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Apoptosis and RBC echinocytosis
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Figure 5. Cell shape-determining interactions of erythrocyte plasma membrane and cytoskeleton. PS: phosphatidyl-
serine; PE: phosphatidylethanolamine; PA: phosphatydic acid; ALTL: aminolipid translocase; PKC: protein kinase C;
PIP: phosphatidylinositol phosphate; Hb: hemoglobin; SM: sphingomyelin. (Adapted from Bennett, 1989; Zachowski,

1993).

Deficiency or inactivation of specific cytoskeletal
proteins prevent optimal membrane/cytoskeleton con-
tacts, as shown in hereditary sphero- and elliptocytosis
(Liu et al., 1990; Mohandas, 1992). In HbS (hemoglo-
bin S, or sickle-cell anemia) disease, the auto-oxidation
of membrane proteins, e.g., band 3, may cause the dis-
turbed assembly of cytoskeletal network, thus contribut-
ing to sickling (Platt and Falcone, 1995).

PS molecules inside the RBC membrane provide
specific bonds with cytoskeletal proteins (Bennett, 1989).
Thus, the shape of erythrocytes largely depends on the
predominance of PS and phosphatidylethanolamine (PE)
at the inner leaflet of plasma membrane, whereas phos-
phatidylcholine (PC) and sphingomyelin molecules are
primarily exposed in the outer lipid monolayer. This
difference is referred to as transverse lipid asymmetry of
cell membranes (as reviewed by Zachowski, 1993). The
internal levels of PS are permanently maintained by its
transfer from outside by a specific carrier enzyme,
aminolipid translocase. PS transport is energy-depend-
ant, as it is coupled to membrane adenosine triphosphat-
ase (ATPase) activity (Vermeulen et al., 1995).

The prevalence of PC and/or PS in the external
membrane leaflet causes transition of RBCs from discoc-
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ytic to echinocytic shape (expansion of outer leaflet),
while overexposure of PS in the inner leaflet induces
stomatocytic cell deformation (Zachowski, 1993). Vari-
ous toxic agents and non-physiological metabolic condi-
tions may alter this normal lipid exchange, thus produc-
ing rapid transformation of discoid erythrocytes to
echino- or stomatocytic forms (Reinhart and Chien,
1987; Reinhart et al., 1989).

Echinocytosis and Apoptosis are
Induced by Similar Factors

Apoptosis of blood and immune cells is often medi-
ated by reactive oxygen intermediates (ROI), which se-
verely affect cell membranes. This evidence is derived
from several sources: (1) high susceptibility of lymphoid
cells to membrane-damaging oxidants and ROI-generat-
ing agents (Buttke and Sandstrom, 1994); (2) endoge-
nous ROI generation at the early stages of cellular death
(Kroemer et al., 1995); and (3) apoptosis-preventing ef-
fects of antioxidants (Ramakrishnan et al., 1993).

As shown in Table 1, apoptosis of blood karyocytes
and echinocytic transformation of RBCs may be caused
by similar cytotoxic agents.
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Table 1. Examples of RBC echinocytosis and apoptosis of nucleated cells produced by common cytotoxic factors.

Red Cell Echinocytosis Apoptosis
Inducing agent Objects, species  Reference Objects, species Reference
Ionizing In vivo, Thompson and In vitro, Ashwell et al., 1986
radiation mammalian RBCs  Johnstone, 1987 lymphocytes
Zharskaya and In vitro, Radford er al., 1994
Chukhlovin, 1996 cell lines
Hydrogen In vitro, Brunauer et al., 1994 Haemopoietic Buttke and Sandstrom,
peroxide human RBCs cell lines 1994
Cytotoxic cell- In vitro, Weiss et al., 1992 In vitro, Buttke and Sandstrom,
born oxidants feline RBCs lymphocytes 1994
In vitro, Liepins and Bustamante,
tumor cells 1994
Accelerated In vitro, Reinhart and Chien, 1987 In vitro, Zherbin and Chukhlovin,
in vitro "aging”  human RBCs Gedde et al., 1995 rat thymocytes 1984
In vitro, Savill et al., 1989
human neutrophils
Antibodies to In vitro, Rahamim et al., 1990 In vitro, Buttke and Sandstrom,
surface antigens  human RBCs human lymphocytes 1994

Table 2. Common membrane-affecting alterations associated with "oxidative” echinocytosis and apoptosis.

Red Cell Echinocytosis Apoptosis
Alterations, Objects, Reference Objects, Reference
registered species species
Decreased cell Human RBC, Reinhart and Chien, Lymphoid cells Klassen et al., 1993
volume various species 1987 Szumiel, 1994
(shrinkage)
Endogenous Human RBC, Ciccoli et al., 1994 Several cellular Kroemer et al., 1995
generation of ROI oxidative stress Delikonstantinos models
et al., 1995
Metabolic Aging human RBC  Gedde er al., 1995 Lymphoid cells Carson et al., 1986
depletion
Calcium overload In vitro, Dreher et al., 1980 In vitro, thymocytes = McConkey et al., 1994
human RBCs
Protein kinase C Human RBCs, Zachowski, 1993 Lymphoid cells, Ojeda et al., 1991
activation oxidative stress Myeloid cells Pongracz et al., 1994
Loss of membrane =~ Human RBCs, Zachowski, 1993 Lymphoid cells, Fadok et al., 1992

lipid asymmetry

oxidative stress

Lin et al., 1994

oxidative agents

Koopman et al., 1994
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Apoptosis and RBC echinocytosis

Both types of cell pathology can be induced by ion-
izing radiation and hydrogen peroxide. Their damaging
effects may result from the secondary oxygen intermedi-
ates affecting plasma membranes. Moreover, some
known oxidants, i.e., ozone and phenylhydrazine, are al-
so capable of producing echinocytosis of RBCs in vitro
and in vivo (Larkin et al., 1978; Ciccoli et al., 1994).

Similarity of Membrane Changes in
Echinocytosis and Apoptosis

Apoptosis of white blood cells initiate via several al-
ternative routes such as those involving metabolic deple-
tion, effects of increased intracellular calcium or protein
kinase C (PKC) activation. (McConkey et al., 1994).
Similar mechanisms can be detected for echinocytic
transformation of RBCs (see Table 2).

Mechanisms of Molecular Damage in Echinocytosis

Metabolic depletion and loss of lipid asymmetry

Echinocytic transformation of RBCs, including
oxidant-induced crenation, is generally accompanied by
marked ATP depletion (Reinhart and Chien, 1987). A
pronounced inhibition of PS transport to inner side of
membrane is observed under these conditions, thus caus-
ing loss of transmembrane lipid asymmetry (Schroit and
Zwaal, 1991). This feature is inherent to echinocytosis
induced by oxidants and some other toxic agents (Zach-
owski, 1993). Appropriate PS translocase enzyme may
be inhibited due to non-specific cross-linking of SH
groups in membrane proteins of oxidized cells (Deuticke
et al., 1992; Daleke et al., 1994) or by ATP deficiency
itself (Schroit and Zwaal, 1991).

Upon strong oxidative treatment, echinocytic defor-
mation may be accompanied by scrambling of lipid lay-
ers, followed by the release of PS into the cytosol of
RBCs (Brunauer et al., 1994).

Membrane lipid peroxidation

The mechanisms of echinocytic transformation may
be understood from the point of possible ROI genera-
tion. For example, ionizing radiation produces in-
creased lipid peroxidation in RBC from irradiated ani-
mals, however, several hours after treatment (Kergonou
et al., 1986).

A sufficient NO synthesis activity is the important
trait of RBC metabolism, similarly to some other cell
types. Therefore, oxidant treatment of erythrocytes in-
duces endogenous synthesis of NO and peroxynitrite,
thus amplifying the process of intracellular peroxidation
(Delikonstantinos et al., 1995).

Oxidative or ROI-inducing effects of irradiation,
chemical agents, or RBC aging are followed by in-
creased production of malonic dialdehyde. This com-
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pound can form adducts with PE and PS, as shown by
Jain (1988).

A possible role of membrane protein oxidation was
also proposed for the development of echinocytosis and
other membrane deformities (Truong er al., 1986;
Deuticke er al., 1992).

Activation of protein kinases and cytoskeleton
disfunction

Upregulation of PKC is a well studied mechanism
which may accompany changes of red cell shape. This
enzyme is active in presence of sufficient PS amounts
(Daleke er al., 1994; Pongracz et al., 1994). PKC is
activated by the products of lipid hydrolysis. For in-
stance, in the case of red cell oxidation, Zachowski
(1993) has suggested a metabolic cascade which suggests
cleavage of including hydrolysis of PC by phospholipase
C, while the de novo formed diacylglycerol is causing
PKC activation. Indeed, the in vivo irradiated erythro-
cytes exhibit sufficient PC decay (Badginian er al.,
1995). The resulting lysolecithin is a potent inducer of
echinocytic transformation (Chasis and Schrier, 1989).

PKC activation may potentially cause increased
phosphorylation of some membrane proteins, e.g., band
4.1, thus inducing dissociation of skeleton/membrane
complexes (Danilov et al., 1990). Meanwhile, ATP de-
pletion results in dephosphorylation of phosphatidylinosi-
tol, thus causing deficient anchorage of spectrin and
band 4.1 to the inner lipid leaflet (Bjork and Backman,
1994; Gedde et al., 1995).

Echinocytic deformation of erythrocytes is indeed
characterized by clear separation of lipids from skeletal
structures at the sites of RBC spiculation (Liu er al.,
1989). The authors propose this morphologic change re-
sults from an imbalance of membrane lipid and cytoskel-
eton surface areas. A similar dissociation between cell
skeleton and membranes was revealed for the sickled red
cells (Liu e al., 1991). The latter data are interpreted
as a result of HbS polymerization through gaps in cyto-
skeletal network, the latter being locally retracted. One
may presume that oxidative damage of RBCs may be al-
so accomplished by a cross-linking, e.g., of hemoglobin
and spectrin, thus causing changes in the affected eryth-
rocytes’ ability to deform (McKenney et al., 1990).

Effects of increased cytosolic calcium

Normal erythrocytes contain only small amounts of
free calcium. Intrusion of RBCs with micromolar
amounts of Ca induced the so-called Gardos-effect, i.e.,
rapid echinocytic transformation, loss of potassium,
dehydration and volume decrease (Dreher et al., 1980;
Gedde et al., 1995). Several mechanisms are proposed
to explain the calcium-induced echinocytosis: (1) altered
transverse asymmetry of membrane phospholipids caused
by the inhibition of aminophospholipid translocase




(Williamson et al., 1992; Zachowski, 1993); (2) acti-
vation of PKC, thus producing dissociation of the bonds
between cytoskeletal proteins 4.1 and 3 (Danilov et al.,
1990); (3) decrease in membrane phosphatidylinositole
bi- and monophosphates (Folk and Strunecka, 1990;
Gedde et al., 1995), which again affects the membrane-
cytoskeleton contacts. Although these factors may be
important, Lin et al. (1994) have shown that normal
transport of PS to the inner membrane layer proved to
be the only biochemical feature correlating with the
reversal of Ca-crenated RBCs to their discoid shape.

Some others mechanisms of Ca-induced cytoskeletal
changes may involve intracellular proteolysis and/or
transglutaminase-mediated cross-linking, thus destroying
the normal interactions between band 3, band 4.1 and
spectrin (reviewed by Reinhart and Chien, 1987; Lin et
al., 1994).

Membrane Pathology Associated with Apoptosis

Metabolic alterations and loss of lipid asymmetry

The problems of metabolic depletion in apoptosis
have been discussed for decades. At the early stages of
apoptosis, some degree of metabolic activation is ob-
served, however, accomplished by the uncoupling of ox-
idative phosphorylation, thus correlating with auto-oxida-
tion of mitochondrial membranes (as reviewed by Kroe-
mer et al., 1995). A general decrease in energy-produc-
ing potential occurs at later times (Carson er al., 1986),
thus resembling appropriate changes associated with
erythrocytes aging (Gedde et al., 1995).

In contrast to the erythrocyte model, only limited
data bear on the loss of transverse lipid symmetry in
apoptotic lymphocytes. Koopman et al. (1994), by
means of a specific annexin probe, have shown an in-
creased surface exposure of PS occuring during the stage
of nuclear chromatin decay, indicating the loss of
aminolipid preponderance at the inner leaflet of the cell
membrane. Fadok ef al. (1992) reported a similar
increase of PS exposure on apoptotic lymphoid cells and
proposed that such cells are selectively recognized by the
phagocytes.

Lipid peroxidation

The oxidative damage to cell membranes is a well
known fact, coupled to the ROI-induced alterations
(Koteles, 1986). Many authors have found that en-
hanced lipid peroxidation accompanies radiation-induced
apoptosis of lymphoid cells, and this pathology is inhib-
ited by lipid-specific antioxidant agents (Ramakrishnan
et al., 1993). Peroxidation of membrane phospholipids
and proteins is regarded as an intrinsic feature of lym-
phoid cell damage caused by a variety of oxidative
agents (Buttke and Sandstrom, 1994).
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Activation of protein kinases

Increased activity of PKC during radiation-induced
apoptosis of normal lymphoid cells is well documented.
However, the role of this event is not clear (Ojeda et
al., 1991). Post-irradiation DNA fragmentation in ma-
lignant lymphoblasts is also preceded by very rapid
membrane alterations involving sphingomyelin decay and
activation of Ick protein kinase, followed by switching
of membrane-associated PKC (Waddick et al., 1993).
This catabolic cascade seems to be homologous to those
events leading to PKC activation in red blood cells
(Zachowski, 1993).

Changes induced by increased cytosolic calcium

The increase of cytosolic calcium seems to accom-
pany apoptosis induced by multiple cytotoxic agents
(McConkey er al., 1994). For example, an early eleva-
tion of free Ca in irradiated thymocytes precedes nuclear
chromatin fragmentation (Allan, 1992).

Free Ca ions are able to activate a variety of cata-
bolic enzymes, including DNA endonuclease, catalyzing
the decay of nuclear chromatin (McConkey er al.,
1994). For irradiated lymphoid cell lines, the mecha-
nism of Ca-induced phospholipase C activation is sug-
gested, thus causing initial degradation of membrane bi-
layer. Other effects of intracellular Ca elevation pre-
sume activation of PKC (Pongrasz er al., 1994), as
shown in some cases of apoptosis.

Conclusions

(1). Transformation of normal discoid erythrocytes
to crenated forms (echinocytes) is often induced by fac-
tors which also cause apoptosis of nucleated blood cells
(e.g., ionizing radiation, chemical oxidants, in vitro
aging, cytosolic calcium overload, etc.).

(2). The membrane pathology in oxidant-induced
echinocytosis is strongly reminiscent of the changes as-
sociated with apoptosis (e.g., cell shrinkage, lipid perox-
idation, energy depletion and loss of transmembrane lip-
id asymmetry).

(3). Hence, an understanding of membrane and
cytoskeleton pathology of oxidant-crenated RBCs may be
helpful for interpreting the mechanisms of apoptosis.
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Discussion with Reviewers

R.L. Warters: Apoptosis can be induced in nucleated
blood cells by treatment with either sphingomyelinase C,
which hydrolyses sphingomyelin to ceramide, or with
ceramide itself. Thus, one pathway for radiation-in-
duced apoptosis has been suggested to be the activation
of sphingomyelinase. Does treatment with either sphin-
gomyelinase C or ceramide induce "apoptosis-like"
changes in RBCs?

Author: To my knowledge, such effects upon RBCs
were not investigated. Appropriate trials with erythro-
cytes concerned, mainly, hydrolysis of the membrane
phosphatidylcholine (PC) by phospholipase C, followed
by the activation of PKC by resulting diacylglycerol and
RBC crenation induced by the products of PC cleavage
(Zachowski, 1993). Similar effects of ceramide or
sphingomyelinase upon RBCs, if revealed, may provide
additional homologies between apoptosis and echino-
cytosis.

J.E. Trosko: Assuming the hypothesis that the morpho-
logical changes seen in these ROI-treated red blood cells
are equivalent to those associated with apoptosis in other
nucleated cells, what biochemical parameter would be
the most important potential target for triggering this
process?

Author: A loss of membrane asymmetry would be of
special interest, due to its early expression and patholog-
ical significance. For example, a degree of phosphati-
dylserine exposure at the outer leaf of blood cells mem-
brane could be specifically assessed by means of annexin
V binding to the cells under study (as reviewed by
Kroemer et al., 1995).

J.E. Trosko: Since many tumor-promoting chemicals,
such as phorbol esters, block apoptosis in nucleated
cells, activate PKC, and induce oxidative stress, how
might this be used to test your ideas?

Author: The effects of phorbol esters seem to be quite
different for various cell populations. These compounds
may induce apoptosis or inhibit it, depending on the cell
model and toxic agents under trials (as reviewed by
McConkey er al., 1994; Obeid and Hannun, 1995). Red
blood cells may be also tested with phorbol esters, with
the aim of evaluating probable membrane oxidative dam-
age. Comparisons would be made, e.g., to erythroblasts
or avian nucleated RBCs.
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J.E. Trosko: Retinoids and dexamethasone can induce
apoptosis. Would you predict that it could mimic the
changes seen in the transition of discoid forms to cre-
nated forms in the red blood cells?

Author: In my opinion, their effects could be specially
tested and considered. In the present review, the effects
of proven oxidative agents (H,0,, irradiation, etc.) were
discussed. For glucocorticoids and retinoids, specific
cell receptors are well known to mediate apoptosis in
different cell models, thus suggesting alternative modes
of membrane damage.

F. Ojeda: Could you change the title of your paper,
because the term "oxidative apoptosis” is unclear?
Author: Indeed, the term "oxidative" can be omitted
from the title, since this definition does not correspond
to common classifications of apoptosis. Oxidant-induced
initiation of lethal events is shown for many types of
apoptosis (Buttke and Sandstrom, 1994). However, oxi-
dative damage is not too evident for some other models,
e.g., calcium + ionophore treatment, or corticosteroid-
induced death of lymphoid cells (McConkey et al.,
1994). Hence, while omitting the term "oxidative" from
the title, we try, mainly, to consider the possible conse-
quences of oxidative damage for the triggering of apop-
tosis, such as appropriate homologies to RBC crenation
(echinocytosis).

G.J. Koteles: As well known, apoptosis appears to be
an active process of cellular self-destruction involving a
series of cellular events including membrane changes
upon oxidative stress, and requires active cell participa-
tion, macromolecular synthesis and enzyme activation.
The listed examples about apoptotic "markers" of
erythrocyte membrane are not unambiguous facts. For
example, some agents, inducing changes of cytoplasmic
calcium concentration, frequently do not cause apoptosis.
There are data that protein kinase C activation blocks
apoptosis; other ones suggest that this process promotes
apoptosis as reviewed recently by Lucas and Sanchez-
Margalet (1995). Can you provide some unambiguous
data which are characteristic of apoptosis process?

Author: Indeed, apoptosis-associated intracellular cal-
cium increase, as well as PKC activation are limited
only to certain cytotoxic treatments, and their expression
is strongly determined by the nature of target cells.
However, the involvement of both metabolic events is
proposed for lymphoid cells subjected to ionizing irradi-
ation and some other agents (Ojeda er al., 1991;
McConkey et al., 1994). For parallel studies of oxida-
tive membrane pathology in RBCs and nucleated blood
cells, some "apoptosis-specific” tests are needed. These
tests are now based, mainly, upon detection of DNA de-
cay, and thus, not acceptable for studies of anucleate




RBCs. However, erythrocytes are very well studied
with respect to physiology and pathology of cell
membranes. Therefore, definite changes of membrane
ultrastructure and metabolism of RBCs treated by apop-
tosis-inducing agents may be useful in providing addi-
tional markers for apoptosis detection in nucleated blood
cells, e.g., plasma membrane vesiculation and shedding,
phosphatidylserine exposure, etc.
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