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Abstract
Although proteases of the caspase family are essential
mediators of apoptosis in nucleated cells, in anucleate cells
their presence and potential functions are almost completely
unknown. Human erythrocytes are a major cell population that
does not contain a cell nucleus or other organelles. However,
during senescence they undergo certain morphological
alterations resembling apoptosis. In the present study, we
foundthatmature erythrocytes contain considerableamounts
of caspase-3 and -8, whereas essential components of the
mitochondrial apoptotic cascade such as caspase-9, Apaf-1
and cytochrome c were missing. Strikingly, although
caspases of erythrocytes were functionally active in vitro,
they failed to become activated in intact erythrocytes either
during prolonged storage or in response to various
proapoptotic stimuli. Following an increase of cytosolic
calcium, instead the cysteine protease calpain but not
caspases became activated and mediated fodrin cleavage
and other morphological alterations such as cell shrinkage.
Our results therefore suggest that erythrocytes do not have a
functional death system. In addition, because of the presence
of procaspases and the absence of a cell nucleus and
mitochondria erythrocytes may be an attractive system to
dissect the role of certain apoptosis-regulatory pathways. Cell
Death and Differentiation (2001) 8, 1197 ± 1206.
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Introduction

Apoptosis is the innate mechanism of cell clearance in many
physiological and pathological processes including develop-
ment, tissue remodeling, cell homeostasis and defense
processes against various forms of stress. Although the
signals capable of inducing apoptosis are very different,
alterations such as nuclear condensation, membrane bleb-
bing and formation of apoptotic bodies are stereotypical
features common to most, if not all apoptotic cells. Several
biochemical changes are associated with these morphologi-
cal changes; the two best known of them are increases in
endonuclease and protease activity.1 ± 4

There is increasing evidence that all eukaryotic cells use
a similar death program, which in most cases essentially
depends on the activation of highly conserved proteases,
called caspases.3,4 Members of the caspase family contain
a cysteine residue in their active center and exist as
zymogens that need to be activated by proteolytic cleavage
adjacent to aspartates. This event liberates a large and a
small subunit that subsequently associate to constitute an
active tetrameric enzyme. During apoptosis, caspases
function either as initiators (e.g. caspase-8 and -9) in
response to proapoptotic signals or as effectors (e.g.
caspase-3), which through the cleavage of several vital
proteins finally induce an apoptotic phenotype.5

The activation of caspases can be triggered by at least
two principal signaling pathways. Induction of apoptosis via
death receptors such as CD95 is initiated by oligomerization
of the receptor by its cognate ligand, which recruits the
adapter protein FADD to the active receptor complex. FADD
in turn associates with procaspase-8 that is subsequently
activated by autoproteolysis.6,7 Another death pathway,
which is triggered by a number of apoptotic stimuli such as
anticancer drugs or irradiation, is initiated by the release of
cytochrome c from mitochondria. The mitochondrial release
of cytochrome c is in part under control of pro- and anti-
apoptotic Bcl-2 family proteins.8,9 Once released, cyto-
chrome c associates with Apaf-1, another adapter molecule
that can bind to and activate procaspase-9 in the presence
of dATP.10 ± 12 Both death pathways converge finally at the
sequential activation of effector caspases.

Although caspases are the main executioners, there is
evidence that other proteases including calpains may also
be involved in apoptosis. Calpains are heterodimeric
calcium-dependent cysteine proteases that, similar to
caspases, exist as inactive proenzymes.13,14 Following an
increase of cytosolic calcium, calpain translocates from the
cytosol to the membrane where it undergoes autoproteo-
lytic activation. The activity of calpains can be further
controlled by a specific endogenous inhibitor, called
calpastatin. Interestingly, several substrates of caspases
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are also cleaved by calpains including structural proteins,
such as spectrin, keratins and actin, or proteins involved in
signal transduction, such as Bax, protein kinase C and
focal adhesion kinase.15,16 It has been found that caspases
and calpains interfere with each other resulting in mutual
protease activation.17 ± 19 However, it is controversial
whether calpains function upstream or downstream of
caspases in apoptosis. It has also been reported that
calpains cleave procaspases to generate a proteolytically
inactive caspase fragment.20 ± 22

While it is clear that most nucleated cells are capable of
undergoing caspase-dependent apoptosis, the role of
apoptosis-regulatory molecules in anucleate cells and their
possible functions are almost completely unknown. Plate-
lets and erythrocytes comprise the major cellular compo-
nents devoid of a cell nucleus. Human erythrocytes have a
life span of approximately 120 days after which they are
removed from the circulation. During this process senes-
cent red blood cells (RBCs) undergo typical morphological
changes that enable their recognition and subsequent
phagocytosis by macrophages. These alterations include
cell shrinkage as the consequence of a progressive release
of microvesicles from the cell membrane, as well as shape
transformation from a discocyte to a spherocyte form.23,24

Other changes are the progressive loss of peripheral
membrane proteins such as fodrin (spectrin), which
constitutes the RBC's cytoskeleton, and the loss of
membrane lipid asymmetry with the externalization of
phosphatidylserine.25 ± 27 Such profound alterations in
cellular architecture also occur during apoptotic cell death
in nucleated cells suggesting that both the senescence of
anucleate erythrocytes and apoptosis of nucleated cells
might have some morphological similarities.

Recent studies demonstrated that the development and
differentiation of erythroid progenitor cells might be
regulated through caspase-dependent apoptosis.28 ± 33

However, whether mature red blood cells contain a
functional death machinery is completely unknown. In the
present study we investigated the presence of caspases
and their potential functions in erythrocytes. Interestingly,
we found that RBCs contained considerable amounts of
caspase-3 and -8, whereas other essential components of
the apoptotic machinery such as caspase-9, Apaf-1 and
cytochrome c were absent. Strikingly, although caspase-3
and -8 were functionally active in vitro, they did not become
activated by various proapoptotic stimuli. We rather
observed that in response to elevated calcium concentra-
tions morphological alterations similar to senescent
erythrocytes involved the activation of calpains, but not a
caspase-dependent apoptotic programme. Moreover, since
RBCs do not contain a cell nucleus and mitochondria, the
erythrocyte cell-free system may be useful to dissect the
role of certain apoptotic pathways.

Results

Erythrocytes contain procaspase-8 and -3

In order to determine the presence of caspases and other
components of the apoptotic machinery in mature human red

blood cells, highly purified erythrocyte fractions from
peripheral blood of healthy donors were collected and
investigated by immunoblotting with antibodies against
different proteins. As shown in Figure 1A, 106106

erythrocytes contained caspase-3 at levels similar to 26106

Jurkat cells. Roughly equivalent amounts of caspase-8 were
detected in RBCs (Figure 1B). These high expression levels
further suggested that detection of caspase-3 and -8 was not
caused by a contamination with leukocytes. However, neither
procaspase-2 and -6 (data not shown) nor procaspase-7 and -
9 could be detected (Figure 1C,D). Moreover, although
expressed in nucleated cells, erythrocytes were devoid of
Apaf-1 and cytochrome c (Figure 1E,F). In addition, from the
Bcl-2 members investigated we could not detect Bcl-2, Bcl-xL

or Bad (data not shown). Thus, erythrocytes express
caspase-8 and -3, but none of the components of the
mitochondrial apoptosome.

Are caspases activated in intact erythrocytes?

Because erythrocytes contain caspases, we next examined
whether they become activated under certain conditions.
First, we analyzed whether caspase processing was
increased with the time after collection of erythrocytes.
However, neither freshly collected erythrocytes nor RBCs
kept for 60 days or longer displayed any detectable levels of
the active subunits of caspase-3 or caspase-8 (Figure 2A).
Furthermore, in patients with hemolytic anemia only the
inactive proforms of both caspases were visible (data not
shown). In order to investigate whether caspases can be
activated at all in whole cells, we next tested a wide variety of
different stimuli that have been shown to induce caspase-
dependent apoptosis in various cell types.34 ± 39 Unexpect-
edly, none of the known apoptogenic stimuli including
agonistic anti-CD95 antibodies, alone or in combination with
the protein synthesis inhibitor cycloheximide, the protein
kinase inhibitor staurosporine or the anti-cancer drugs
etoposide and mitomycin C, was able to elicit signals leading
to caspase-8 activation in RBCs (Figure 2B,C). In addition,
other proapoptotic conditions, such as ionizing irradiation,
exposure to ceramide, prooxidants, TNFa or phorbolester and
calcium ionophores, also failed to elicit activation of caspase-
3 or caspase-8 in RBCs (Table 1).

In vitro activation of erythrocyte caspases

Because none of the stimuli tested triggered caspase
activation in whole cells, we investigated whether erythrocyte
caspases could be activated in vitro. To accomplish this, we
incubated cytosolic extracts of RBCs and Jurkat cells with
cytochrome c and dATP and then analyzed caspase
processing by Western blot analysis. As shown in Figure
3A, in erythrocyte lysates cytochrome c and dATP were
unable to trigger the processing of procaspase-3 and
procaspase-8 to their proteolytically active fragments.
Because cytochrome c-mediated caspase activation re-
quires Apaf-1 and caspase-9,40 these results are in line with
the previous data showing that RBCs are devoid of both
mediators. In contrast to erythrocytes, cytochrome c and
dATP initiated the rapid processing of both caspases in
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lysates from Jurkat cells (Figure 3B). Since in the mitochon-
drial cascade caspase-8 cleavage occurs downstream of
caspase-3, caspase-8 cleavage was delayed in comparison
to the processing of caspase-3.

Because caspases form a proteolytic network in which
for instance caspase-6 can process and activate caspase-3
and -8,40,41 we next examined whether procaspases
present in erythrocyte lysates could be cleaved by the

Figure 1 Human mature erythrocytes contain procaspase-3 and procaspase-8. Lysates obtained from the indicated numbers of freshly prepared RBCs or Jurkat
cells were separated by SDS ± PAGE and analyzed for the expression of caspase-3 (A) and caspase-8 (B) by immunoblotting. In addition, the expression of
procaspase-7 (C) and -9 (D) as well as of Apaf-1 (E) and cytochrome c (F) was analyzed. In contrast to procaspase-3 and -8, these molecules were only detected in
Jurkat cells but not in erythrocytes. The faint protein band detected in (A) represents an unspecific protein that comigrates with hemoglobin. The arrowheads
indicate the position of procaspase-3, the two different isoforms of procaspase-8, caspase-8/a and -8/b, and the other full-length proteins

Figure 2 Erythrocyte caspases are activated neither during prolonged storage nor in response to various proapoptotic stimuli. (A) Cell lysates from freshly
prepared erythrocytes (Ery) or erythrocytes stored for 60 days were subjected to immunoblotting with anti-caspase-3 (left panel) and anti-caspase-8 antibodies
(right panel). In both lysates only the proforms of the two caspases were detected. (B) Effect of anti-CD95: Erythrocytes were treated for the indicated times with
anti-CD95 (a-CD95; 1 mg/ml) in the presence or absence of cycloheximide (CHX; 10 mg/ml). (C) Effect of staurosporine and anti-cancer drugs. RBCs were treated
for the indicated time with staurosporine (Stauro; 2.5 mM), etoposide (Etopo; 25 mg/ml) or mitomycin C (Mito; 25 mg/ml). As a positive control, lysates from untreated
Jurkat cells (Control) or from cells incubated for 4 h with anti-CD95 (a-CD95; 1 mg/ml) were investigated. Following SDS ± PAGE, the cleavage of caspase-8 was
detected by immunoblot analysis. Filled arrowheads indicate the uncleaved and open arrowheads the cleaved forms of caspase-8
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addition of exogenous caspases. To this end, we added
recombinant caspase-6 to lysates from erythrocytes and
Jurkat cells and then analyzed endogenous caspase
processing by immunoblotting. As shown in Figure 3C,
recombinant caspase-6 processed procaspase-8 in both
lysates into the typical intermediate cleavage products of
41 and 43 kDa (lanes 3 and 6), which were identical with
those observed in intact Jurkat cells after stimulation with
anti-CD95 (lane 2). Procaspase-3 of RBCs and Jurkat cells
was also cleaved after incubation with exogenous caspase-
6, as indicated by the loss of its 32 kDa proform (Figure
3D). In both lysates the processing of endogenous
procaspase-3 and -8 was inhibited by the broad-range
caspase inhibitor zVAD-fmk.

To provide further evidence that caspases of RBCs can
be activated in vitro, we measured the catalytic activity of
caspase-8 with the fluorogenic substrate DEVD-AMC. This
substrate is preferentially cleaved by caspase-3, but is also
processed by caspase-8. Since the hemoglobin quenched
the fluorescence signals from samples containing erythro-
cyte extract, caspase-8 was immunoprecipitated after the
addition of exogenous caspase-6. Subsequently, the
catalytic activity of caspase-8 was determined fluorome-
trically with DEVD-AMC. As shown in Figure 4A (lanes 2
and 5), DEVDase activity was rapidly induced in caspase-8
immunoprecipitates following incubation of erythrocyte and
Jurkat cell lysates with active caspase-6. No caspase
activity was observed when the lysates were either not
treated with caspase-6 or incubated with zVAD-fmk. In
addition, when the same samples were tested for caspase-
8 processing by immunoblotting, it was found that
DEVDase activity corresponded to the appearance of the
characteristic cleavage products (Figure 4B). As a control,
caspase-6 alone was not precipitated by the anti-caspase-8
antibody (Figure 4B, lane 7), and therefore did not
contribute to any cleavage of DEVD-AMC.

Previously, it has been demonstrated that fodrin, a non-
erythrocyte spectrin, is cleaved in nucleated cells by
caspase-3.42 To investigate whether erythrocyte spectrin,
a structural protein important for RBC integrity, could also
be cleaved, we incubated exogenous caspase-3 with
erythrocyte lysates as well as with purified spectrin. Figure

5 shows that full-length spectrin present in erythrocyte
lysates was cleaved by caspase-3 into the typical p120/
150-fragments. This degradation could be blocked by the
addition of zVAD-fmk (Figure 5, lane 7). Similar cleavage
products were obtained with purified spectrin, although a
120 kDa immunoreactive protein, which probably repre-
sented a degradation product, was already visible in
caspase-3 untreated samples. In summary, these experi-
ments demonstrate that, although caspases remain inactive
in erythrocytes treated with various proapoptotic stimuli,
incubation of lysates with exogenous caspases in vitro
leads to the activation of erythrocyte caspase-3 and -8 as
well as to the degradation of spectrin.

Increase of intracellular calcium induces calpain
but not caspase activation

Since neither classical proapoptotic stimuli nor storage of
aged erythrocytes led to caspase activation, we investigated
other conditions. An increase of intracellular calcium
concentration has been reported to induce caspase activa-
tion in nucleated cells.43,44 Treatment with calcium iono-
phores is also often used as a model for the study of
erythrocyte senescence.45 ± 49 Indeed, incubation with iono-
mycin rapidly induced cell shrinkage and morphological
changes from a normal discocyte to a spherocyte shape of
RBCs (Figure 6A). Moreover, erythrocytes rapidly displayed
phosphatidylserine exposure as assessed by flow cytometric
staining with annexin-V (Figure 6B). These events occurred in
less than 60 min, but required more than 5 h to occur in
apoptotic Jurkat cells (data not shown). In response to
ionomycin, erythrocytes furthermore rapidly activated the
calcium-dependent cysteine protease calpain as detected
by the proteolytic processing of m-calpain (Figure 7A).
Cleavage of m-calpain to its active p78- and p76-fragments
occurred as early as 10 min after stimulation and was
completely blocked by the addition of calpain inhibitors. In
contrast to calpain, no processing of caspase-3 (data not
shown) or caspase-8 (Figure 7A) occurred in response to
ionomycin treatment.

The rapid activation of m-calpain preceded the degrada-
tion of erythrocyte spectrin which occurred 40 min after

Table 1 Effect of various apoptogenic stimuli on caspase activation in erythrocytes. 56106 RBCs were stimulated with the different stimuli for the indicated
time. Caspase processing was assessed by immunoblotting

Stimulus Concentration Time course Caspase activation

Anti-CD95 1 mg/ml 2 ± 24 h none
Anti-CD95+CHX 1 mg/ml 2 ± 24 h none

10 mg/ml
TNFa 20 ng/ml 0.5 ± 72 h none
PMA 1 ± 8 mM 2 ± 4 h none
Ionomycin 2 ± 16 mM 2 ± 4 h none
PMA+Ionomycin 1 ± 8 mM 2 ± 4 h none

2 ± 16 mM
Etoposide 25 mg/ml 2 ± 24 h none
Mitomycin C 25 mg/ml 2 ± 24 h none
Fludarabine 1 ± 1000 mM 2 ± 24 h none
Staurosporine 2.5 mM 2 ± 24 h none
g-irradiation 5 ± 40 Gy 16 ± 48 h none
Hydrogen peroxide 0.5 ± 1 mM 1 ± 5 h none
C2-Ceramide 50 mM 4 ± 12 h none
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treatment with calcium ionophores and which could be
completely prevented by calpain inhibitors (Figure 7A). To
address the specificity of calpains in the degradation of
erythrocyte spectrin, we further performed an in vitro assay
in which purified spectrin from erythrocytes was incubated
with active m-calpain. As shown in Figure 7B, m-calpain was
able to degrade spectrin in a calcium-dependent manner
and this degradation was prevented by calpain inhibitors. In
addition to spectrin, calpain inhibitors prevented also the
cell shrinkage of erythrocytes as assessed by forward
scatter FACS analysis, whereas phosphatidylserine expo-
sure remained unaffected (Figure 7C). Thus, these data
indicate that calpains but not caspases are involved in

calcium-mediated degradation of spectrin and alterations
such as cell shrinkage of erythrocytes.

Discussion

The purpose of this study was to examine the presence of
components of the death machinery in mature red blood cells.
Recently, it has been suggested that apoptosis may represent
a control mechanism in the regulation of erythropoiesis.
These events include the activation of death receptors, which
trigger subsequent caspase activation and cell death of
erythroid progenitor cells.32,33 Furthermore, erythropoietin, an
essential mediator of erythropoiesis, is able to protect early

Figure 3 In vitro activation of erythrocyte caspases. (A) Failure of exogenous cytochrome c and dATP to initiate caspase activation in cytosolic extracts from
RBCs. Erythrocyte extracts were either left untreated or treated for the indicated time with cytochrome c (Cyt c, 1 mM) and dATP (1 mM) in the absence and
presence of zVAD-fmk, and then analyzed for caspase-3 and caspase-8 processing by immunoblot analysis. (B) Cytosolic extracts from Jurkat cells, which were
taken as a positive control, were treated in a similar way. (C, D) Exogenous caspase-6 is able to process erythrocyte procaspase-3 and -8 in vitro. Recombinant
caspase-6 was added to lysates of erythrocytes or Jurkat cells and incubated for 3 h at 378C. Where indicated 100 mM of the caspase inhibitor zVAD-fmk was added
prior to treatment with caspase-6. Cellular proteins were separated by SDS ± PAGE and the processing of procaspase-8 (C) and procaspase-3 (D) was detected by
immunoblotting. As a control, caspase-8 cleavage in intact cells is shown in (C). Here, Jurkat cells were treated with medium (C, lane 1) or 1 mg/ml of anti-CD95 (C,
lane 2). After 3 h the cellular lysates were directly subjected to SDS ± PAGE. To demonstrate the specificity of the antibodies, caspase-6 was applied to SDS ±
PAGE in the absence of cellular lysates (C, lane 8; D, lane 7). Filled arrowheads indicate the uncleaved and open arrowheads the cleaved form of the respective
caspases. In (C) the uncleaved isoforms of procaspase-8/a and -8/b (p53/p55) and their intermediate cleavage products (p41/43) are shown
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and late erythroblasts from apoptosis through induction of Bcl-
xL, an anti-apoptotic Bcl-2 member.28 ± 31 In contrast to
erythroid progenitor cells, in mature RBCs it is completely
unknown whether apoptosis plays a functional role and
whether RBCs contain a classical apoptotic machinery.
Human erythrocytes comprise a minimal cellular system that
is devoid of organelles including a cell nucleus, mitochondria
and endoplasmic reticulum. In nucleated cells these
organelles are crucial elements in the induction and
execution phase of apoptosis. Therefore, it was interesting
to investigate whether mature RBCs still possess the potential
to activate the apoptotic machinery. Another aspect was to
analyze whether caspases or other proteases participate in
the degradation of the erythrocyte cytoskeleton and other
alterations and thus could be involved in aging or other
changes of RBCs.

In the present study, we observed that human mature
RBCs indeed express caspase-8, the major initiator
caspase of the death receptor pathway, as well as
caspase-3, a central executioner caspase. In contrast,
RBCs were completely deficient of essential components of
the mitochondrial caspase cascade including Apaf-1,
cytochrome c and caspase-9. Since erythrocytes lose
mitochondria and other organelles, it is possible that they
concomitantly lose mitochondria-associated components of
the apoptotic machinery.

Figure 4 Proteolytically processed procaspase-8 from erythrocytes acquires
catalytic activity in vitro. Lysates from erythrocytes or Jurkat cells were
incubated for 3 h in vitro with 2 mg recombinant caspase-6 in the presence or
absence of zVAD-fmk, before caspase-8 was immunoprecipitated. As a
specificity control the reaction mixture containing caspase-6 was subjected to
immunoprecipitation with anti-caspase-8 in the absence of cellular lysates (A,
B; lanes 7). (A) The catalytic activity of precipitated caspase-8 was detected
by cleavage of the fluorogenic substrate DEVD-AMC and is given in arbitrary
units (AU). (B) In parallel, the processing of precipitated caspase-8 was
detected by immunoblotting. Filled arrowheads indicate the uncleaved and
open arrowheads the cleaved form of caspase-8

Figure 5 Caspase-3 cleaves purified spectrin and spectrin in lysates from
erythrocytes. Purified spectrin (6 mg) or total cellular lysates of RBCs
(106106) were incubated with 2 mg of recombinant caspase-3 in the presence
or absence of zVAD-fmk for 4 h at 378C. Subsequently, proteins were resolved
by SDS ± PAGE and the cleavage of spectrin was determined by
immunoblotting. Filled arrowheads indicate the uncleaved and open arrow-
heads the cleaved forms of spectrin

Figure 6 Increase of cellular calcium induces senescence-like morphological
alterations in erythrocytes. (A) Treatment of erythrocytes with ionomycin
induces a transition from the discocyte to a spherocyte shape. Erythrocytes
were either left untreated or treated with 8 mM ionomycin. After 1 h cells were
analyzed under an inverse microscope for changes in morphology. Note that
after treatment with ionomycin RBCs lose the typical discocyte architecture
and decrease in size. (B) Exposure of phosphatidylserine. RBCs were
stimulated for the indicated time with ionomycin and analyzed for
phosphatidylserine externalization by flow cytometric staining with annexin-
V-FITC
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It is conceivable that caspase-8 and -3 could play a role
in erythrocyte dysfunctions including aging, anemias or
upon malaria infection with Plasmodium falciparum.
Strikingly, however, we did not find any activation of
caspases either during prolonged storage of erythrocytes,
in hemolytic anemia or in response to treatment with a wide
variety of established apoptotic stimuli. In erythroid
progenitor cells both the CD95 receptor and its ligand are
expressed.32 However, ligation of CD95 did not induce
caspase activation in mature RBCs, a finding that might be
explained by a loss of death receptors. Indeed, we did not
find considerable surface expression of CD95 (data not
shown). Since none of the tested proapoptotic conditions
induced any activation of caspases, we investigated
whether this refractoriness might be due to the expression
of endogenous caspase inhibitors. However, we observed
neither detectable levels of XIAP, c-IAP1 and c-IAP2 nor
any expression of Bcl-2 (data not shown).

Since none of the established apoptotic stimuli could
induce caspase activation in whole RBCs, we investigated
whether caspases could be activated in vitro. Addition of
cytochrome c and dATP, which induces caspase activation
in nucleated cells, completely failed to induce caspase
activity in RBCs, which is presumably due to a lack of
caspase-9 and Apaf-1. However, caspases could be
activated by exogenous caspase-6, suggesting that RBCs
principally contain a functional caspase network. It is

remarkable that even in chicken erythrocytes that unlike
mammalian RBCs contain a cell nucleus, staurosporine can
induce apoptosis. However, due to the lack of any effect of
caspase inhibitors this cell death is also presumably
caspase-independent.50 Using size exclusion chromatogra-
phy, so far we have not found a considerable caspase-
inhibitory activity in erythrocyte extracts. Thus, whether the
failure of erythrocytes to trigger caspase activation is due to
the presence of endogenous inhibitors or simply due to the
lack of Apaf-1/caspase-9 and cytochrome c will have to be
addressed in future studies.

During aging, erythrocytes exhibit cell shrinkage,
cytoskeletal degradation, plasma membrane microvesicula-
tion and phosphatidylserine externalization.51 These mor-
phological phenomena are also associated with caspase-
dependent apoptosis in nucleated cells. Like in normal
cells, also in RBCs the exposure of phosphatidylserine
signals the removal of aged RBCs from the circulation by
macrophages.25,26 There is ample evidence in the literature
that the morphological changes of aged erythrocytes are
mediated by an altered calcium homeostasis.45 ± 49

Although caspases remained inactive in senescent RBCs
or cells treated with calcium ionophores, activation of the
cysteine protease calpain was readily induced in response
to elevated calcium levels. The activation of calpain
preceded the degradation of spectrin. Calpain activation
was also involved in cell shrinkage of erythrocytes, an

Figure 7 Calpain mediates spectrin degradation and cellular shrinkage of erythrocytes. (A) Effects of ionomycin on calpain and caspase processing and spectrin
cleavage. RBCs were incubated for the indicated time in the absence (lanes 1, 2) or presence of ionomycin (lanes 3 ± 9) and then subjected to immunoblotting.
Where indicated, cells were pretreated for 30 min with calpain inhibitors (CI). The upper panel shows the proteolytic activation of m-calpain indicated by the
processing of its 80 kDa proform (filled arrowhead) to the characteristic p78 and p76 fragments (open arrowheads). The middle panel shows a section of the
spectrin immunoblot indicating the degradation of the p220 full-length form of spectrin. In contrast, ionomycin did not induce the proteolytic processing of caspases
as shown for caspase-8 (lower panel). (B) Degradation of spectrin in vitro. Purified erythrocyte spectrin (12 mg per sample) was incubated with 2 mg purified m-
calpain (lanes 2 ± 4) in the absence or presence of calpain inhibitor or 1 mM calcium. After 1 h of incubation at 378C aliquots of the samples were subjected to
immunoblotting with anti-spectrin antibodies. (C) Calpain mediates the reduction of cell size, but not phosphatidylserine exposure in response to ionomycin
treatment. RBCs were either left untreated (black bars) or pretreated for 30 min with calpain inhibitors (grey bars) and then further incubated in the presence or
absence of ionomycin. After 1 h the relative cell size and phosphatidylserine exposure were measured by FACS analysis using the forward scatter profile and
staining with annexin-V-FITC, respectively
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event that similarly to spectrin cleavage was prevented by
calpain inhibitors. By contrast, calpain inhibitors did not
affect phosphatidylserine exposure that is presumably a
protease-independent event in erythrocytes. It is known that
an increase in intracellular calcium is sufficient to disrupt
the phospholipid asymmetry in platelets and erythrocytes
by activating an aminophospholipid scramblase and
inactivating aminophospholipid translocase.52

Spectrin plays an important role for the integrity and
typical discocyte form of RBCs.53 Conversely, damage of
spectrin and other cytoskeletal proteins has been impli-
cated in the externalization of phosphatidylserine, mem-
brane budding and the characteristic spherical shape of
aging erythrocytes. It is interesting to note that calpains but
not caspases are also involved in platelet activation which,
similar to erythrocyte senescence, displays apoptosis-like
morphological alterations including cell shrinkage, micro-
vesiculation and phosphatidylserine exposure.20 Thus, like
platelet activation, aging of erythrocytes may represent a
non-apoptotic form of cell death that involves neither
caspases nor other classical proapoptotic molecules.
Interestingly, unlike erythrocytes, platelets do contain
Apaf-1, cytochrome c and a functional mitochondrial
caspase cascade.

Uncontrolled calpain activity has been observed in
several pathological conditions and in many instances of
cell death, such as apoptosis of hepatocytes in response to
hypoxia and irradiation- and dexamethasone-induced death
of thymocytes.54,55 Furthermore, in erythrocytes of aged
and hypertensive individuals the calpain inhibitor calpasta-
tin is partially degraded and diminished resulting in
increased calpain activity.56,57 Interestingly, there are
several potential crosstalks between calpain and cas-
pases. Both types of proteases do not only have several
common substrates but may also modulate each other's
activity. It has been proposed that an increase in calpain
activity may be caused by caspase-mediated degradation
of calpastatin.58,59 In other models, it has been found that
an upstream calpain activity is required to activate
caspases such as caspase-7.17,18 Finally, in contrast to
these studies, very recently it has been found that calpains
can also directly cleave caspases to generate a proteoly-
tically inactive caspase fragment.20 ± 22 In erythrocytes,
however, we did not detect any interference between
caspases and calpains.

In summary, we demonstrate that human RBCs contain
functional proapoptotic caspases but do not seem to have a
functional cell death system. What role caspases might
play in erythrocyte biology remains unknown. Because
erythroid progenitor cells can undergo apoptosis, caspases
might simply have been transferred to mature erythrocytes
during development. Alternatively, caspases may play a
role in erythrocyte production from nucleated precursor
cells. Interestingly, while this study was under review, a
report appeared suggesting that caspases are required for
terminal erythroid differentiation.60 The authors showed that
caspase inhibitors arrest erythroid maturation and, in
addition, that caspases are transiently activated and
cleave selective proteins during erythroblast differentiation
without inducing cell death.

Material and Methods

Cells and reagents

Human blood samples from healthy donors were prepared in EDTA.
After centrifugation and removal of plasma, leukocytes and the upper
10% of RBCs, the remaining erythrocytes were washed twice in
RPMI-1640 containing 0.4 mM CaCl2 and incubated in culture
medium. The human leukemic T-cell line Jurkat was maintained in
RPMI-1640 supplemented with 10% FCS, 10 mM HEPES, 2 mM
glutamine, 50 units/ml penicillin and 50 mg/ml streptomycin (all from
Gibco BRL, Karlsruhe, Germany). The broad-range caspase inhibitor
benzyloxy-carbonyl-Val-Ala-Asp-fluoromethylketone (zVAD-fmk) was
purchased from Enzyme Systems (Dublin, CA, USA). The
chemotherapeutic drugs etoposide and mitomycin C were obtained
from the clinical pharmacy (Medical Clinics, TuÈ bingen, Germany).
TNFa was obtained from Knoll AG (Ludwigshafen, Germany),
cycloheximide (CHX) from Roth (Karlsruhe, Germany), and
ionomycin and C2-ceramide from Calbiochem (Bad Soden,
Germany). Fludarabine, phorbolmyristyl acetate (PMA), purified
human erythrocyte a/b-spectrin and m-calpain were from Sigma
(Deisenhofen, Germany). Staurosporine and calpain inhibitor-I (N-
acetyl-Leu-Leu-norleucinal) and inhibitor-II (N-acetyl-Leu-Leu-methio-
nal) were purchased from Roche Molecular Biochemicals (Mannheim,
Germany). The agonistic anti-CD95 antibody was obtained from
BioCheck (MuÈ nster, Germany).

Expression of recombinant caspases

Caspase-3 and caspase-6 were expressed as histidine fusion
proteins in E. coli BL21. After induction of protein expression with
IPTG at room temperature, caspases were purified to near
homogeneity on a nickel-chelate affinity resin (His-Bind2-resin,
Calbiochem) according to the manufacturer's instructions. The
purified fractions were dialysed in 40 mM Tris-HCl pH 7.9, 500 mM
NaCl and examined for homogeneity by SDS-polyacrylamide gel
electrophoresis (SDS ± PAGE). The activity of the caspases was
monitored in a fluorimetric assay using the synthetic substrates N-
acetyl-Asp-Glu-Val-Asp-AMC (Ac-DEVD-AMC) and N-acetyl-Val-Glu-
Ile-Asp-AMC (Ac-VEID-AMC, both from Biomol, Plymouth, PA, USA)
as described below.

Cell extracts and immunoblotting

Cleavage of caspases, calpain and spectrin was detected by
immunoblotting. Cells were treated with the respective stimuli, and
after the indicated times they were washed in cold PBS and extracted
in lysis buffer containing 1% Triton X-100, 50 mM Tris-HCl pH 7.6,
150 mM NaCl, 3 mg/ml aprotinin, 3 mg/ml leupeptin, 3 mg/ml pepstatin
A and 2 mM phenylmethylsulfonylfluoride (PMSF). Subsequently,
proteins were separated under reducing conditions by SDS ± PAGE
and electroblotted onto a polyvinylidene difluoride membrane
(Amersham, Freiburg, Germany). Membranes were blocked for 1 h
with 5% non-fat dry milk powder in TBS and then immunoblotted for
1 h with mouse monoclonal antibodies directed against caspase-8
(BioCheck), caspase-3 (Transduction Laboratory, Heidelberg, Ger-
many), m-calpain (Sigma), and spectrin (Sigma). Membranes were
washed four times with TBS/0.02% Triton X-100 and incubated with
respective peroxidase-conjugated affinity-purified secondary antibody
for 1 h. Following extensive washing, the reaction was developed by
enhanced chemiluminescent staining using ECL reagents (Amer-
sham).
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Protease and cell-free apoptotic assays

For determination of in vitro cleavage of caspases and spectrin,
506106 erythrocytes or 26106 Jurkat cells were lysed in 60 ml lysis
buffer in the absence or presence of zVAD-fmk. Subsequently, 2 mg of
active caspase-3 or caspase-6 were added and the reaction mixture
incubated at 378C for 3 h under shaking conditions. In vitro cleavage
of purified spectrin was performed in a similar way by adding 2 mg of
purified caspase-3 or caspase-6 to 6 mg of purified erythrocyte a/b-
spectrin. For in vitro cleavage of a/b-spectrin the incubation was
performed for 1 h with 2 mg of purified active m-calpain. When
indicated, samples were preincubated with calpain inhibitor-I and -II
for 30 min. The cleavage of spectrin was determined by immunoblot-
ting.

To evaluate the ability of cytochrome c to activate different
caspases in cytosolic extracts, cells were washed twice with PBS,
resuspended in buffer A containing 20 mM HEPES, pH 7.4, 10 mM
KCl, 2 mM MgCl2, 1 mM EDTA, and 1 mM PMSF, and incubated on
ice for 15 min. Cells were then homogenized with 15 strokes in a
douncer and centrifuged at 16 0006g, 48C for 15 min. For initiating in
vitro caspase activation, 1 mM dithiothreitol (DTT), 1 mM horse heart
cytochrome c (Sigma) and 1 mM dATP were added to the super-
natants and incubated at 378C. After different times the reaction
mixtures were loaded on a SDS polyacrylamide gel and analyzed for
caspase-3 and caspase-8 cleavage as described above.

Immunoprecipitation and ¯uorimetric assay of
caspase activity

For immunoprecipitation of caspase-8, 109 freshly prepared
erythrocytes or 107 Jurkat cells were lysed in 100 ml of a buffer
containing 1% NP-40, 20 mM HEPES pH 7.4, 84 mM KCl, 10 mM
MgCl2, 0.2 mM EDTA, 0.2 mM EGTA, 2 mg/ml aprotinin, 2 mg/ml
leupeptin, and 2 mg/ml pepstatin. When indicated, samples were
preincubated with 100 mM zVAD-fmk before adding 2 mg of purified
caspase-6. Lysates were incubated at 378C under shaking conditions
for 3 h. Subsequently, 2 mg anti-caspase-8 and 20 ml protein-G
sepharose (Amersham) were added. As a control, reaction mixtures
were incubated in the absence of cellular lysates. Immunoprecipitation
was performed at 48C overnight under shaking conditions. The beads
were then washed three times in a buffer containing 20 mM HEPES
pH 7.4, 150 mM NaCl, 10% glycerol, 0.01% Triton X-100 and used for
fluorimetric assays and Western blot analysis. To determine caspase-
8 activity, 5 ml of the beads were incubated with 50 mM of the
fluorogenic substrate DEVD-AMC in 200 ml of a buffer containing
50 mM HEPES pH 7.4, 10% sucrose, 100 mM NaCl, 0.1% 2-
[cyclohexylamino-]1-propanesulfonic acid (CHAPS; Sigma) and
1 mM DTT. The release of aminomethylcoumarin was measured in a
fluorometer with an excitation wavelength of 360 nm and an emission
wavelength of 475 nm. The remaining 15 ml beads were boiled in
Laemmli buffer under reducing conditions and analyzed for caspase-8
cleavage by immunoblotting.

Morphological studies and annexin V-FITC-
staining

Freshly prepared erythrocytes (26106 per sample) were equilibrated
for 2 h at 378C in RPMI-1640 containing 0.4 mM CaCl2. Prior to
stimulation with 8 mM ionomycin, some samples were preincubated for
30 min in a mixture of calpain inhibitor-I (68 mg/ml) and -II (28 mg/ml).
Erythrocyte morphology was examined in an inverse microscope
(Axiovert 135, Zeiss, Jena, Germany). Phosphatidylserine externaliza-
tion was visualized by staining with annexin-V-FITC following the
manufacturer's protocol (Roche Molecular Biochemicals) and sub-

sequent flow cytometry using the FL1 profile. The relative cell size was
measured using the forward scatter profile. All flow cytometric
analyses were performed on a FACScalibur (Becton Dickinson,
Heidelberg, Germany) using CellQuest analysis software.
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