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ABSTRACT Both caspase-1- and caspase-3-like activities
are required for Fas-mediated apoptosis. However, the role of
caspase-1 and caspase-3 in mediating Fas-induced cell death
is not clear. We assessed the contributions of these caspases
to Fas signaling in hepatocyte cell death in vitro. Although
wild-type, caspase-1=/—, and caspase-3~/~ hepatocytes were
killed at a similar rate when cocultured with FasL expressing
NIH 3T3 cells, caspase-3~/~ hepatocytes displayed drastically
different morphological changes as well as significantly de-
layed DNA fragmentation. For both wild-type and caspase-
1~/~ apoptotic hepatocytes, typical apoptotic features such as
cytoplasmic blebbing and nuclear fragmentation were seen
within 6 hr, but neither event was observed for caspase-3~/~
hepatocytes. We extended these studies to thymocytes and
found that apoptotic caspase-3~/~ thymocytes exhibited sim-
ilar “abnormal” morphological changes and delayed DNA
fragmentation observed in hepatocytes. Furthermore, the
cleavage of various caspase substrates implicated in mediat-
ing apoptotic events, including gelsolin, fodrin, laminB, and
DFF45/ICAD, was delayed or absent. The altered cleavage of
these key substrates is likely responsible for the aberrant
apoptosis observed in both hepatocytes and thymocytes defi-
cient in caspase-3.

Apoptosis originally was used to describe a unique type of cell
death that exhibits a distinct set of morphological and biolog-
ical changes, including cytoplasmic membrane blebbing, nu-
clear condensation, and fragmentation of chromosomal DNA.
It now is recognized as a crucial biological process for devel-
opment and homeostasis of all multicellular organisms (1).
Although apoptosis can be triggered by diverse stimuli ranging
from intracellular stress to extracellular receptor signaling,
emerging evidence in recent years suggests that the central
execution machinery of apoptosis is evolutionarily conserved
(2). As in Caenorhabditis elegans where the cysteine protease
ced-3 is absolutely required for programmed cell death, the
mammalian homologs of ced-3, the caspase family proteases,
now are considered the central players in all apoptotic events
in mammals (3). Like many other cellular proteases, all
caspases first are synthesized as inactive proenzymes that can
be activated upon apoptotic stimulation. It is believed that
apoptosis is a result of the proteolysis of various cellular
components initiated by activated caspases. Because more
than 10 caspases have been identified in mammals, the precise
contribution of individual caspases in this process and how they
functionally relate to each other in vivo becomes a key ques-
tion. Although the tissue-specific phenotypes in caspase-1, -2,
-3, and -11-deficient mice seem to indicate a tissue/cell
type-specific function of these proteases (4-8), biochemical
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studies in Fas signaling and caspase substrate specificities
strongly suggested a cascade activation model for caspases (9,
10).

A member of the tumor necrosis factor receptor family, Fas
(CD9Y5, APO-1) mediates apoptotic signals upon FasL engage-
ment (11). In recent years, Fas-FasL interaction has been
shown to play crucial roles in maintaining the homeostasis of
the immune system, immunological privilege observed in the
eye and testis, and the pathogenesis of autoimmune diseases
such as type I diabetes (12-14). Although the potential phys-
iological function of constitutive Fas expression in several
other tissues, including heart, kidney and thymus, remains to
be established, several lines of evidence suggested that Fas-
FasL interaction may be involved in the destruction of hepa-
tocytes that occurs in both acute and chronic liver diseases
(15). It therefore would be of potential clinical importance to
understand the molecular basis of Fas-mediated apoptosis in
hepatocytes.

During apoptosis, many cellular proteins undergo caspase-
dependent degradation. Although the relevance of cleavage of
structural proteins, like gelsolin, fodrins, actins, and lamins, is
easily conceivable, the functional importance of these and
other cleavages, such as those of signaling molecules, including
D4-GDI and MEKKI, is not yet clear (16). It is, however,
widely assumed that the caspase-specific cleavage of these
proteins is responsible for the various hallmarks of apoptosis
such as nuclear fragmentation, cytoplasmic membrane bleb-
bing, and DNA fragmentation. This hypothesis is greatly
supported by the demonstrations that cleavage of gelsolin is
important for nuclear and DNA fragmentation and cleavage of
the protein kinase PAK2 and fodrin is involved in the forma-
tion of cytoplasmic blebs (17-19). More recently, factors that
mediate the classic apoptotic diagnostic DNA laddering also
have been identified, and it was further shown that activation
of this DNase is mediated by the caspase-specific cleavage of
its associated inhibitor (20-22).

In this study, our original goal was to assess the contribution
of caspase-1 and caspase-3 in mediating Fas-mediated hepa-
tocyte apoptosis by using an in vitro coculture system (23).
Although our results indicate that neither caspase is necessary
for Fas-mediated hepatocyte death, they revealed a crucial
role of caspase-3 in mediating the various morphological
changes during apoptosis through the cleavage of key sub-
strates.

MATERIALS AND METHODS

Animals and Cell Lines. All mice were between 3 and 5
weeks old and housed in facilities at Yale. Wild-type litter-
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mates were used as controls for caspase-1~/~ and caspase-37/~
mice. CD-1 mice were used for caspase inhibitor experiments.
FasL-expressing NIH 3T3 fibroblasts were generated as de-
scribed (24).

Reagents and Antibodies. Caspase inhibitor zZVAD .fmk was
purchased from Bachem. Polyclonal chicken antibody against
LaminB was kindly provided by Scott Kauffman (Mayo Clin-
ics, Rochester, MN). Rabbit polyclonal antibodies against
DFF45 and gelsolin were kindly provided by Xiaodong Wang
(Texas Southwestern Medical Center, Dallas) and David Kwi-
atkowski (Harvard Medical School, Boston), respectively.
Anti-Fodrin antibody was purchased from Chemicon.

Coculture Experiments. Mouse hepatocytes were prepared
at the Isolation Core of Yale Liver Center according to a
modified protocol (31, 32). Isolated hepatocytes then were
cultured overnight at a density of 5 X 10* cells/cm?. The next
day fibroblasts with or without FasL cultured to confluency
were trypsinized and resuspended in Waymouth MB medium.
The coculture was initiated by addition of these fibroblasts at
a density of 7.5 X 10* cells/cm? to the overnight hepatocyte
cultures.

Determination of Hepatocyte Viability and Nuclear Mor-
phology. Hepatocyte viability and nuclear morphology were
assessed by propidium iodide (PI) (3 uM, 10 min) and 4’,6'-
diamidino-2-phenylindole (2 uM, 10 min) staining, respec-
tively, and a total of 150-180 cells/coverslip were examined by
randomly selecting six visual fields/coverslip. The following
cell populations were distinguished: for viability, PI-positive
dead cells, PI-negative apoptotic cells with cytoplasmic bleb
formation, and PI-negative viable cells with normal morphol-
ogy; for nuclear morphology, cells with round nuclei and
organized chromatin structure, cells with no detectable nu-
clear material, cells with condensed nuclei, and cells with
fragmented nuclei.

For thymocytes, cells were spun onto glass slides by using
cytospin at 600 rpm for 4 min. Cells then were fixed and stained
by using Leukostat solutions (Sigma) and visualized under a
light microscope.

DNA Fragmentation Assay and Terminal Deoxynucleoti-
dyltransferase-Mediated dUTP Nick-End Labeling (TUNEL).
Hepatocytes or thymocytes were harvested at indicated time
points after treatment and digested in lysis buffer (10 mM
EDTA/50 mM Tris/0.5% N-Laurosacosine, pH 8.0/200 ug/ml
of proteinase K) at 55°C for 1 hr followed by 100 ug/ml of
RNaseA treatment (37°C, 1 hr). Genomic DNAs were isolated
by phenol/chloroform extraction and ethanol precipitation
and were dissolved in Tris-EDTA buffer (pH 7.5). DNA
ladders were separated on 1% agarose gel. TUNEL was
performed by using a kit (Boehringer Mannheim).
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Western Blot Analysis. At various time points after treat-
ment, wild-type or caspase-37/~ thymocytes were lysed in
whole-cell lysing buffer (400 mM NaCl/25 mM Tris, pH
7.5/1% SDS) and were analyzed by 6% (fodrin), 10% (laminB
and gelsolin), or 14% (DFF45) SDS/PAGE. Proteins were
transferred by using a semidry method and immunoblotted
with various primary antibodies followed by appropriate horse-
radish peroxidase (HRP)-conjugated secondary antibodies.
For laminB, the primary chicken anti-lamin antibody and
HRP-conjugated anti-rabbit Ig antibody were sandwiched with
a rabbit anti-chicken Ig to increase the signal/noise ratio. All
immunoblots were visualized by ECL.

Statistics and Data Analysis. Where appropriate, values
were given as mean * SD. Statistical comparisons were made
by using Student’s ¢ test or ANOVA, and P values < 0.05 were
taken as significant.

RESULTS

Membrane-Bound FasL Induces Mouse Hepatocyte Apo-
ptosis Through Caspase Activation. When cocultured with
FasL-expressing fibroblasts, virtually all wild-type hepatocytes
were dead within 24 hr, whereas only a minor reduction in
survival was observed in hepatocytes cocultured with control
fibroblasts (Figs. 1 and 2). Furthermore, hepatocytes cocul-
tured with FasL-expressing fibroblasts displayed characteristic
transient bleb formation (Fig. 1 b and ¢), and nuclear and DNA
fragmentation (Fig. le). As in many other experimental sys-
tems, addition of a pan-caspase inhibitor zZVAD.fmk (10 uM)
completely prevented hepatocyte death, as well as cytoplasmic
bleb formation and nuclear fragmentation (Fig. 2). These
results clearly showed that FasL-expressing fibroblasts effi-
ciently induce apoptosis of cocultured hepatocytes and that
zVAD .fmk-inhibitable caspases are required for the induction
of apoptosis and its associated morphological changes.

Wild-Type, Caspase-1~/~, and Caspase-3~/~ Hepatocytes
Are Equally Susceptible to FasL-Induced Apoptosis. To ex-
amine the involvement of caspase-1 and caspase-3 in mediating
FasL-induced hepatocyte apoptosis, hepatocytes from
caspase-17/~ or caspase-37/~ mice were isolated and cocul-
tured with FasL-expressing fibroblasts. Fas expression levels
on these hepatocytes were analyzed by FACS, and no differ-
ence was observed among wild-type, caspase-1~/~, or caspase-
37/~ hepatocytes (data not shown).

After 6 and 24 hr of coculture with FasL-expressing fibro-
blasts, the viability of hepatocytes was determined by their
ability to take up PI. Wild-type, caspase-17~/~, and caspase-
37/~ hepatocytes all became PI positive after 24 hr with no
significant difference in the kinetics of PI uptake (Fig. 2a).

FiG. 1. (a) Light microscopic view (X600) of 24-hr coculture of wild-type hepatocytes and control fibroblasts. Arrows indicate normal
hepatocytes. * indicates fibroblast monolayer. (b) 24-hr coculture of wild-type hepatocytes with FasL-expressing fibroblasts (X600). Arrows point
to dying hepatocytes. (c¢) Light microscopic view of blebbing hepatocytes with granular cytoplasm on the surface of monolayer of FasL-expressing
fibroblasts (original magnification X600, digitally enlarged). (d) DAPI (4',6'-diamidino-2-phenylindole) staining illustrating hepatocyte nuclear
condensation and (e) 24-hr coculture of wild-type hepatocytes with FasL-expressing fibroblasts (x320).
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F1G.2. Time course of (a) cell death (PI negative cells), (b) blebbing, and (c) nuclear fragmentation of wild-type, caspase-1~/~, and caspase-3~/~
hepatocytes after coculture with NIH 3T3 fibroblasts (O) or FasL-expressing NIH 3T3 fibroblasts with (A) or without (O) caspase inhibitor

z-VAD.fmk (10 pzM).

Deficiency in either caspase-1 or caspase-3 expression there-
fore did not prevent hepatocytes from undergoing apoptosis.
Thus, both caspase-1 and caspase-3 are dispensable for the
induction of Fas-mediated apoptosis in hepatocytes.
Caspase-3~/~ Hepatocytes Undergo an Aberrant Form of
Apoptosis. Although no difference in the kinetics of PI uptake
was observed, further examination revealed that caspase-37/~
but not caspase-1~/~ hepatocytes exhibited altered morpho-
logical changes during Fas-mediated apoptosis. With both
wild-type and caspase-1~/~ hepatocytes, transient cytoplasmic
bleb formation was found in a high percentage of cells after 6
hr and was not detectable after 24 hr (Fig. 2b). Nuclear
fragmentation was clearly visible in more than 25% of the
hepatocytes after 6 and 24 hr (Fig. 2c). These results indicate

b

a

that lack of caspase-1 has no discernible impact on FasL-
induced hepatocyte apoptosis in vitro.

Drastically different morphological features, however, were
observed in apoptotic caspase-3~/~ hepatocytes. After 6 hr of
coculture, no bleb formation could be detected in caspase-3~/~
hepatocytes, and this deficiency was not caused by a delay in
kinetics as no blebbing caspase-3~/~ hepatocytes were found
up to 24 hr (data not shown). Furthermore there was virtually
no detectable nuclear fragmentation in caspase-3~/~ hepato-
cytes at any time point, compared with nuclear fragmentation
that could be clearly observed in up to 25% of the wild-type
and caspase-1~/~ cells (Fig. 2¢). In fact, although wild-type
hepatocytes displayed a typical nuclear fragmentation profile
with widely distributed small nuclear fragments that are dif-

€  -FasL +FasL +FasLL

++ H+ /- ++  -/-

24 hours

FiG.3. DAPI (4',6'-diamidino-2-phenylindole) staining illustrating typical small nuclear fragments in wild-type hepatocytes after coculture with
FasL-expressing fibroblasts () and altered staining pattern in apoptotic caspase-3~/~ hepatocytes (b). (¢ and d) Different TUNEL staining pattern
in wild-type and caspase-37/~ hepatocytes 6 hr post-coculture. (¢) Delayed DNA fragmentation in caspase-3~/~ hepatocytes after coculture with

FasL-expressing fibroblasts.
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ficult to visualize in one focal plane (Fig. 3a), the nuclei of
apoptotic caspase-3~/~ hepatocytes exhibited irregular clump-
ing of chromatin without radical change in its distribution (Fig.
3b), a phenomenon often associated with necrosis. Together,
these results demonstrated that although absence of caspase-3
did not render hepatocytes resistant to FasL-induced apoptosis
in vitro, caspase-3 was required to mediate cytoplasmic and
nuclear events typically associated with apoptosis.

Besides these altered morphological changes, the DNA
laddering assay revealed much slower kinetics of DNA break-
down in caspase-37/~ hepatocytes. Although a 24-hr coculture
with FasL-expressing fibroblasts clearly resulted in internu-
cleosomal cleavage of chromosomal DNA in hepatocytes from
both wild-type and caspase-3~/~ mice, very little DNA cleav-
age was observed in caspase-37~/~ hepatocytes at 6 hr when
DNA laddering was already evident in wild-type hepatocytes
(Fig. 3e). The TUNEL method, a more sensitive detection of
DNA double-strand breaks, confirmed the results seen with
the DNA laddering assay. Although a large number of wild-
type hepatocytes possessed TUNEL positive fluorescent sig-
nals after 6 hr of coculture (Fig. 3c), the signal was much
weaker in caspase-3~/~ hepatocytes and could be observed in
only a few cells (Fig. 3d). More interestingly, the positive
TUNEL signal patterns observed in wild-type and caspase-
37/~ hepatocytes were also different. In wild-type apoptotic
hepatocytes, a typical pattern with small, fragmented TUNEL
positive nuclear fragments could be easily observed. In con-
trast, the TUNEL signal seen in caspase-3~/~ hepatocytes
seemed to be from clumped, but nonfragmented, chromatin
DNAs, an observation that is confirmed by direct examination
of nuclear morphological changes during apoptosis (Fig. 3 a
and b).

Caspase-3 Mediates Morphological Changes and DNA
Fragmentation in Thymocytes Through Cleavage of Various
Substrates. To address whether the above observations are
hepatocyte specific, we examined anti-Fas antibody-induced
apoptosis in thymocytes by using various criteria. As we
previously have reported, caspase-37/~ thymocytes were
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equally susceptible to Fas-mediated apoptosis when measured
by Annexin-V staining as no difference in the kinetics of
phosphotidylserine exposure was observed (Fig. 44). When we
further examined the morphological changes, caspase-3~/~
thymocytes exhibited similar unusual features as the hepato-
cytes. Although both nuclear and DNA fragmentation were
clearly observed in wild-type thymocytes upon anti-Fas anti-
body crosslinking, caspase-3~/~ thymocytes exhibited no nu-
clear fragmentation and significantly delayed DNA fragmen-
tation as measured by the DNA ladder assay (Fig. 4 B and C).
Instead, irregular clumping of the nuclear material was the
main feature of apoptotic caspase-3~/~ thymocytes.

To address the molecular basis of these observations, we
examined the cleavage of various caspase substrates that have
been implicated in mediating these morphological changes.
Because recent studies have suggested that the cleavage of
fodrin and gelsolins has profound effects on the cytoplasmic
and nuclear morphology, respectively, in cells undergoing
apoptosis (17, 19), we examined their cleavage in caspase-3~/~
thymocytes. Our results showed that although the cleavage of
gelsolin was greatly reduced, caspase-dependent cleavage of
fodrin was essentially abrogated in caspase-37/~ thymocytes
(Fig. 5). Previously studies also have suggested that the nuclear
membrane breakdown could be mediated through the cleavage
of nuclear membrane structural proteins such as lamins (25).
We therefore examined the cleavage of laminB, the only lamin
expressed in thymocytes, in both wild-type and caspase-3~/~
thymocytes. Our result indicated that laminB was cleaved in
caspase-3~/~ thymocytes upon Fas signaling, albeit at a slower
rate.

Finally, because delayed kinetics of cleavage of internucleo-
somal chromosomal DNA also was observed in caspase-3~/~
hepatocytes and thymocytes, we analyzed the cleavage of
DFF45/ICAD in both wild-type and caspase-3~/~ thymocytes
undergoing Fas-mediated apoptosis. As expected, although
DFF45/ICAD was cleaved in a time-dependent fashion in
wild-type apoptotic thymocytes, its cleavage in caspase-3~/~
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FiG. 4. Kinetics of phosphatidylserine (PS) flip (4), nuclear morphology (B), and DNA fragmentation (C) in apoptotic wild-type and
caspase-3~/~ thymocytes. Thymocytes from either wild-type or caspase-3~/~ mice were cultured in RPMI medium (10% fetal bovine serum) at
37°C in the presence of coated anti-Fas antibody Jo2. At each indicated time point, cells were harvested and subjected to morphological analysis,
PS flipping, and DNA fragmentation assay as described in Materials and Methods.
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Fi6.5. Comparison of caspase substrate cleavage in wild-type and
caspase-37/~ thymocytes during apoptosis. At each indicated time
point after treatment (same as in Fig. 4), cells were lysed, and cleavage
of various proteins were analyzed as described in Materials and
Methods.

thymocytes was greatly delayed, though not completely abro-
gated (Fig. 5).

DISCUSSION

Previous studies have shown that upon Fas signaling, caspase-
1-like activity is rapidly increased and is followed by a slower
and gradual increase of caspase-3-like activity (9). Our results,
however, clearly showed that deficiency in either caspase-1 or
caspase-3 failed to protect hepatocytes from FasL-induced
apoptosis. Given that zVAD.fmk, an inhibitor with broad
specificity, was able to completely prevent the apoptosis of
FasL-induced hepatocyte apoptosis, it is almost certain that
the presumed caspase-1-like and caspase-3-like activities are
provided by other caspases. For example, the caspase-1-like
activity is most likely caused by the activation of caspase-8, a
YVAD.CHO-sensitive caspase and apparently the most up-
stream caspase in the Fas signaling pathway as it is physically
associated with Fas itself via the adapter protein FADD (26,
27). Although caspase-3 itself indeed is activated after Fas
signaling, caspase-3-like activity conceivably also can be pro-
vided by caspase-7, a close homologue of caspase-3 (28-30). It
is therefore likely that in hepatocytes Fas-FasL engagement
leads to rapid activation of caspase-8, which in turn activates
either caspase-3 and/or caspase-7 proteolytically. Such a sce-
nario also is supported by recent biochemical studies on the
substrate specificities of all the caspases, which suggested that
group III caspases (caspase-6, -8, and -9) possessed the highest
efficiency in activating group II caspases (caspase-2, -3, and -7)
(10). The relevance of this grouping system was proven re-
cently when caspase-9 was demonstrated to be the activating
caspase for caspase-3 and caspase-7 in cytochrome c-mediated
apoptosis in Hela cell extracts (31) and mice in vivo (32).
The observation that caspase-3~/~ hepatocytes and thymo-
cytes displayed morphologically distinct features during apo-
ptosis was unexpected and significant. Although it has been
suggested that caspases might be responsible for the distinct
morphological features that are associated with apoptosis (33,
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34), the notion that a single caspase controls multiple events
ranging from the formation of cytoplasmic blebs to chromatin
condensation and nuclear breakdown, is striking. These results
not only demonstrate that the morphological features occur-
ring during apoptosis depend on specific caspase activities, but
also distinguish cell death from the associated morphological
changes.

Cytoplasmic membrane changes associated with apoptosis
include the formation of blebs and loss of phosphatidylserine
(PS) membrane asymmetry. It was proposed that the blebbing
resulted from the cleavage of several important cytoskeletal
structure proteins such as fodrin, actin, and Gas2 (19, 35, 36)
and signaling molecules like PAK2 and cdc42. The failure of
Ac-DEVD.CHO to inhibit fodrin cleavage previously led to
the proposal that fodrin is not cleaved by caspase-3 (37).
However, our results clearly showed that although caspase-3
apparently is not involved in regulating PS flipping during
apoptosis, it is indeed required for the cleavage of fodrina, as
well as the formation of membrane blebs.

Nuclear events are other hallmarks of apoptosis. Because
neither the peripheral condensation of chromatin or fragmen-
tation of the nucleus was observed in caspase-3~/~ cells, it is
almost certain that the factor(s) controlling both processes are
caspase-3 dependent. Previously, it was proposed that cleavage
of nuclear envelope protein lamins and actin-severing proteins
gelsolins play a crucial role in mediating these events. Our
results, however, showed that both laminB and gelsolin were
cleaved, albeit at a slower rate, in apoptotic caspase-37/~
thymocytes without leading to nuclear breakdown. It is there-
fore possible that another caspase such as caspase-7 also may
process these molecules, and that nuclear breakdown requires
caspase-3-dependent cleavage of other molecule(s).

The significantly delayed internucleosomal cleavage of
genomic DNA in both caspase-37~/~ hepatocytes and thymo-
cytes is intriguing. According to one model (21), the enzymatic
activity of CAD normally is inhibited by its direct association
with its inhibitor DFF45/ICAD. Upon receipt of apoptotic
stimuli, activation of caspases leads to the specific cleavage of
DFF45/ICAD by caspases and the loss of its CAD inhibitory
activity. Based on our observation that cleavage of DFF45/
ICAD in caspase-3~/~ cells is greatly delayed, it is tempting to
postulate that in caspase-3-deficient cells, the delayed cleavage
of DFF45/ICAD resulted in the delayed DNA cleavage by
CAD. However, careful examination of the data suggests a
more complicated scenario. Although the DNA cleavage in
wild-type thymocytes at 12 hr posttreatment is comparable to
that of caspase-37/~ thymocytes at 24 hr posttreatment, the
corresponding cleavage of DFF45/ICAD is significantly more
evident in wild-type thymocytes (Figs. 4C and 5). This obser-
vation indicates that the cleavage of DFF45/ICAD does not
fully correlate with the internucleosomal cleavage of DNA and
therefore suggests that, for example, there might well be more
than one CAD protein, a possibility strengthened by the recent
cloning of other DFF45/ICAD homologs (38). It is conceiv-
able that other DFF45/ICAD and CAD complexes also exist
and can be activated in the absence of caspase-3.

After this paper was submitted, two other groups reported
altered nuclear events in apoptotic cells lacking caspase-3 by
using either MEF cells derived from caspase-3~/~ mice (39) or
the human breast carcinoma cell line MCF-7, which is defec-
tive in caspase-3 expression (40). Although their reports
support our observations that caspase-3-deficient cells un-
dergo apoptosis without nuclear breakdown, those groups
observed no DNA fragmentation in those mutant cells under-
going apoptosis. In our studies, however, we were always able
to detect some residual level of DNA fragmentation in both
caspase-37/~ thymocytes and hepatocytes. It is likely that this
apparent discrepancy reflects differences in experimental sys-
tems such as cell types, apoptotic stimuli, and the sensitivity of
the assays used.
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Apoptosis originally was proposed to describe a type of
death that was distinct from necrosis based on morphological
criteria. To date, cell morphology continues to be the most
convincing operational definition of apoptosis. Our observa-
tion that caspase-3~/~ hepatocytes and thymocytes can be
induced to undergo cell death without exhibiting many of the
classical morphological features raises an important philo-
sophical question: what is the molecular basis that distin-
guishes apoptosis from necrosis? The answer might be whether
there is activation of key caspases such as caspase-3. In fact, the
cell death phenomenon observed in both caspase-3-deficient
hepatocytes and thymocytes after FasL-Fas induction is rem-
iniscent of many of the features associated with necrosis rather
than apoptosis, e.g., lack of membrane blebbing, irregular
chromatin clumping, and late DNA fragmentation. Thus,
whether a cell commits to apoptosis or necrosis might not only
depend on its intracellular energy level, as previously pro-
posed, but also the type of caspases that are being activated.
This hypothesis also might explain the puzzling phenomenon
that certain cell death stimuli, notably tumor necrosis factor «,
can induce either apoptosis and/or necrosis, depending on the
cell type and experimental conditions (41).
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