becoming an
integral part of the pathogenic cycle of needle-transmitted
hepatitis.8

Notwithstanding their poorly understood role in cell physiol-
ogy, blebs are receiving renewed attention since they were
first recognized as one hallmark of apoptosis. As an early
feature in the execution phase,9 blebs form inside 30 min of
exposure to diverse apoptotic stimuli, coinciding with channel-
mediated K+ and Cl� loss during a response termed apoptotic
volume decrease (AVD). In some cell systems, this precedes
mitochondrial cytochrome c release and caspase 3 activa-
tion.10,11 Blebbing does not seem to mediate the central
biochemical events in early apoptosis but their pharmacolo-
gical inhibition has been correlated with defective formation of
apoptotic bodies.12 The molecular mechanisms behind
apoptotic blebbing are not yet clear, although several recent
studies showed involvement of the actomyosin cytoskeleton
and its regulators such as the kinases ROCK-I and
MLCK.9,12–14 In HUVE cells, CHO cells and also in HeLa
cells stimulated with H2O2, apoptotic bleb formation requires
activation of the serine threonine kinase p38MAPK, with the
actin-polymerization promoter HSP27 as its likely down-
stream effector.15–17

Necrotic blebs form in cells exposed to more intense
noxious stimuli such as hypoxia, metabolic poisoning and high
concentrations of free radicals.18 Appearing during the last
stages of injury prior to cell lysis, necrotic blebs also differ from
apoptotic blebs insofar as they grow indefinitely without
retraction, reaching diameters of tens of micrometers. In
contrast to apoptotic blebs, which coincide with cell volume
decrease, necrotic blebbing is associated with cell swelling
termed necrotic volume increase (NVI), the execution phase
of necrosis characterized by a rapid influx of Na+ that in
cultured liver cells is partly mediated by non-selective cation
channels.19,20 There has been no study on the biochemical
mechanisms underlying necrotic blebbing, including depen-
dence on ROCK-I, MLCK and p38MAPK. In several previous
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reports,21–23 ATP depletion was suggested as a causative
factor for necrotic blebs.

To the best of our knowledge, there has been no direct
comparison of necrotic and apoptotic blebs. In this study, we
triggered the formation of both types of blebs in two epithelial
cell types and recorded their dynamics and morphology, their
relation with ATP and calcium levels, and their response to
pharmacological inhibition of ROCK-I, MLCK, p38MAPK,
caspases and calpain. HeLa cells were chosen as they are
a well-characterized epithelial system with regard to ion and
volume regulation under both normal and stressed condi-
tions.11 Liver Clone 9 cells, which have been used in our
laboratory for cell death studies,19 were chosen for selected
experiments to ensure the applicability of the results to other
epithelial cells. Hydrogen peroxide, a known bleb indu-
cer,16,24,25 was employed, since it is able to trigger both
apoptosis and necrosis depending on the concentration
used.26 Our findings suggest that necrotic and apoptotic
blebs are constrained by a common structure located at their
necks, although both are distinct in the light of their
dependence on actomyosin phosphorylation.

Results

Apoptotic blebs and necrotic blebs

In order to carry out a comparative study of necrotic and
apoptotic blebs, we first searched for adequate experimental
conditions using time-lapse videomicroscopy. In HeLa cells,
as in other cell types,16,27 hydrogen peroxide induces
blebbing and other typical signs of apoptosis like nuclear
condensation and fragmentation.17,28 Upon exposure to
hydrogen peroxide and regardless of the dose used (0.031–
32 mM), HeLa cells reacted with cytoplasmic retraction
(Figure 1a,b), consistent with the release stage of the
apoptotic execution phase.9 This was followed by rapid onset
of dynamic blebbing. As was described for ‘normal’ blebs,1 we
could elicit these early blebs most efficiently by using newly
plated cultures (r48 h since plating; Figure 1b). At 125mM
peroxide, these blebs were small, transient, and were followed
by a 70710% (n¼11, Po0.05) increase in the activity of
caspase-3 and a 3374% (n¼23, Po0.05) decrease in cell
viability after 6 h. Under identical conditions, caspase-1
activity was not affected (n¼11). These dynamic and
biochemical features are typical of apoptotic blebbing.16

Increasing peroxide up to 32 mM did not change either
onset or gross morphology of the blebs but inhibited their full
retraction, most likely because of impaired myosin II activity
and actin polymerization during ATP depletion (see below). In
contrast, older cultures with flatter cells (Z72 h since plating)
did not display apoptotic blebs, even by peroxide at high
millimolar concentrations (Figure 1c), but only developed late-
onset blebs (Figure 1d). Since this bleb formation was
followed by plasma membrane permeabilization to propidium
iodide (PI) and release of cytosolic proteins (Figures 1e, 2d),
the late-onset blebs are necrotic. A previous report in
epithelial LLC-PK1 cells showed that increasing doses of
peroxide accelerate the sequence of necrotic changes without
affecting their order of appearance.25 Of note, 6 h after
exposure to 32 mM peroxide, 8671% (n¼22) of cells under-

went cell death because of necrosis but not apoptosis, with no
apparent changes in caspase-3 activity (�177%, n¼11). This
can be explained both by the inhibitory effect of energy
depletion on apoptosis29 and the reported inhibitory effect of
hydrogen peroxide on caspase-3 activation.30

As expected from the report by Hampton and Orrenius,26

apoptotic blebbing was much more sensitive to H2O2 than
necrotic blebbing (Figure 1f). In order to minimize experi-
mental variables, most experiments were carried out with a
single dose of hydrogen peroxide (32 mM) and the two types
of blebs were unambiguously distinguished by two major
criteria: (i) time of onset (minutes versus hours) and (ii) growth
kinetics (transient versus continuous).

A series of experiments was carried out in Clone 9 cells, a
nontransformed rat liver epithelial cell line. These very flat
cells grow in tight clusters and are not easily imaged under
phase-contrast optics, so blebs were visualized and mea-
sured by staining the plasma membrane with the fluorescent
dyes di-4-ANEPPS and di-8-ANEPPS (Figure 2a–c). As
observed with HeLa cells, apoptotic blebs appeared most
easily in newly plated cells (o1 day) and required much lower
concentrations of peroxide. As with HeLa cells, necrotic
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Figure 1 Apoptotic and necrotic blebs in HeLa cells can be distinguished by
time of onset and H2O2 dose dependence. Phase-contrast images of a 48 h cell
culture are shown before (a) and after (b) 20 min exposure to 32mM H2O2, where
apoptotic blebs are evident (small arrow). A cell culture of 72 h is shown after
20 min (c) or 120min (d) exposure to 32mM H2O2. A necrotic bleb is indicated by
a large arrowhead. Gray scales are shown. (e) Onset of apoptotic blebbing (open
circles), necrotic blebbing (closed circles) and PI permeabilization (open squares)
after exposure to 32mM H2O2. Mean7S.E.M (n¼3–6). (f) H2O2 concentration
dependence of apoptotic bleb induction assessed after 20 min (open circles) and
necrotic bleb induction assessed at 120 min (closed circles). See text for
classification criteria. Mean7S.E.M. (n¼4–8). Bars are 50 mm
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blebbing was only apparent at millimolar peroxide concentra-
tions (Figure 2).

Morphological and kinetical comparisons between
apoptotic and necrotic blebs

Apoptotic blebs appeared soon after exposure to peroxide,
with a t1/2 of 6.470. 4 min in HeLa cells (Figure 1e) and
6.470.3 min in Clone 9 cells (Figure 2d). They grew for a short
period as irregular protrusions that reached up to 10 mm
maximum diameter. In some cases, blebs were sufficiently
spherical to allow accurate estimations of the volume using an
automatic system, as illustrated in Figure 3a and described in
Material and Methods. Bleb swelling was followed by
shrinkage, which could not be quantified as even spherical
blebs quickly lost their symmetry (see scanning electron
microscopy below). Bleb retraction was not complete and
most blebs became small irregular remnants that looked dark

under phase-contrast optics (Figure 1b). In less than 5% of the
cases, after a lag phase of about 1 h, the shrunken remains
regained sphericity and started to grow at constant rates such
as that illustrated in Figure 3b. The timing of the second
growth phase was coincidental with both the onset of necrotic
blebs at other locations of the cell surface and the onset of
necrotic blebs in cells that had not presented apoptotic blebs
at all.

Necrotic blebs were routinely studied in cells that had not
displayed apoptotic blebs, as judged by the maximum
resolution of our imaging system (approximately 0.2 mm). In
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Figure 2 Apoptotic and necrotic blebs in Clone 9 cells behave similarly to those
from HeLa cells. Lipid membranes in Clone 9 cells were stained for 5 min with
1mg/ml di-4-ANEPPS (a, c) or 5mg/ml di-8-ANEPPS (b) and then imaged by
confocal microscopy. Optical sections were 2 mm thick. (a) Untreated cells. (b)
After 20 min exposure to 32mM H2O2, where apoptotic blebs are evident (small
arrows). (c) Optical sections taken at the level of the cells (0 mm) and 5mm above
the cells showing several necrotic blebs (arrowhead). (d) Onset of apoptotic
blebbing (open circles), necrotic blebbing (closed circles) and LDH release (open
squares) after exposure to 32mM H2O2. Mean7S.E.M. (n¼3–5). (e) H2O2

concentration dependence of apoptotic bleb induction assessed after 20 min
(open circles) and necrotic bleb induction assessed at 60min (closed circles).
Mean7S.E.M. (n¼3). Bars are 50 mm for a and c or 5mm for b
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Figure 3 Apoptotic blebs are transient and necrotic blebs grow monotonically
in HeLa cells and Clone 9 cells. Blebs were induced at 32mM H2O2 and their
volume was estimated as described in Material and Methods. (a) The estimated
volume of this necrotic bleb in a HeLa cell seen under phase contrast was
180 mm3. Bar is 10 mm. (b) Time course of two apoptotic blebs on a single HeLa
cell. Dotted lines indicate an approximate estimation as blebs deviated from
sphericity. Note that after approximately 80min exposure to peroxide, one of the
blebs (open circles) restarted growth at a rate of 65 mm3/min. (c) The left graph
illustrates the time courses of two necrotic blebs on the same HeLa cell, where
rates of volume increase were 65 and 67 mm3/min. The right panel shows the
growth rate distribution of 78 necrotic blebs measured on 30 HeLa cells. The
Gaussian fit gave an X0¼5472mm3/min. (d) The left graph illustrates the time
courses of two necrotic blebs on two neighboring Clone 9 cells, where rates of
bleb volume increase were 32 and 25 mm3/min. The right panel shows the growth
rate distribution of 61 necrotic blebs measured on 40 Clone 9 cells, with an
X0¼2371.5 mm3/min

Apoptotic and necrotic blebbing
LF Barros et al

689

Cell Death and Differentiation



HeLa cells, they appeared after 60 min exposure to peroxide,
with a t1/2 of 8976 min, which was followed by cell
permeabilization to PI (necrosis) with a t1/2 of 18078 min
(Figure 1e). Bleb development was not because of a direct
effect of H2O2, as HeLa cells that were transiently exposed for
only 60 min formed necrotic blebs with a similar t1/2 of
89716 min. In marked contrast to apoptotic blebs whose
growth was irregular and short-lived, necrotic blebs grew
monotonically throughout observation periods of over 30 min
(Figure 3c). When two or three blebs could be focused in the
same cell, growth rates were found to be almost identical
(Figure 3c; see also Figure 4). Moreover, data from a large
number of cells from several separate experiments showed
that even though blebs grew at rates varying more than 10-
fold between 30 and 500 mm3/min, most of them distributed
tightly around a typical growth rate of 5472 mm3/min (Figure
3c, right panel). Observed for longer periods after PI
permeabilization, blebs eventually stopped growing or lost
their spherical shape to suddenly coalesce into large blisters
that could reach up to 80mm diameter (not shown). Similar
behavior was observed in Clone 9 cells with necrotic
blebs growing linearly, but to rates approximately half of
that measured in HeLa cells, averaging 2371.5mm3/min
(Figure 3d).

As a result of their tense appearance and their content rich
in ribosomes, blebs are thought to grow mostly driven by
hydrodynamic forces that eject cytosolic material from the cell
body.3 The observation in HeLa cells illustrated in Figure 4a
and b lends further support to such a notion. In this
experiment, a cell was decorated by a chain of nine blebs,
the most proximal of which was growing at a constant rate of
63 mm3/min, whereas the second bleb in the chain had stalled
at 300mm3. After 5 min, a tenth bleb formed at the beginning of
the chain, and acquired a constant rate of 67 mm3/min
whereas, the bleb displaced to the second place in the chain
stopped growing. In other experiments, blebs were observed
spontaneously to detach, events that were always followed by
growth stagnation (Figure 4c), confirming that blebs fill up by
hydrodynamic flow of cytosolic material from the cell body.
The fact that the newly budded bleb acquired a growth rate
identical to that of the previous one suggests the presence of a
permanent structure at its base, a structure resilient enough to
withstand both bleb budding and bleb detachment.

To examine the relation between necrotic bleb growth and
cell permeabilization, both were simultaneously recorded in a
HeLa cell from which only two blebs were growing after 90 min
exposure to peroxide. As shown in Figure 4d, cell permeabi-
lization monitored by PI staining of the nucleus related to an
increase in the growth rate (mm3/min) from 46 (closed
symbols) and 53 (open symbols) to 104 and 117, respectively,
inflection that correlated with the simultaneous onset of two
other blebs in the same cell (lines without symbols). This
growth rate increase might be induced by an increase in
intracellular hydrostatic pressure likely associated with PI
permeabilization.

Next, HeLa cells were examined using scanning electron
microscopy. The results, illustrated in Figures 5a–c and
summarized in Figure 5d, show that blebs were connected to
their progenitor cell by necks of a standard dimension, with an
average diameter of 1.1 mm. In this sample, 75% of the blebs
displayed necks between 1.0 and 1.2mm diameter despite
their volume ranging from 1.7 to 268mm3. Surprisingly,
measurements of apoptotic bleb were also found to concen-
trate about a typical diameter, which was also 1.1mm (Figures
5e–g). Apoptotic and necrotic bleb necks in Clone 9 cells were
measured using di-8-ANEPPS staining and found also to
concentrate around a typical value of 1 mm (Figure 6). These
data demonstrate that both apoptotic and necrotic blebs have
identical neck diameters in two different cell types, strongly
suggesting the existence of a canonical ring structure located
at the neck.

Necrotic blebs are driven by net gain of sodium and
water.11,20 Therefore, we mimicked this force by giving cells
hypotonic shock at various times after exposure to H2O2 and
found that the onset of necrotic blebbing was brought forward
almost to the same time course determined for apoptotic
blebs, as shown in Figure 7a. These results suggest that
intracellular hydrostatic pressure upon osmotic cell swelling
serves as a driving force to generate necrotic blebs when cells
were exposed to peroxide. In the absence of H2O2, however,
HeLa cells subject to a rapid increase in hydrostatic pressure
by a severe hypotonic shock did not form blebs but swelled
homogeneously (Figure 7b and c). Therefore, blebbing needs
not only increased intracellular pressure but also an additional
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Figure 4 Dynamics of necrotic bleb growth and shedding. (a) DIC image of
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growing kinetics of two blebs present on a single HeLa cell and PI staining of the
nucleus of the cell after 90 min of peroxide exposure. In addition to two original
blebs (open and closed symbols), two other blebs were found upon the onset of
PI permeabilization in the same cell and started to grow (lines without symbols)
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event(s) induced by H2O2, and is consistent with the notion
that blebbing requires the concourse of increased intracellular
pressure and a defect in membrane–cytoskeleton attach-
ments.9,13

Biochemical determinants of apoptotic and
necrotic blebbing

Studies in several tissues and cell lines exposed to noxas
have shown that necrotic blebbing is preceded by a severe
depletion of ATP,21–23 and a causative role for ATP depletion
has been generally deemed. Exposure of HeLa cells to
necrotic doses of hydrogen peroxide resulted in a rapid drop of
ATP, with a t1/2 of 2.070.3 min (Figure 8a) and falling to levels
undetectable by 15 min exposure. Similar rates of depletion
were measured in cultures from 24 and 120 h (not shown).

ATP depletion by peroxide required much higher doses than
those capable of forming apoptotic blebs (Figure 8b), which is
in agreement with a large body of evidence that discards ATP
depletion as a contributing factor in early apoptosis.29 In Clone
9 cells, peroxide exposure resulted in ATP depletion with a
similar time course as shown both by a radioenzymatic assay
and the increase in free Mg2+ (Castro J and Barros LF,
unpublished data). The approximate 45 min delay between full
ATP depletion and necrotic bleb onset made us suspect that
this was not a major or at least a sufficient factor for this kind of
bleb either. To test the point, a series of metabolic poisons
were tested for their ability to dissociate metabolic energy
depletion and bleb formation. The results of such an
experiment are illustrated in Figure 9a and b, which shows
that severe depletion of ATP with a cocktail of 2-deoxyglucose
and FCCP did not result in bleb formation, while a milder ATP
depletion by a short exposure to H2O2 was effective. There-
fore, ATP depletion does not play a direct role in either
apoptotic or necrotic bleb formation in HeLa cells.

A rise in cytosolic Ca2+ has been proposed to participate in
bleb formation under oxidative stress.31 In HeLa cells,
exposure to 32 mM peroxide elicited a limited rise in cytosolic
calcium with a t1/2 of 1.670.4 min, which reached a plateau of
1.970.1-fold (n¼4) after 10 min (Figure 10a). In the presence
of 10 mM EGTA, calcium rose with a t1/2 of 1.470.3 min,
reaching a plateau of 2.270.3-fold (n¼4) after 10 min,
showing that most of the divalent cation is released from
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Figure 6 Necrotic and apoptotic blebs display similar neck diameters in Clone
9 cells cells. After experimental treatments, Clone 9 cells were stained by a 20 s
exposure to 5 mg/ml di-8-ANEPPS and immediately imaged by confocal
microscopy as described in Material and Methods. Confocal sections were
o0.8 mm thick. (a) Necrotic bleb observed after 60 min exposure of 72 h old
cultures to 32mM H2O2. (b) Apoptotic bleb induced by 20min exposure of 1-day-
old culture to 32mM H2O2. Bars are 2mm. (c,d) Frequency distribution of neck
diameters is given for 31 necrotic blebs and 18 apoptotic blebs. Gaussian fits
gave X0 values of 1.0470.05 mm for necrotic blebs and 0.9270.02mm for
apoptotic blebs
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intracellular stores. This is consistent with observations in
PD388D1 cells27 and Clone 9 liver cells (Castro J and Barros
LF, unpublished data). Since cytosolic calcium increased

before the onset of apoptotic blebbing and bleb formation has
been related to calcium increases in hypoxic endothelial
cells,32 we further investigated its possible role by determining
the dose–response curve of calcium increase by peroxide.
However, Figure 10b shows that much higher doses of
peroxide were required to increase calcium than to induce
apoptotic blebbing, so it appears unlikely that cytosolic
calcium is involved here.

Also, a negative result was achieved with a calpain inhibitor,
PD150606 (Figure 11), suggesting that both apoptotic and
necrotic blebs are independent of calpain in both HeLa and
Clone 9 cells. This result is at variance with observations that
calpain inhibitors efficiently blocked necrotic bleb formation
induced by tert-butylhydroperoxide in hepatocytes33 and by
antimycin A in kidney cells.34

We next observed effects of a pancaspase inhibitor on both
apoptotic and necrotic blebs. Apoptotic bleb formation had
been found to be sensitive to a caspase blocker in some
cells12,14,35,36 but not in others.17,37,38 Caspase sensitivity of
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necrotic bleb formation has never been reported. As
summarized in Figure 11, the potent and specific pancaspase
inhibitor Z-VAD-fmk was very effective at inhibiting apoptotic
bleb formation in HeLa cells but was without any effect on
Clone 9 cells. In both cell types, pancaspase inhibition was
without effect on necrotic bleb formation.

There have been several reports linking specific signaling
pathways with apoptotic blebbing. In HeLa cells, CHO cells
and endothelial HUVE cells, p38MAPK activity was shown to
be required for apoptotic bleb formation by hydrogen
peroxide.16,17 In Jurkat lymphoid cells and NIH 3T3 fibroblast
cells, a role was proposed for ROCK-I,12–14 while in several
cell types MLCK appears to be required.38,39 The specific
mechanisms involved are unknown, but it was proposed that
phosphorylation of cytoskeletal proteins like myosin II leads to
production of force, which combined with a putative failure of
membrane/cytoskeletal attachments causes blebbing. Figure
11 shows that in both HeLa and Clone 9 cells, apoptotic bleb
induction was indeed significantly inhibited by p38MAPK
inhibition and also by inhibitors of the ROCK-I and MLCK. In
contrast, necrotic blebs were refractory to kinase inhibition.
These data suggest that apoptotic bleb formation is a
phosphorylation-dependent active process involving
p38MAPK, ROCK-I and MLCK, whereas necrotic blebs are
independent of these kinases, and also independent of
caspase activity and intracellular ATP depletion.

Discussion

Membrane blebs appear when actin attachments between
plasma membrane and the underlying cytoskeleton are
weakened. 22,40 During necrosis, this is thought to occur
mainly by ATP depletion without a significant role for
calcium,22,41,42 although the latter is still discussed.32 For
apoptotic blebs, several mechanisms have been proposed,
which include cleavage and phosphorylation of cytoskeletal
proteins.9 A novel result presented in this report suggests that
in HeLa cells exposed to oxidative stress, both kinds of blebs
are constrained by a cytoskeletal structure that localizes at the
cell surface and confers blebs a typical neck diameter and a
constant swelling rate. As jugded by the finding of constant
rates of necrotic bleb swelling also in Clone 9 cells, it appears
that such putative structure is not confined to a single cell type.
This structure is stable enough to keep its integrity through
periods of over 30 min in high calcium/near zero ATP,
withstanding extensive membrane rearrangements during
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repetitive budding and shedding. In addition, it was found in
HeLa cells that at 1.1 mm the typical neck diameter was similar
for apoptotic and necrotic blebs, which with the early formation
of necrotic blebs in hypotonically shocked cells makes it
feasible that both types of blebs are constrained by the same
structure.

Assuming that blebs are filled from the cell body, flow
through their base (F) will depend on the average velocity of
the material (V) and the cross-sectional area at the base (A),
F¼VA. Following Bernoulli’s principle of fluid energy con-
servation, velocity will in turn be given by V¼(2r(Pc�Pb))1/2,
where r is density, Pc is the hydrostatic pressure inside the
cell and Pb is the hydrostatic pressure inside the bleb. In
principle, a constant flow could be given by reciprocal
changes in DP and A during the growth. Both scanning
electron microscopy and confocal microscopy provided
evidence that A is constant. Since V was found to be constant
during the growth of necrotic blebs, (Pc–Pb) must also be
constant. Thus, it is suggested that such standing hydrostatic
pressure, which is presumably induced by a persistent influx
of ions and water, plays an essential role in the formation and
growth of necrotic blebs. In this light, the different average
rates of bleb growth observed in HeLa and Clone 9 cells
implies that these two epithelial cell types regulate their
intracellular pressure at different levels.

The molecular components of the putative neck structure
are unknown but several candidates may have been
described already. F-actin increases after exposure to H2O2

(27) and is present at the base of the blebs during
apoptosis.43,44 In endothelial cells tyrosine phosphorylation
of cortactin, an F-actin-binding protein, is required for H2O2-
induced blebbing and is also found in the blebs themselves.24

Also, transmission electron microscopy of thyroid cells
showed the assembly of 6-nm microfilaments at the base of
the blebs,45 and confocal sectioning of suprastimulated
pancreatic cells showed that actin and myosin II localized at
the basolateral membrane leaving breaks centered at the
neck of the blebs.39 The lack of effect of p38MAPK, ROCK-I
and MLCK inhibition on necrotic blebbing, together with the
total depletion of ATP at that late stage, indicates that these
kinases do not participate either in the weakening of
cytoskeletal links at the plasma membrane or in the structure
of the putative ring that constrains the necrotic blebs. As these
kinases can all mediate force generation,9,12–15,17, we
suggest that the two types of blebs differ only in their driving
force. In apoptosis, intracellular pressure is generated by
kinase-mediated cytoskeletal contraction, while in necrosis
the increase in intracellular pressure is because of unopposed
influx of ions and water. Under normal conditions, intracellular
hydrostatic pressure is balanced by membrane tension, which
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is supported by underlying cytoskeletal meshwork. During
necrosis, hydrostatic pressure may not be adequately
balanced by membrane tension in some localized regions,
where blebs grow, presumably because of cytoskeletal
dysfunction.

A detailed mapping of the signaling events behind apoptotic
blebbing, which would also require determination of enzyme
activities, is beyond the scope of the present paper. As
suggested by their sensitivity to inhibitors, apoptotic blebbing
in both cell types may require concurrency of at least three
protein kinases that are known to modulate the actomyosin
cytoskeleton. At the 10 mM dose used, SB203580 and Y
27632 have been shown to be highly specific for their
corresponding targets, without significant crossinhibition or
inhibition of a long list of other protein kinases.46 Therefore the
involvement of p38MAPK and ROCK-I, notwithstanding the
future discovery of new targets for the inhibitors, seems
convincing at this stage. We could not find in the literature any
direct investigation of possible interaction between ML-7 and
ROCK-I, but there are several reports indicating that such is
not the case. For instance, Y27632-sensitive stress fiber
formation in endothelial cells was not affected by 10 mM ML-
7.47 Y27632 and ML-7 caused different effects on stress fiber
organization in human fibroblasts.48

This paper reports data on two epithelial cell types stressed
with a single type of stimulus. However, as observed here,
apoptotic blebs displayed features similar to those induced by
varied stimuli in several other cell types including endothe-
lial,16 neuronal,38 lymphoid14 and fibroblasts.12,14,17,37 These
features included temporal association with cell contraction in
the release phase of apoptotic execution,9 early formation,
irregular growth, transient nature, independence of calcium
rises or ATP depletion, and dependency on the activity of
kinases p38MAPK, ROCK-I and MLCK. On the other hand,
the chronology of necrotic changes in HeLa and Clone 9 cells
was remarkably similar to that described in LLC-PK1 cells25

and in renal epithelial cells.49

The possible existence of a specific structure that ensures
controlled bleb growth suggests that blebbing may play a
specific role in cell physiology or pathology. Considering
available evidence, one such role may be the regulation of
intracellular pressure. Firstly, normal cells and necrotic
blebbing cells appear to display similar intracellular pres-
sure22 despite the fact that the latter are subject to large
sodium and water overloads, which in Clone 9 liver cells and
more recently in astrocytes have been linked to activation of
nonselective cation channels.19,50 During swelling, the geo-
metry of the cell body remains stable, with gained fluid being
diverted to the blebs. In turn, these blebs grow and detach,
allowing the cell to discard unwanted volume without major
structural changes. Also, maintaining a relative narrow
diameter at the neck may be requisite for efficient shedding.
As the number of blebs displayed vary greatly between
individual cells but growth rate does not, it could be
hypothesized that during the NVI, cells regulate their internal
pressure by expressing variable numbers of blebs. This is
supported by the experiment illustrated in Figure 4d, where
spontaneous membrane permeabilization, with its expected
impact on intracellular pressure because of Donnan forces,
was accompanied by the budding of new blebs. In this sense,

bleb growth and shedding may be seen as an adaptive device
to decrease cell volume, analogous to but mechanistically
different from the regulatory volume decrease response.
Noteworthy, during early exposure to lethal insults such as
hydrogen peroxide, Fas ligand, TNFa or staurosporine, cells
lose most of their major osmolytes (potassium, chloride and
taurine) by AVD. If sodium overload occurs after the cells have
exhausted their supply of dispensable osmolytes, volume will
only be discarded by the Na+/K+ ATPase or, in the absence of
ATP, by growth and shedding of blebs. This putative
mechanism may be at work in vivo, as ultrastructural studies
in pathological thyroid glands show that detached blebs are
phagocytosed by nearby cells.45 In apoptosis, blebbing is
followed by AVD, a response that decreases intracellular
pressure as judged by the collapsed appearance of blebs in
Figure 5e and f. It is possible then that dynamic blebbing
allows fine control of pressure during cytoskeletal retraction
but is no longer required when intracellular pressure goes
down in AVD. Validation of such a hypothesis would require
direct estimation of intracellular pressure during both apopto-
tic and necrotic blebbing.

Materials and Methods

Cell culture

HeLa cells were cultured on glass coverslips in 12-well plates with MEM
medium supplemented with 10% fetal bovine serum (FBS) at 371C under
95% air/5% CO2 for 24–72 h until experimental use. For HeLa cells stably
transfected with the gene coding for firefly luciferase, the above medium
was supplemented with 500 mg/ml G418. The luciferase gene, luc+, was
excised from the pGL3 control vector (Promega, Madison, WI, USA) using
NcoI and XbaI. The NcoI site was blunted to be ligated into EcoRV–XbaI-
digested pOPRSVI/MCS (STRATAGENE, La Jolla, CA, USA) to construct
pOPRSVI/Luc+. To establish the luciferase expressing HeLa cells, the
pOPRSVI/Luc+ plasmid was transfected using Effectine transfection
reagent (Qiagen, Valencia, CA, USA), followed by the selection with 1mg/
ml G418 for 10–14 days. G418-resistant colonies were cloned and
screened by fluorescence microscopy with antiluciferase antibody
(Promega). Clone 9 cells were grown on glass coverslips in 35mm
dishes with DMEM medium supplemented with 10% FBS at 371C under
95% air/5% CO2 for 24–72 h until experimental use.

Chemicals

Fluo-3 AM, pluronic acid, and di-4-ANEPPS and di-8-ANEPPS were from
Molecular Probes (Eugene, OR, USA). ML-7, SB203580, Y-27632,
PD150606 and z-VAD-fmk were from Calbiochem (La Jolla, CA, USA).
Tissue culture reagents and standard chemicals were from Sigma (St.
Louis, MO, USA).

Volume, ATP and calcium measurements

Experiments were carried out at room temperature (26–291C) in Krebs
Ringer Hepes buffer (KRH; 136mM NaCl, 10mM Hepes, 4.7 mM. KCl,
1.25 mM MgSO4, 1.25 mM CaCl2, pH 7.4). Assays with both HeLa and
Clone 9 cells have shown that at this temperature the chronology of ATP
depletion, necrotic bleb onset and release of lactate dehydrogenase (LDH)
do not differ significantly from those measured at 371C (Castro J and
Barros LF, unpublished data). For bleb volume measurements, HeLa cells
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were imaged under � 40 phase-contrast or DIC optics every 20 s using a
Nikon Eclipse TE300 inverted microscope equipped with a CCD camera
(C2400, Hamamatsu Photonics, Hamamatsu, Japan) and an image
enhancer (DRS 3000, Hamamatsu Photonics). The images were grabbed
by a frame grabber installed in a PC at a resolution of 640� 400. Bleb
volumes were estimated automatically by using an image-analysing
software, as described previously.51 Bleb volume in Clone 9 cells was
estimated with a Zeiss LSM 5 Pascal confocal microscope by performing
every 10 min a series of six 2mm-thick optical sections separated by 3 mm
in cells stained with 1 mg/ml di-4-ANEPPS or 5 mg/ml di-8-ANEPPS. The
dyes were imaged at 543 nm excitation and 560–615 nm emission. For
every stack, the largest section was taken as best representative of the
maximum diameter of the bleb. Volume was then calculated assuming
sphericity. Measurements of intracellular ATP were carried out with a
modification of a method described elsewhere.52 Glass coverslips with
HeLa cells expressing luciferase were briefly washed with KRH and then
placed in a 10mm plastic cup containing 0.5 ml KRH, which was
introduced in a Lumi-counter 2500 (Microtech Niti-On, Japan). Luminis-
cence was recorded in real time by integrating photon counts over 20 s.
Samples were equilibrated with 100mM luciferine (Promega) for 10–
20min until the signal stabilised. In control experiments, high concentra-
tions of hydrogen peroxide were found to increase luminescence in the
absence of cells. This precluded real-time measurements and made
necessary the indirect protocol described in Results. A calibration in
permeabilized cells gave a Kd of 1.5570.15mM (n¼5) and basal [ATP]
was estimated at 1.2570.15mM (n¼5). Fluo-3 calcium fluorescence was
imaged with the confocal microscope as described previously.19 The
validity of this method to estimate calcium in HeLa cells was demonstrated
using a Mn2+ quenching protocol.53 Fluo-3 signal in the presence of the
heavy metal was equivalent to 94716 nM (n¼11), a value not
significantly different from the 100 nM predicted; assuming a Kd for Ca

2+

binding to Fluo-3 of 390 nM, basal calcium in HeLa cells was estimated at
98712 nM (n¼11).

Caspase activity and cell viability measurements

Activities of caspase-1 and caspase-3 were measured by using a
fluorometric assay.54 In brief, cultured cells were washed with PBS at 41C,
detached from the substrate by pipetting, harvested by centrifugation
(1000 rpm) for 5 min at 41C, and treated with the fluorometric caspase
assay system (Promega). The cell pellet was resuspended in 10 ml
hypotonic cell lysis buffer and centrifuged at 14,000 rpm for 5 min at 41C.
The supernatant was preincubated for 30min at 371C with 32ml of
caspase assay buffer, 2 ml DMSO, 10ml of 100mM DTT and deionized
water to a final volume of 98ml. The samples were incubated with 2 ml of
the 2.5 mM caspase-1 substrate (Ac-YVAD-AMC) or the 2.5 mM caspase-
3 substrate (Ac-DEDV-AMC) for 1 h at 371C. Fluorescence intensity was
measured with the Multiskan microplate reader (Labsystems, Helsinki,
Finland). The specificity of the assay was verified by adding 2.5 mM of the
caspase-1 inhibitor (Ac-YVAD-CHO) or the caspase-3 inhibitor (Ac-DEDV-
CHO) to the mixture. Cell viability was assessed by mitochondrial
dehydrogenase activity using the colorimetric MTT assay, as described
previously.10 PI uptake was imaged at 2 mg/ml. LDH release was
estimated by spectrophotometry using a Sigma (St. Louis, MO, USA) kit as
described.19

Scanning electron microscopy

The hydrated cultured cells were prefixed with a mixture of glutaraldehyde
and formaldehyde55 followed by 1% osmium tetraoxide. After the

dehydration by alcohol, the specimens were dried using the critical point
drying method. The surface of the specimens was then covered with a thin
layer of gold using an ion coater, IB-3 (EIKO Engineering, Tokyo, Japan).
Observations were done by a Hitachi S-800 scanning electron microscope
operating at 20 kV.

Statistical analysis

Data are presented as means7s.e. m (n). Differences between data sets
were assessed with Student’s t-test or ANOVA followed by Newman–
Keuls ad hoc test. Differences were considered significant at Po0.05.
Nonlinear regression analyses were carried out using SigmaPlot (SPSS
Inc.). Frequency distributions were fitted to the Gaussian function

y ¼ ae�0:5�ððx�x0Þ=bÞ2

Standard errors of the means associated to the fitted parameters are
shown as given by the software.
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