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Chapter II 
Granulocyte colony-stimulating factor inhibits the mitochondria-
dependent activation of caspase-3 in neutrophils 

25 



Nikolai A. Maianski, Frederik P. J. Mul, Jaap D. van Buul, Dirk Roos, and Taco W. Kuijpers 

The exact mechanism of apoptosis in 
neutrophils (PMNs) and the explanation 
for the antiapoptotic effect of granulocyte 
colony-stimulating factor (G-CSF) in PMNs 
are unclear. Using specific fluorescent 
mitochondrial staining, immunofluores-
cent confocal microscopy, Western blot
ting, and flow cytometry, this study found 
that PMNs possess an unexpectedly large 
number of mitochondria, which are in
volved in apoptosis. Spontaneous PMN 
apoptosis was associated with transloca
tion of the Bcl-2-like protein Bax to the 
mitochondria and subsequent caspase-3 
activation, but not with changes in the 

Introduction 

expression of Bax. G-CSF delayed PMN 
apoptosis and prevented both associated 
events. These G-CSF effects were inhib
ited by cycloheximide. The general 
caspase inhibitor z-Val-Ala-DL-Asp-flu-
oromethylketone (zVAD-fmk) prevented 
caspase-3 activation and apoptosis in 
PMNs, but not Bax redistribution. PMN-
derived cytoplasts, which lack a nucleus, 
granules, and mitochondria, spontane
ously underwent caspase-3 activation and 
apoptosis (phosphatidylserine exposure), 
without Bax redistribution. zVAD-fmk in
hibited both caspase-3 activation and 
phosphatidylserine exposure in cultured 

cytoplasts. Yet, G-CSF prevented neither 
caspase-3 activation nor apoptosis in cy
toplasts, confirming the need for protein 
synthesis in the G-CSF effects. These 
data demonstrate that (at least) 2 routes 
regulate PMN apoptosis: one via Bax-to-
mitochondria translocation and a second 
mitochondria-independent pathway, both 
linked to caspase-3 activation. Moreover, 
G-CSF exerts its antiapoptotic effect in 
the first, that is, mitochondria-dependent, 
route and has no impact on the second. 
(Blood. 2002;99:672-679) 

During the last decade, apoptosis, or programmed cell death, has 
attracted great interest. Whole families of molecules have been 
described as regulators of apoptosis. The Bcl-2 family of 
proteins and the family of caspase proteases are internal key 
regulators of the cell fate.'-2 Recent work has demonstrated that 
these 2 groups of proteins are intimately connected at the level 
of mitochondria: the Bcl-2 homologues govern the activity of 
caspases by exerting their effect through the regulation of the 
mitochondrial function.3 Proapoptotic Bcl-2 proteins, such as 
Bax, disturb the mitochondrial membrane integrity by forming 
channels, which facilitates the subsequent release of cytochrome 
c and the activation of Apaf-1 and downstream caspases.47 Bax 
moves from the cytosol to the mitochondria on initiation of 
apoptosis.8"11 This translocation seems to precede caspase 
activation.12 Some authors have suggested a critical role for Bax 
movement to mitochondria in the execution of the apoptotic 
program."13 Moreover, the antiapoptotic protein Bcl-2 is be
lieved to mediate, at least partially, its effect through the 
inhibition of Bax redistribution."'14 

A downstream event of Bax-mediated mitochondrial dysfunc
tion is the activation of caspases. This family of proteases executes 
the cleaving of specific targets, which, finally, leads to cell 
disassembly and death. Among these proteases, caspase-3 stands 
out for the great number of substrates that it destroys. These targets 

include nuclear proteins,15 cytoplasmic structures,16 and cytoskel-
eton elements.17 Bcl-2 and its antiapoptotic homologue, Bcl-XL, 
are also substrates for caspase-3.18J9 For this reason, caspase-3 is 
called the main executioner of apoptosis. 

In the present study, we have investigated the apoptotic process 
of mature human neutrophils (PMNs). These cells have a constitu-
tively short life span and rapidly undergo spontaneous apoptosis 
within hours.20 Survival of PMNs can be extended by delaying 
apoptosis with a wide variety of agents, including colony-
stimulating factors, such as granulocyte-macrophage colony-
stimulating factor (GM-CSF) and granulocyte colony-stimulating 
factor (G-CSF).21'25 To date, the mechanisms of their prosurvival 
effect remained unclear. Some authors have suggested that active 
protein synthesis is required for agents such as GM-CSF to produce 
their prosurvival effect, whereas blocking of protein synthesis 
promotes PMN apoptosis and abrogates the effect of these 
agents.25-27 Recently, it has been proposed that the antiapoptotic 
action of these cytokines may be connected with Bcl-2-related 
proteins and with regulation of caspase-3 activity. GM-CSF has 
been suggested to induce expression of the antiapoptotic Bcl-2 
homologue Mcl-1,23 to maintain the level of Bcl-Xi., and to 
influence caspase-3 activity,28 thus preventing apoptosis. Down-
regulation of Bax expression by G-CSF and GM-CSF has been 
considered to delay apoptosis.24 

From Emma Children's Hospital, Academic Medical Center, University of 
Amsterdam; Central Laboratory of the Netherlands Blood Transfusion Service 
(CLB) and Laboratory for Experimental and Clinical Immunology, Academic 
Medical Center, University of Amsterdam, The Netherlands; Medical Academy, 
Nizhnyi Novgorod, Russia. 

Supported by a grant for doctoral student from the President of the Russian 
Federation (N.A.M.). 

26 



Regarding a role of Bcl-2 proteins in this process, one should 
realize that PMNs are considered to possess no or only few 
rudimentary mitochondria, which do not play a role in the active 
life of the cell.29-30 Therefore, PMNs have been considered to be "a 
nonmitochondrial scene" of apoptosis.23 On the other hand, mito
chondria constitute a crossroad of apoptosis regulation between 
members of the Bcl-2 family and the caspases. In the present study, 
we show that PMNs do contain mitochondria, in contrast to what 
was believed earlier. Also, we observed Bax movement to mitochon
dria and a strong correlation of this event with caspase-3 activation 
and spontaneous PMN apoptosis. The prosurvival effect of the 
prosurvival factor G-CSF was demonstrated to coincide with 
prevention of Bax-to-mitochondria translocation and with inhibi
tion of caspase-3 processing in a transcription-dependent manner. 
At the same time, using PMN cytoplasts, which lack mitochondria, 
granules, and nuclei,31 we found a mitochondria-independent 
pathway of caspase-3 activation and subsequent apoptosis. More
over, G-CSF had no effect on this last route of apoptosis. 

Materials and methods 

PMN preparation and culturing 

The PMNs were isolated from heparinized blood of healthy donors as 
described.12 Briefly, 20 mL blood was diluted with 20 mL 10% trisodium 
citrate/phosphate-buffered saline (PBS). Mononuclear cells and platelets 
were removed by density gradient centrifugation over isotonic Percoll 
(Pharmacia, Uppsala, Sweden) with a specific gravity of 1.076 g/mL. 
Erythrocytes were lysed by short treatment of the pellet fraction with 
ice-cold isotonic NH4CI solution (155 raM NH4CI, 10 mM KHCO3, 0.1 
mM EDTA, pH 7.4). The remaining PMNs were washed once in PBS and 
used for further manipulations. In all cases purity was more than 97%. 
PMNs were resuspended at a final concentration of 2 x IOVmLin Iscoves 
modified Dulbecco medium (IMDM; Biowhittaker, Brussels, Belgium) 
supplemented with 10% heat-inactivated fetal calf serum (FCS; Gibco 
BRL, Paisley, United Kingdom), penicillin 100 IU/mL (Yamanouchi, 
Tokyo, Japan), streptomycin 100 u.g/mL (Gibco BRL), and glutamine 300 
M-g/mL. One milliliter of cell suspension was put in each well of 24-well 
plates (NUNC Brand Products, Roskilde, Denmark) and was incubated 
overnight (20-22 hours) in a 5% C02 incubator at 37°C. PMNs were 
cultured without additions (no stimulus), with 500 ng/mL G-CSF (Neupo-
gen, Amgen, Breda, The Netherlands), with 400 u,mol/L z-Val-Ala-DL-Asp-
fluoromethylketone (zVAD-fmk, Alexis Biochemicals, San Diego, CA), 
with 5 ng/mL cycloheximide (CHX; Calbiochem, Bad Soden, Germany), 
or with a combination of indicated doses of G-CSF and CHX. 

Cytoplast preparation and culturing 

The PMNs were isolated from the buffy coat of 500 mL fresh blood from 
volunteer donors, as described above. Cytoplasts were prepared from 108 

PMNs as described previously.33 Briefly, PMNs were centrifuged tfirough a 
discontinuous Ficoll-70 (Sigma, St Louis. MO) gradient (12.5%, 16%, 
25%) prewarmed to 37°C, containing 5 u,g/mL cytochalasin B (Sigma). 
Centrifugation was performed for 30 minutes at 34°C in a model L2-65B 
ultracentrifuge wiüi an AH-629 rotor (Beekman Instruments, Fullerton, 
CA) at 81 OOOg. After centrifugation, the upper band of cellular material 
was collected. This band was composed of 99% of cytoplasts, as assessed 
by light microscopy of cytospins stained with May-Griinwald-Giemsa 
stain. Cytoplasts were recognized by their absence of nuclei. Following 
several washings in PBS, cytoplasts were resuspended at a final concentra
tion of 8 x 106/mL in the culture medium and were incubated as indicated 
for PMNs (see above). 

Measurement of apoptosis 

Apoptosis of PMNs was measured by flow cytometry widi the annexin-V-
fluorescein isothiocyanate (FTTQ/propidium iodide (PI) apoptosis assay kit 

27 

(Bender Medsystems, Vienna, Austria).34 About 10s fresh cells or cells after 
overnight incubation were washed once in ice-cold Hepes medium with 2.5 
mM Ca+*. All further steps were performed in mis medium on ice. The 
cells were then incubated for 45 minutes with annexin-V-FITC, 1:250, 
which specifically binds phosphatidylserine residues on the cell membrane. 
During the last 10 minutes PI was added to a final concentration of I 
u,g/mL. PI is a fluorescent dye that intercalates into DNA once the cell 
membrane has become permeable. After incubation, the cells were washed 
once and analyzed by FACScan (Becton Dickinson, San Jose, CA). Viable 
cells were defined as negative for annexin-V-FITC and PI staining. Cell 
survival was expressed as a percentage of viable cells in relation to the total 
number of counted cells. Cytoplast apoptosis was assessed in die same way, 
except for the PI step, with 4 x 105 cytoplasts for each preparation. 

Measurement of protein expression of Bcl-2 family members 

The expression levels of Bax, Bak, Mel-1, and Bcl-X|. were determined by 
FACS analysis, according to Van Vliet et al,35 with some modifications. 
After isolation and culture, 10s PMNs were washed once in PBS. The cells 
were then fixed with 2% (wt/vol) paraformaldehyde in PBS for 15 minutes 
at room temperature, washed twice in PBS, and resuspended in staining 
buffer containing 0.1% saponin (wt/vol; Calbiochem) and 1% (vol/vol) 
bovine serum albumin (BSA; Boseral, Organon Teknika, Eppelheim, 
Germany) in PBS. All further steps were performed in this solution at room 
temperature. The cells were distributed over a 96-well plate with conical 
bottoms, incubated for 10 minutes for permeabilization, and were spun 
down. Supernatant was removed, and PMNs were resuspended in 50 u.L of 
the appropriate primary antibody or isotype control antibody solution. The 
polyclonal rabbit antibodies against human Bax, Mcl-l (Pharmingen, San 
Diego, CA) or Bcl-X,. (Calbiochem) were used at a final dilution of 1:250. 
The monoclonal mouse antihuman Bak antibody (Calbiochem) was used at 
a final concentration of 25 u-g/mL. After 45 minutes of incubation the cells 
were washed twice and were resuspended in 50 pL of the secondary 
antibody, Alexa-488-conjugated goat-antirabbit/mouse IgG (Molecular 
Probes, Eugene, OR), at a final concentration of 2.5 u,g/mL. Incubation with 
me secondary antibody took 45 minutes. After this procedure, the PMNs 
were washed twice and were analyzed by FACScan. Expression levels of 
the proteins of interest were assessed by measuring the mean fluorescence 
intensity (MFI) of bound antibodies. 

Confocal laser scanning microscopy 

For confocal laser scanning microscopy (CLSM) analysis, PMNs and cytoplasts 
were fixed and permeabilized as described for flow cytometry. To investigate the 
staining patterns of Bcl-2-related proteins, the cells were incubated with me 
appropriate primary antibodies (see above) with subsequent secondary staining 
with Alexa-568-conjugated goat-antirabbit/mouse IgG (final concentration 2.5 
Hg/mL). All incubations were performed as described above. After the last wash 
step, the cells were resuspended in 30 uL PBS, brought on microscope glass 
slides, and covered by coverslips. The slides were analyzed by a confocal laser 
scanning microscope (LSM510, Carl Zeiss, Heidelberg, Germany) equipped 
with Ar and HeNe lasers. 

To study the activation of caspase-3, incubations were performed with die 
monoclonal rabbit antibody against active human caspase-3 (Pharmingen) at a 
final dilution of 1.5 u.g/mL and AlexaFluor488-conjugated goat-antirabbit IgG. 

For the mitochondrial staining MitoTracker GreenFM (Molecular 
Probes) was used. About 105 fresh or cultured PMNs (or 4 X 10s 

cytoplasts) were incubated in IMDM for 30 minutes in a 5% C02 incubator 
at 37°C widi 100 nmol/L MitoTracker Green FM. Then me cells were spun 
down, resuspended in 30 u.L stain-free medium, placed on microscope glass 
slides, and analyzed by CLSM. 

To obtain simultaneous staining of mitochondria and intracellular 
antigens, the cells were stained with 1 u.mol/L MitoTracker Green FM, 
fixed, permeabilized, labeled for proteins of interest, and analyzed as 
described above. 

Western blotting 

The cleavage of procaspase-3 was determined by Western blotting as 
described elsewhere.28 Briefly, whole cell lysates were obtained by boiling 



5 X 105 PMNs or 2 X 106 cytoplasts in sodium dodecyl sulfate (SDS) 
sample buffer with 4% mercaptoethanol for 5 minutes. Proteins were 
resolved on 12.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 
and were electrotransferred to nitrocellulose membrane (Hybond-ECL; 
Amersham, Arlington Height, IL). The blots were incubated for 1 hour with 
1:1000 diluted polyclonal rabbit antihuman caspase-3 antibodies (Pharmin-
gen), which recognize both inactive procaspase-3 and its cleavage product. 
Thereafter, the blots were incubated for 1 hour with swine antirabbit-IgG 
conjugated with horseradish peroxidase (HRP; Dako, Glostrup, Denmark), 
followed by band visualization with enhanced chemiluminescence as 
described by the manufacturer (Amersham). As a positive control, Jurkat 
T-cell lysates were used (Pharmingen), which contain caspase-3 as a 
32-kd proenzyme. 

Measurement of G-CSF receptor expression in PMNs 
and cytoplasts 

The PMNs (105) or cytoplasts (4 x 10s) were washed once in PBS and were 
incubated with a monoclonal antibody (mAb) against human G-CSF 
receptor (Pharmingen) at a final concentration of 5 u.g/mL or with an 
isotype control. After a 45-minute incubation, the cells were washed twice 
and stained for 45 minutes with R-phycoerythrin-labeled secondary anti
body (Dako) at a final dilution of 10 p.g/mL. After washing, the antibody 
binding was assessed by FACS analysis. 

Statistics 

Where applicable, the Student / test was used to evaluate the significance of 
differences between the sample means. Statistical significance was defined 
as P less than .05. 

Results 

G-CSF and zVAD-fmk effectively delay PMN apoptosis 

Freshly isolated PMNs contained 95.6% ± 2.7% live cells, that is, 
negative for both annexin-V and PI (Figure 1A). PMNs cultured 
overnight without additions underwent spontaneous apoptosis, 

Figure 1. Survival of PMNs. Freshly isolated PMNs as well as cells cultured 
overnight without additions, with 500 ng/mL G-CSF or with 400 p.M zVAD-fmk were 
stained with annexin-V (x-axis) and PI (y-axis) and were analyzed by FASCscan. 
Cells without annexin V and PI staining were counted as viable cells (lower left 
quadrant on each plot). Cell survival was expressed as the percentage of viable cells 
in the total cell population. (A) Almost all fresh cells were alive. (B) Overnight-cultured 
untreated cells underwent spontaneous apoptosis. (C,D) Addition of G-CSF or 
zVAD-fmk, respectively, significantly increased PMN survival ( *P< .05 versus 
untreated cells). Values represent means ± SEM of 8 separate experiments. 
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with a survival not higher than 21.0% ± 3.3% (Figure IB). In the 
presence of G-CSF, apoptosis was delayed, resulting in 
63.2% ± 2.9% surviving cells (Figure 1C). In the presence of 
zVAD-fmk (Figure 1D) apoptosis was minimal, and 88.0% ± 2.3% 
PMNs were alive. Both agents produced a significant delay of 
apoptosis when compared with control incubations (P < .05). 

PMNs do contain mitochondria: structural changes 
during apoptosis 

To check whether PMNs contain mitochondria, we performed 
mitochondrial staining with MitoTracker Green FM. In fresh 
PMNs (Figure 2A), the mitochondria showed a tubular shape, 
whereas in overnight-cultured control PMNs (Figure 2B) the 
mitochondria had changed into large unstructured aggregates. 
G-CSF (Figure 2C) prevented the mitochondrial aggregate forma
tion, but addition of zVAD-fmk (Figure 2D) did not influence the 
aggregation of the mitochondria. The identity of the mitochondria 
was confirmed with an antibody against a component of the 
mitochondrial cytochrome oxidase system (mouse mAb antihuman 
cytochrome c oxidase complex IV, Molecular Probes; data 
not shown). 

PMN apoptosis and caspase-3 activation: inhibition 
by G-CSF or zVAD-fmk 

We studied caspase-3 processing during spontaneous apoptosis by 
Western blotting and CLSM. Caspase-3 is expressed in normal 
PMNs as a 32-kd inactive precursor, which is proteolytically 
cleaved into an active form on mediation of apoptosis.36 This 
cleavage generates a large (17-20 kd) and a small (3-12 kd) subunit. 
In fresh PMNs (Figure 3, lane B) caspase-3 was found mainly as a 
32-kd proenzyme. In contrast, PMNs cultured overnight without 
additions, undergoing spontaneous apoptosis (Figure 3, lane C), 
demonstrated decreased amounts of the proenzyme and a band of 
an approximately 17-kd cleavage product. G-CSF (Figure 3, lane 
D) inhibited caspase-3 activation, whereas zVAD-fmk-treated 
PMNs (Figure 3, lane E) showed no cleavage product but only 
inactive 32-kd proenzyme, indicating that caspase-3 activation was 
inhibited in these cells. 

We also stained PMNs for active caspase-3 with a mAb against 
a unique epitope of active caspase-3. This mAb does not recognize 
the inactive form of the enzyme. CLSM analysis showed that fresh 
PMN (Figure 4A) demonstrated only very weak staining, probably 
reflecting background staining or a negligible binding to inactive 
enzyme. In contrast, untreated, overnight-cultured PMN (Figure 
4B) showed a bright punctate staining for active caspase-3, 
demonstrating a significant amount of the active form of the 
enzyme in these cells. G-CSF (Figure 4C) considerably inhibited 
caspase-3 activation, because the cells were only slightly positive. 
As expected, zVAD-fmk-treated PMNs (Figure 4D) were as dark 
as fresh cells, demonstrating the absence of active caspase-3. 
Hence, Western blotting and CLSM results were in compliance 
with each other, demonstrating a strong correlation between PMN 
spontaneous apoptosis and caspase-3 activation, and a coincidence 
of the antiapoptotic effect of G-CSF and zVAD-fmk with inhibition 
of caspase-3 activation. 

Spontaneous PMN apoptosis associated with 
Bax-to-mitochondria translocation 

Next, we investigated a number of Bcl-2-related proteins. Levels 
of expression of Bax, Bak, Mel-1, and Bcl-XL were studied by flow 
cytometry with antibodies specific for each protein to be tested. We 



I 

Figure 2. Localization and staining patterns of mitochondria in PMNs. PMNs 
were incubated as described in Figure 1. Then the cells were stained with 100 nM 
MitoTracker Green FM and analyzed with CLSM. (A) In fresh cells the mitochondria 
showed a distinct tubular shape. (B) In PMNs cultured without additions the 
mitochondria relocalized into large unstructured aggregates. (C) G-CSF prevented 
the mitochondrial aggregate formation. (D) zVAD-fmk did not influence mitochondrial 
aggregation. Bar is 5 urn. Results are representative of at least 3 independent 
experiments. 

found that the expression levels of Bax were not significantly 
different between fresh PMNs and overnight-incubated PMNs. 
Neither G-CSF nor zVAD-fmk had any effect on its expression 
(Figure 5). Western blotting with anti-Bax antibody confirmed the 
flow cytometry data: Bax levels remained unchanged under all 
conditions tested (data not shown). Similar results were obtained 
for Bak. Mel-1. and Bcl-X( (data not shown). We also did not find a 
correlation between the expression of these Bcl-2 homologues and 
cell survival. Therefore, we conclude that the expression levels of 
the Bcl-2-related proteins studied by us were not subject to 
modulation during PMN apoptosis or its delay. 

Because we did not find quantitative changes in these proteins, 
we investigated possible qualitative changes. Recent studies have 
shown that Bax moves from the cytosol to the mitochondria on 
execution of apoptosis.8"" Using CLSM with costaining for 
mitochondria and Bax. we found that fresh PMNs (Figure 6A) 
showed a separate localization of Bax (red) and mitochondria 

; 

Figure 4. Activation of caspase-3 in PMNs. PMNs were cultured as described in 
Figure 1. Then the cells were fixed, permeabilized. stained with mAb specific for 
active caspase-3. and analyzed by CLSM. (A) Fresh PMNs showed faint background 
staining. (B) Overnight-cultured untreated PMNs revealed a bright punctate staining 
representing active caspase-3. (C) G-CSF strongly inhibited caspase-3 activation. 
(D) Cells treated with zVAD-fmk did not demonstrate active caspase-3. Bar is 5 urn. 
Results are representative of at least 3 independent experiments. 

(green). (Note: due to the fixation/permeabilization procedure, 
mitochondrial staining showed a more diffuse cytoplasmic pattern 
than the tubular structures shown in Figure 2, panels A and C.) In 
contrast, in overnight cultured, untreated PMNs (Figure 6B). 
mitochondria and Bax colocalized into large aggregates with a shift 
in fluorescence to yellow. G-CSF (Figure 6C) prevented this 
aggregate formation and colocalization of Bax with mitochondria, 
whereas zVAD-fmk (Figure 6D) did not. Bak. Mcl-1. and Bcl-X| 
did not change their punctate localization separate from mitochon
dria under any condition tested (data not shown). 

Normal externalization of phosphatidylserine and caspase-3 
activation in cytoplasts 

Recently, a mitochondria-independent route of caspase activation 
has been proposed to exist.37 To check this possibility in PMNs. we 
generated so-called cytoplasts. that is. enucleated PMNs that lack 
granules and mitochondria. Thus, cytoplasts are vesicles filled with 
cytoplasm, which maintain the integrity of the plasma membrane." 
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Figure 3. Procaspase-3 cleavage in PMNs. PMNs were incubated as described in 
Figure 1. Then whole cell lysates were subjected to SDS-PAGE. and Western blot 
was performed with an anticaspase-3 polyclonal antibody and an HRP-conjugated 
secondary antibody. (A) Positive control with procaspase-3 (Jurkat T cells). (B) Fresh 
PMNs. (C| In PMNs incubated without stimuli procaspase-3 was cleaved, and a 
17-kd cleavage product appeared. (D) Addition of G-CSF considerably prevented 
procaspase-3 cleavage. (E) zVAD-fmk completely inhibited procaspase-3 process
ing. Results are representative of 3 independent experiments. 
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Figure 5. Expression levels of Bax in PMNs. PMNs were cultured as described in 
Figure 1. Then the cells were fixed, permeabilized, stained with antibodies specific for 
Bax or with isotype control antibodies (control bars), and analyzed by FACScan. After 
overnight culturing. the expression of Bax had slightly increased, but this change was 
not significant. Treatment of the cells with either G-CSF or with zVAD-fmk had no 
effect on Bax expression. Data represent means ± SEM of MFI from 6 independent 
experiments. 
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Figure 6. Relocalization of Bax to the mitochondria in PMNs. PMNs were 
cultured as described in Figure 1. Then the cells were stained with 1 p.M MitoTracker 
Green FM. fixed, permeabilized. stained with antibody specific for Bax. and were 
analyzed with CLSM. (A) in fresh PMN Bax and the mitochondria were localized 
separately. (B) Overnighl-cultured untreated cells demonstrated fusion of Bax and 
mitochondria into large aggregates (right panel in yellow). (C) Addition of G-CSF 
preserved the separate localization of Bax and mitochondria. (D) zVAD-fmk did not 
prevent aggregate formation and colocalization of Bax and mitochondria. (Comment: 
due to the fixation and permeabilization procedures, the mitochondrial staining 
[green] showed a more diffuse cytoplasmic pattern than the tubular structures shown 
in Figure 2, panels A and C). Bar is 5 p.m. This figure is representative of at least 4 
independent experiments. 

Cytospins stained with May-Griinwald-Giemsa stain showed 
thai more than 99'7< of the cytoplasts indeed had no nucleus. 
Neither MitoTracker nor the mAb against a cytochrome c 
oxidase component revealed the presence of any mitochondria 
in cytoplasts (not shown). Annexin-V staining was negative in 
96.1% ± 3.3% of freshly prepared cytoplasts (Figure 7A). 
Similar to PMNs. during overnight culture without stimuli 
cytoplasts underwent membrane "flip-flop." with exposure of 
phosphatidylserine residues on the outer layer of the plasma 
membrane, leading to 64.5% annexin-V' cytoplasts 
(35.5% ± 3.3% annexin-V cells [Figure 7B; compare with 
PMN data in Figure IB)I. Next, we studied caspase-3 activation 
in cytoplasts by Western blotting. Fresh cytoplasts (Figure 8. 
lane B) contained only the 32-kd proenzyme. After overnight 
culturing. cytoplasts (Figure 8. lane C) demonstrated caspase-3 
processing with appearance of the same 17-kd cleavage product 
as in neutrophils. CLSM data supported these findings, showing 
no active caspase-3 in fresh cytoplasts (Figure 9A) and a bright 
punctate distribution of active caspase-3 in cytoplasts undergo
ing spontaneous apoptosis (Figure 9B). Hence, caspase-3 was 
"normally'" activated even in the absence of a nucleus and 
mitochondria. Further, we investigated Bax behavior in cyto-
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Figure 7. Survival of cytoplasts. Freshly prepared cytoplasts as well as cytoplasts 
cultured overnight without additions, with 500 ng/mL G-CSF or 400 (imol/L zVAD-fmk 
were stained with annexin-V and were analyzed by FASCscan. Cytoplasts without 
annexin-V staining were counted as viable cytoplasts (lower left quadrant on each 
plot). Survival was expressed as the percentage of viable cytoplasts in the total 
cytoplast population. (A) Almost all fresh cytoplasts were alive. (B) Untreated 
cytoplasts cultured overnight underwent spontaneous apoptosis. (C) Addition of 
G-CSF had no effect on cytoplast survival. (D) zVAD-fmk significantly increased 
cytoplast survival (*P < .05 versus untreated and G-CSF-treated cytoplasts) Values 
represent means : SEM of 3 separate experiments. 

plasts. This protein appeared to be present in fresh cytoplasts. 
but did not change its punctate distribution after overnight 
culturing without additions (figure not shown). We conclude that 
cytoplasts possess an intact apoptotic machinery, which induces 
"flip-flop" of the phosphatidylserine residues on the outer layer 
of the plasma membrane and caspase-3 activation in the absence 
of a nucleus and mitochondria, but does not require Bax 
redistribution. 

G-CSF effect on survival and caspase-3 activation in cytoplasts 

Because G-CSF needs to bind to a specific surface receptor to 
mediate its effects in PMNs.'" we investigated the expression of 
the G-CSF receptor on cytoplasts by flow cytometry. The MFI of 
bound anti-G-CSF receptor mAb was 193 ± 22 in PMNs. and 
88 ± 10 in cytoplasts (data represent mean ± SFM of the MFI 
from 3 separate experiments). The difference in MFI between 
PMNs and cytoplasts is due to the fact that the cell surface area 
of PMNs is 2 to 3 times larger than that of cytoplasts.i: 

Moreover, the number of G-CSF receptors on the cell surface is 
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Figure 8 Procaspase-3 cleavage in cytoplasts. Cytoplasts were incubated as 
described in Figure 7. Then whole cytoplast lysates were sub|ected to SDS-PAGE, 
and Western blot was performed with an anticaspase-3 polyclonal antibody and an 
HRP-conjugated secondary antibody. (A) Positive control with procaspase-3 (Jurkat 
T-cells). (B) Freshly prepared cytoplasts demonstrated only 32-kd procaspase-3. (Cl 
In cytoplasts incubated without stimuli procaspase-3 was cleaved and a 17-kd 
cleavage product appeared (D) Addition of G-CSF did not prevent procaspase 3 
cleavage and appearance of a 17-kd cleavage product. (E) zVAD-fmk completely 
inhibited procaspase-3 processing. Results are representative of 3 independent 
experiments 
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Figure 9. Activation of caspase-3 in cytoplasts. Cytoplasls were cultured as 
described in Figure 7. Then the cytoplasts were fixed, permeabilized, stained with 
mAb specific for active caspase-3, and analyzed by CLSM. (A) Fresh cytoplasts 
showed faint background staining. (B,C) Overnight-cultured untreated or G-CSF-
treated cytoplasts, respectively, revealed bright punctate staining representing active 
caspase-3. (D) Cells treated with zVAD-fmk did not demonstrate active caspase-3. 
Bar is 5 urn. Results are representative of at least 3 independent experiments. 

not critical for the impact of G-CSF on cells, because the 
ligation of only a small fraction of the receptors is already 
sufficient to mediate the maximal biologic response.39 Although 
the expression of the G-CSF receptor on cytoplasts can be 
considered to be adequate, addition of G-CSF to the culture 
medium had no effect on cytoplast apoptosis (35.7% ± 9.0% 
annexin-V_ cells), in contrast to the delay of PMN apoptosis by 
G-CSF (compare Figure 7C and Figure 1C). Furthermore, in 
cytoplasts, G-CSF prevented neither caspase-3 processing (Fig
ure 8, lane D) nor the appearance of active caspase-3 (Figure 
9C), whereas G-CSF prevented caspase-3 processing and activa
tion in PMNs (Figure 3, lane D, and Figure 4C). At the same 
time, zVAD-fmk (Figure 7D) reduced cytoplast apoptosis 
(91.5% ± 6.1% annexin-V" cytoplasts) and inhibited caspase-3 
activation (Figure 8, lane E, and Figure 9D). Similar effects of 
zVAD-fmk were found in PMNs (Figure ID, Figure 3, lane E, 
and Figure 4D). Bax remained punctate under either treatment (not 
shown). We suppose that the G-CSF prosurvival effect and caspase-3 
inhibiting action in PMNs are transcription-dependent events. 

CHX abolishes the antiapoptotic effect of G-CSF in intact PMNs 

To support a protein synthesis-dependent character of the G-CSF 
prosurvival effect, we used CHX, a well-known inhibitor of protein 
synthesis. The overnight survival of untreated PMNs, which was 
23.5% ± 2.5% in this set of experiments (Figure 10A), was not 
disturbed by addition of the small dose of CHX (5 u.g/mL; Figure 
10B; 23.1% ± 2.0% surviving PMNs). G-CSF protected 
59.7% ± 5.5% PMNs from apoptosis (Figure IOC). At the same 
time, when coincubated overnight, CHX completely abrogated the 
prosurvival effect of G-CSF, with 28.7% ± 5.3% surviving cells 
(Figure 10D). Hence, this provides additional evidence that the 
G-CSF prosurvival effect is a strictly protein synthesis-dependent 
event in PMNs. 
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Discussion 

In our study, we examined the mechanisms of apoptosis in PMNs. 
Using a specific fluorescent mitochondrial stain and a mAb against 
a mitochondrial cytochrome c oxidase component, we found that 
PMNs do contain mitochondria. One of the possible routes of 
apoptosis in PMNs is mitochondria dependent and includes Bax-to-
mitochondria translocation with subsequent executioner caspase 
activation. Our findings demonstrate that the G-CSF prosurvival 
effect coincides with prevention of mitochondrial clustering and 
Bax translocation, with concomitant inhibition of caspase-3 activ
ity and retardation of apoptosis. This might be a possible route of 
G-CSF prosurvival action. At the same time, the general caspase 
inhibitor zVAD-fmk was found to inhibit caspase-3 and to delay 
PMN apoptosis without blocking the Bax-to-mitochondria translo
cation. In previous work with a cell-free apoptosis system40 and 
human embryonic kidney cells,41 it has also been shown that 
zVAD-fmk, despite caspase inhibition and prevention of apoptosis, 
was not able to prevent mitochondrial dysfunction and cytochrome 
c release. Apparently, Bax redistribution and mitochondrial dysfunc
tion may be required but are not sufficient to induce apoptosis. 
Only if Bax translocation results in caspase-3 activation, as in 
untreated, overnight-cultured PMNs, does apoptosis of PMNs 
occur. This statement is supported by the finding that neither 
mitochondria nor Bax individually induce proteolytic processing 
and activation of caspases.42 Thus, our results support a dominant 
role of the executioner caspases in the downstream events of the 
apoptotic process in PMNs. 

Experiments with PMN cytoplasts revealed additional features 
of the PMN apoptotic machinery and the G-CSF antiapoptotic 
effect in PMN. In the absence of a nucleus and mitochondria, 
cytoplasts underwent apoptotic changes, that is, phosphatidylserine 
exposure and caspase-3 activation, reminiscent of intact PMNs. 
Furthermore, even in "apoptotic" cytoplasts, Bax preserved a 
punctate distribution, showing no clustering as seen in PMNs. This 

Figure 10. Inhibition of the prosurvival effect of G-CSF in PMNs by CHX. PMNs 
were cultured overnight without additions, with 5 ng/ml_ CHX, with 500 ng/mL G-CSF. 
or with the combination of CHX and G-CSF. Then the cells were stained and analyzed 
by FACScan as described in Figure 1.(A) Untreated cell cultures overnight demon
strated a basal level of survival. (B) A low dose of CHX had no effect on basal survival. 
(C) G-CSF significantly increased survival ('P < .05 versus untreated cells). (D) The 
presence of CXH in the G-CSF culture abrogated the prosurvival effect of G-CSF 
(#P > .05 versus untreated cells). Values represent means = SEM of 3 separate 
experiments. 



underscores that in PMNs mitochondria serve as "docking sites" 
for Bax, and Bax movement to mitochondria is an important step in 
the activation of the mitochondria-dependent route of apoptosis in 
PMNs. In addition, there must be a second, mitochondria-
independent route of PMN apoptosis, which was evident in 
cytoplasts. Activation of this alternative route may explain the 
observation that G-CSF is unable to completely prevent apoptosis 
in intact PMNs. 

In cytoplasts, G-CSF did not prevent caspase-3 activation and 
phosphatidylserine "flip-flop," and thus it showed no prosurvival 
effect. In PMNs, where the protein synthesis apparatus is intact, 
G-CSF had a prominent antiapoptotic effect. This indicates that 
agents like G-CSF, in line with previous findings, require de novo 
protein synthesis to produce a prosurvival effect.26-27 Experiments 
with CHX, in which this inhibitor of protein synthesis prevented 
the prosurvival effect of G-CSF, gave additional support for this 
idea. On the other hand, considering the absence of mitochondria in 
PMN-derived cytoplasts, these data also indicate a mitochondria-
dependent character of the G-CSF antiapoptotic action in intact PMNs. 

Which protein(s) are needed for the antiapoptotic effect of 
G-CSF remain to be determined. A logical suggestion would be that 
an antiapoptotic Bcl-2 family member is involved, especially 
because Bcl-2 itself has been shown to prevent Bax-to-mitochon-
dria translocation.1114 But PMNs, either when freshly isolated or 
apoptotic, do not express Bcl-2,23'24'43 and the antiapoptotic Bcl-2-

related proteins tested in our study, Mcl-1 and Bcl-Xi., were found 
not to change their expression levels on execution of apoptosis. 
Probably, G-CSF is responsible for the synthesis of another 
Bcl-2-related candidate, or some different protein, for example, the 
upstream caspase-8 inhibitor FLIP, which has been shown in 
several recent publications to be up-regulated in endothelial 
cells,44'45 macrophages,46 T cells,47 and B cells48 under prosurvival 
conditions. The other apoptosis route, as observed in PMN-derived 
cytoplasts, does not require mitochondria and Bax translocation. 
Nevertheless, caspase-3 activation is also involved in this route, 
being a final executioner of cell fate. Evidently, G-CSF has no 
effect on this mitochondria-independent pathway of apoptosis. 

In conclusion, PMNs share with other cell types the ability to 
translocate Bax to mitochondria during apoptosis. However, we 
have demonstrated that apoptosis in PMNs is not strictly dependent 
on Bax translocation, as is supported by studies in Bax~'~ mice.49'50 

Although not formally studied in CCP32-'- models,1551 the role 
for caspase-3 in neutrophil apoptosis may also be not as exclusive 
and absolute as suggested. G-CSF is a clinically relevant growth 
factor with a strong effect on promoting the life span of neutrophils 
in vitro and in vivo. Apart from the possible existence of additional 
and as yet uncharacterized routes in apoptosis, our data have now 
clearly demonstrated the mechanism of action as well as the 
mitochondria-dependent character of the G-CSF survival effect in 
intact PMNs. 

References 

1. Adams MJ, Cory S. The Bcl-2 protein family: arbi
ters ot cell survival. Science. 1998;281:1322-
1326. 

2. Thornberry NA, Lazebnik Y. Caspases: enemies 
within. Science. 1998;281:1312-1316. 

3. Gross A, McDonnell JM, Korsmeyer SJ. Bcl-2 
family members and the mitochondria in apopto
sis. Genes Dev. 1999;13:1899-1911. 

4. Marzo I, Brenner C, Zamzami N, et al. The per
meability transition pore complex: a target for ap
optosis regulation by caspases and bcl-2-related 
proteins. J Exp Med. 1998;187:1261-1271. 

5. Narita M, Shimizu S, Ito T, et al. Bax interacts with 
the permeability transition pore to induce perme
ability transition and cytochrome c release in iso
lated mitochondria. Proc Natl Acad Sci U S A . 
1998;95:14681-14686. 

6. Antonsson B, Montessuit S, Lauper S, Eskes R, 
Martinou JC. Bax oligomerization is required for 
channel-forming activity in liposomes and to trig
ger cytochrome c release from mitochondria. Bio-
chem J. 2000;345:271-278. 

7. Shimizu S, Shinohara Y, Tsujimoto Y. Bax and 
bcl-xL independently regulate apoptotic changes 
of yeast mitochondria that require VDAC but not 
adenine nucleotide translocator. Oncogene. 
2000;19:4309-4318. 

8. Wolter KG, Hsu YT, Smith CL, Nechushtan A, Xi 
XG, Youle RJ. Movement of Bax from the cytosol 
to mitochondria during apoptosis. J Cell Biol. 
1997;139:1281-1292. 

9. Goping IS, Gross A, Lavoie JN, et al. Regulated 
targeting of BAX to mitochondria. J Cell Biol. 
1998;143:207-215. 

10. Khaled AR, Kim K, Hofmeister R, Muegge K, Du
rum SK. Withdrawal of IL-7 induces Bax translo
cation from cytosol to mitochondria through a rise 
in intracellular pH. Proc Natl Acad Sci U S A, 
1999;96:14476-14481. 

11. Murphy KM, Ranganathan V, Farnsworth ML, 
Kavallaris M, Lock RB. Bcl-2 inhibits Bax translo
cation from cytosol to mitochondria during drug-
induced apoptosis of human tumor cells. Cell 
Death Differ. 2000;7:102-111. 

12. Ikemoto H, Tani E, Ozaki I, Kitagawa H, Arita N. 

Calphostin C-mediated translocation and integra
tion of Bax into mitochondria induces cytochrome 
c release before mitochondrial dysfunction. Cell 
Death Differ. 2000;7:511-520. 

13. Putcha GV, Deshmukh M, Johnson JM Jr. BAX 
translocation is a critical event in neuronal apop
tosis: regulation by neuroprotectants, BCL-2, and 
caspases. J Neurosci. 1999;19:7476-7485. 

14. Nomura M, Shimizu S, Ito T, Narita M, Matsuda 
H, Tsujimoto Y. Apoptotic cytosol facilitates Bax 
translocation to mitochondria that involves cyto-
solic factor regulated by Bcl-2. Cancer Res. 1999; 
59:5542-5548. 

15. Woo M, Hakem R, Soengas MS, et al. Essential 
contribution of caspase 3/CPP32 to apoptosis 
and its associated nuclear changes. Genes Dev. 
1998;12:806-819. 

16. Zheng TS, Schlosser SF, Dao T, et al. Caspase-3 
controls both cytoplasmic and nuclear events as
sociated with Fas-mediated apoptosis in vivo. 
Proc Natl Acad Sci U S A. 1998;95:13618-13623. 

17. Kothakota S, Azuma T, Reinhard C, et al. 
Caspase-3-generated fragment of gelsolin: effec
tor of morphological change in apoptosis. Sci
ence. 1997;278:294-298. 

18. Fujita N, Nagahashi A, Nagashima K, Rokudai S, 
Tsuruo T. Acceleration of apoptotic cell death after 
the cleavage of Bcl-XL protein by caspase-3-like 
proteases. Oncogene. 1998;17:1295-1304. 

19. Grandgirard D, Studer E, Monney L, et al. Alpha-
viruses induce apoptosis in Bcl-2-overexpressing 
cells: evidence for a caspase-mediated, proteo
lytic inactivation of Bcl-2. EMBO J. 1998:17:1268-
1278. 

20. Payne CM, Glasser L, Tischler ME, et al. Pro
grammed cell death of the normal human neutro
phil: an in vitro model of senescence. Microsc 
Res Tech. 1994;28:327-344. 

2 1 . Colotta F, Fabio R, Polantarutti N, Sozzani S, 
Mantovani A. Modulation of granulocyte survival 
and programmed cell death by cytokines and 
bacterial products. Blood. 1992;80:2012-2020. 

22. Gottlieb RA, Giesing HA, Zhu JY, Engler RL, Ba-
bior BM. Cell acidification in apoptosis: granulo
cyte colony-stimulating factor delays pro-

32 

grammed cell death in neutrophils by up-
regulating the vacuolar H(+)-ATPase. Proc Natl 
Acad Sci U S A. 1995;92:5965-5968. 

23. Moulding DA. Quayle JA, Hart CA, Edwards SW. 
Mcl-1 expression in human neutrophils: regula
tion by cytokines and correlation with cell sur
vival. Blood. 1998;92:2495-2502. 

24. Dibbert B, Weber M, Nikolaizik WH, et al. Cyto-
kine-mediated Bax deficiency and consequent 
delayed neutrophil apoptosis: a general mecha
nism to accumulate effector cells in inflammation. 
Proc Natl Acad Sci U S A. 1999:96:13330-13335. 

25. Van den Berg JM, Weyer S, Weening JJ, Roos D, 
Kuijpers TW. Divergent effects of tumor necrosis 
factor-alpha on apoptosis of human neutrophils. 
J Leukoc Biol. 2001 ;69:467-473. 

26. Brach MA, deVos S, Gruss HJ, Herrmann F. Pro
longation of survival of human polymorpho
nuclear neutrophils by granulocyte-macrophage 
colony-stimulating factor is caused by inhibition of 
programmed cell death. Blood. 1992:80:2920-
2924. 

27. Stringer RE, Hart CA, Edwards SW. Sodium bu-
tyrate delays neutrophil apoptosis: role of protein 
biosynthesis in neutrophil survival. Br J Haema
tol. 1996;92:169-175. 

28. Weinmann P. Gaehtgens P, Walzog B. Bcl-X,.-
and Bax-a-mediated regulation of apoptosis of 
human neutrophils via caspase-3. Blood. 1999; 
93:3106-3115. 

29. Borregaard N, Kragballe K. Role of oxygen in an
tibody-dependent cytotoxicity mediated by mono
cytes and neutrophils. J Clin Invest. 1980:66:676-
683. 

30. Clark JM, Vaughan DW, Aiken BW, Kagan HM. 
Elastase-like enzymes in human neutrophils lo
calized by ultrastructural cytochemistry. J Cell 
Biol. 1980;84:102-119. 

3 1 . Roos D, Voetman AA, Meerhof U . Functional 
activity of enucleated human polymorphonuclear 
leukocytes. J Cell Biol. 1983;97:368-377. 

32. Roos D, de Boer M. Purification and cryopreser-
vation of phagocytes from human blood. Methods 
Enzymol. 1986;132:225-243. 



33. Roos D, Voetman AA. Preparation and cryo-
preservation of cytoplasts from human phago
cytes. Methods Enzymol. 1986;132:250-257. 

34. Homburg CH, de Haas M, von dem Borne A, Ver
hoeven AJ, Reutelingsperger CP, Roos D. Hu
man neutrophils lose their surface Fc gamma RIM 
and acquire annexin V binding sites during apop-
tosis in vitro. Blood . 1995:85:532-540. 

35. Van Vliet HJJ, Wever PC, van Diepen FN, Yong 
SL, ten Berge IJM. Quantification of Bax/Bcl-2 
ratios in peripheral blood lymphocytes, mono
cytes and granulocytes and their relation to sus
ceptibility to anti-Fas (anti-CD95)-induced apop-
tosis.Clin Exp Immunol. 1995;110:324-328. 

36. Yamashita K, Takahashi A, Kobayashi S, et al. 
Caspases mediate tumor necrosis factor-alpha-
induced neutrophil apoptosis and downregulation 
of reactive oxygen production. Blood. 1999;93: 
674-685. 

37. Scaffidi C, Fulda S, Srinivasan A, et al. Two CD95 
(APO-1/Fas) signaling pathways. EMBO J. 1998; 
17:1675-1687. 

38. Demetri GD, Griffin JD. Granulocyte colony-
stimulating factor and its receptor. Blood. 1991; 
78:2791 -2808. 

39. Nicola NA, Metcalf D. Binding of 1251-labeled 
granulocyte colony-stimulating factor to normal 
murine hemopoietic cells. J Cell Physiol. 1985; 
124:313-321. 

40. Kluck RM, Bossy-Wetzel E, Green DR, New-
meyer DD. The release of cytochrome c from mi
tochondria: a primary site for Bcl-2 regulation of 
apoptosis. Science. 1997;275:1132-1136. 

4 1 . Finucane DM, Bossy-Wetzel E, Waterhouse NJ, 
Cotter TG, Green DR. Bax-induced caspase acti
vation and apoptosis via cytochrome c release 
from mitochondria is inhibitable by Bcl-xL. J Biol 
Chem. 1999:274:2225-2233. 

42. Jurgensmeier JM, Xie Z. Deveraux Q, Ellerby L, 
Bredesen D, Reed JC. Bax directly induces re
lease of cytochrome c from isolated mitochondria. 
Proc Natl Acad Sci U S A. 1998;95:4997-5002. 

43. Iwai K, Miyawaki T, Takizawa T, et al. Differential 
expression of bcl-2 and susceptibility to anti-Fas-
mediated cell death in peripheral blood lympho
cytes, monocytes, and neutrophils. Blood. 1994; 
84:1201-1208. 

44. Suhara T, Mano T, Oliveira BE, Walsh K. Phos-
phatidylinositol 3-kinase/Akt signaling controls 
endothelial cell sensitivity to Fas-mediated apo
ptosis via regulation of FLICE-inhibitory protein 
(FLIP). Circ Res. 2001;89:13-19. 

45. Aoudjit F, Vuori K. Matrix attachment regulates 
Fas-induced apoptosis in endothelial cells: a role 
for c-flip and implications for anoikis. J Cell Biol. 
2001;152:633-643. 

46. Schlapbach R, Spanaus KS, Malipiero U, et al. 
TGF-beta induces the expression of the FLICE-

inhibitory protein and inhibits Fas-mediated apo
ptosis of microglia. Eur J Immunol. 2000:30:3680-
3688. 

47. Kirchhoff S, Muller WW, Krueger A, Schmitz I, 
Krammer PH. TCR-mediated up-regulation of 
c-FLIPshort correlates with resistance toward 
CD95-mediated apoptosis by blocking death-in
ducing signaling complex activity. J Immunol. 
2000;165:6293-6300. 

48. Hennino A, Berard M, Casamayor-Palleja M, 
Krammer PH, Defrance T. Regulation of the Fas 
death pathway by FLICE-inhibitory protein in pri
mary human B cells. J Immunol. 2000:165:3023-
3030. 

49. Selimi F, Vogel MW, Marinai J. Bax inactivation in 
Lurcher mutants rescues cerebellar granule cells 
but not Purkinje cells or inferior olivary neurons. 

J Neurosci. 2000;20:5339-5345. 

50. Pritchard DM, Potten CS, Korsmeyer SJ, Roberts 
S. Hickman JA. Damage-induced apoptosis in 
intestinal epithelia from bcl-2 null and bax-null 
mice: investigations of the mechanistic determi
nants of epithelial apoptosis in vivo. Oncogene. 
1999;18:7287-7293. 

51. Kuida K, Zheng TS, Na S, et al. Decreased apo
ptosis in the brain and premature lethality in CPP-
32-deficient mice. Nature. 1996:384:368-372. 

33 



34 


