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1 Summary/Zusammenfassung
The life span of erythrocytes is tightly regulated. Therefore, a mechanism is required to
remove senescent or damaged erythrocytes without rupture of the cell membrane
resulting in the release of hemoglobin which may impair kidney function. The
mechanism of suicidal erythrocyte death is called eryptosis and shares similarities with
apoptosis of nucleated cells such as exposure of phosphatidylserine at the cell surface,
increase in cytosolic Ca2+ concentration, blebbing of the membrane, cell shrinkage and
enzymatic degradation of the cytoskeletton. The cell shrinkage of eryptotic cells is
mediated by a Ca2+-dependent K+ channel, the Gardos channel. Its activation by an
increase in the intracellular Ca2+ concentration results in the efflux of K+, Cl- and
osmotically obliged water. Phosphatidylserine-exposing erythrocytes are rapidly
engulfed by macrophages equipped with phosphatidylserine receptors and degraded.
Excessive eryptosis may lead to anemia, the pathological lack of erythrocytes. The
present study was performed to elucidate mechanisms regulating erythrocyte survival
and suicidal cell death. First, the functional significance of the Gardos channel for
suicidal erythrocyte death and erythrocyte clearance was studied. Furthermore, the
protective role of Gardos channels during exposure to hemolytic toxins was elucidated.
Both issues were addressed by experiments performed in mice lacking the Ca2+dependent K+ channel KCa3.1, the Gardos channel, and their wildtype littermates. Using
patch-clamp recording, flow cytometry, in vitro hemolysis and a mouse sepsis model, it
is shown that Gardos channel activity and Gardos effect delay hemolysis of injured
erythrocytes and, thus, prevent the disastrous filtration of released hemoglobin into the
renal tubular system. In a further series of experiments, the role of the NO/cGMP
pathway, a powerful regulator of the life span of a variety of cells, for erythrocyte
survival is investigated. Flow cytometry, Western Blotting, hematological counts, and
MRI imaging were used to illustrate by means of a cGKI-deficient mouse model that
cGKI is a mediator of erythrocyte survival in vitro and in vivo. Moreover, the
participation of the phosphoinositide-dependent kinase PDK1, a key element in the
phosphoinositol-3-kinase signalling pathway, which is involved in the regulation of ion
channels, transporters, cell volume and cell survival, in the regulation of suicdal

9

erythrocyte death was studied. Experiments performed in hypomorphic mice with some
20% of normal PDK1 acitivity and their wildtype littermates revealed that PDK1
deficiency is associated with decreased Ca2+ entry into erythrocytes and thus with
blunted eryptotic effects of oxidative stress, osmotic shock and Cl− removal. Finally, the
functional significance of host pathogen interactions for suicidal erythrocyte death was
investigated. Using flow cytometry, it could be shown that peptidoglycan, a main
component of the bacterial cell wall, is a potent stimulus of eryptosis and thereby
impairs erythrocyte survival. Peptidoglycan-induced eryptosis may therefore, at least in
part, account for anemia observed in patients with bacterial infections.
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Die Lebensdauer von Erythrozyten ist genau reguliert. Aus diesem Grund ist ein
Mechanismus erforderlich, der es erlaubt, alte oder geschädigte Erythrozyten
abzubauen, ohne daß die Zellmembran reißt und Hämoglobin freigesetzt wird, was zu
akutem Nierenversagen führen könnte. Ein solcher Mechanismus ist der suizidale
Erythrozytentod, der Eryptose genannt wird und Ähnlichkeiten zur Apoptose
kernhaltiger
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Calciumkonzentration, das Abknopsen von Membranteilen, Zellschrumpfung sowie der
enzymatische Abbau des Zytoskeletts. Die Zellschrumpfung eryptotischer Zellen wird
durch einen Ca2+-abhängigen K+-Kanal, den Gardos-Kanal, vermittelt. Dessen
Aktivierung durch die Erhöhung der intrazellulären Calciumkonzentration führt zum
Verlust von K+, Cl- und osmotisch folgendem Wasser. Phosphatidylserin-exponierende
Erythrozyten werden zügig von Makrophagen, die über Phosphatidylserinrezeptoren
verfügen, phagozytiert und abgebaut. Exzessiv gesteigerte Eryptose kann zu Anämie,
dem krankhaften Mangel an roten Blutkörperchen, führen. Ziel der vorliegenden Arbeit
war es, Mechanismen aufzuklären, die erythrozytäres Überleben sowie suidzidales
Sterben steuern. Zunächst wurde die funktionelle Bedeutung des Gardos-Kanals für den
suizidalen Erythrozytentod und die Klärung der roten Blutkörperchen aus dem Blut
untersucht. Ferner wurde die protektive Wirkung der Gardos-Kanäle bei Einwirkung
hämolytischer Toxine studiert. Beide Fragestellungen wurden durch Experimente an
Mäusen, die den Ca2+-abhängigen K+-Kanal KCa3.1 nicht exprimierten, und ihren
Wildtyp-Geschwistern angegangen. Durch Messungen mit der Membranfleckklemme,
mit dem Durchflußzytometer, durch in vitro Hämolyse und mittels eines Maus-SepsisModells wurde gezeigt, daß die Gardos-Kanal-Aktivität und der Gardos-Effekt die
Hämolyse geschädigter Erythrozyten verzögern und dadurch die potentiell schädliche
Filtration des hämolytisch freigesetzten Hämoglobins in das Nierentubulssystem
unterbinden. In weiteren Experimenten wurde die Rolle des NO/cGMP-Signalweges,
eines bedeutsamen Regulators der Lebensdauer verschiedener Zellen, für das
erythrozytäre Überleben untersucht. Mittels Durchflußzytometrie, Western Blotting,
Blutbildern sowie Kernspintomographie, wurde an einem cGKI-defizienten MausModell gezeigt, daß die cGKI ein Mediator erythrozytären Überlebens in vitro und in
vivo ist. Desweiteren wurde die Beteiligung der Phosphoinositid-abhängigen-Kinase
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PDK1, eines Schlüsselenzyms des Phosphoinositol-3-kinase-Signalweges, der bei der
Regulation von Ionenkanälen, Transportern, des Zellvolumens und –überlebens
mitwirkt, an der Steuerung suizidalen Erythrozytentodes analysiert. Experimente an
hypomorphen Mäusen mit lediglich 20%-iger PDK1-Aktivität und ihren WildtypGeschwistern ergaben, daß PDK1-Defizienz mit vermindertem Calciumeinstrom in
Erythrozyten und daher mit abgeschächten eryptotischen Effekten von oxidativem
Streß, osmotischem Schock und der Entfernung extrazellulären Chlorids verbunden ist.
Schließlich wurde die funktionelle Signifikanz von Wirt-Erregerbeziehungen für
suizidalen Erythrozytentod untersucht. Durchflußzytometrisch konnte gezeigt werden,
daß Peptidoglykan, ein wesentlicher Bestandteil bakterieller Zellwände, ein potenter
Auslöser von Eryptose ist und dadurch erythrozytäres Überleben beeinträchtigt.
Zumindest theoretisch könnte daher Peptidoglykan-induzierte Eryptose zur Anämie von
Patienten mit bakteriellen Infektionen beitragen.
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2 Introduction
2.1 The ionic composition of the erythrocytic cytosol
2.1.1 Preface
Human erythrocytes have the highest soluble protein concentration of any cell of the
human body. The major intracellular protein of erythrocytes is hemoglobin with an
intracellular concentration of

approximately 7.7 mM (Lew & Bookchin, 2005).

Erythrocytes have a characteristic biconcave shape and an impressing mechanical
flexibility. Boths features are based on a two-dimensional, spectrin-actin-containing,
meshlike cytoskeleton with highly structured links to integral membrane proteins
embedded in the lipid bilayer (Branton et al., 1981;Chasis & Mohandas, 1986;Chasis et
al., 1989;Lew & Bookchin, 2005;Lux, 1979;Palek & Liu, 1979;Palek & Lambert,
1990;Steck, 1974). Erythrocytes have a high water permeability ensuring their
continued osmotic equilibrium in plasma so that they can shrink or swell only by the
loss or gain of a fluid isosmotic with surrounding plasma resulting in mechanical
flexibility (Lew & Bookchin, 2005). By comparison of the intracellular protein
concentration of app. 7.7 mM with the plasma protein concentration of 1 mM, it
becomes obvious that the resulting oncotic pressure challenges the mechanical stability
of the erythrocyte with a powerful driving force of water into the cells. To avoid
colloid-osmotic lysis and to remain osmotically stable over their 120-day circulatory
life-span, erythrocytes require a strategy to regulate and maintain their cell volume
(Lew & Bookchin, 2005). Since erythrocytes are devoid of all organelles, they depend
on the exclusive generation of ATP by glycolysis. Therefore, their efforts to maintain
their cell volume are restricted by a potential lack of energy. (Lew & Bookchin, 2005)

2.1.2 Transmembrane ionic distribution of erythrocytes
With regard to the main inorganic cations and anions, erythrocytes maintain high
intracellular K+ and Cl- concentrations while the

intracellular Na+ and Ca2+

concentrations are low (Maher & Kuchel, 2003). This ionic distribution is accomplished
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by various pumps, transporters and cation channels. The cation gradients across the
erythrocyte membrane are set up by the two ATP-dependent pumps Na+/K+ ATPase and
the Ca2+ ATPase (Maher & Kuchel, 2003). The following list contains the transport
pathways participating in the determination of the ionic distribution of potassium
(Maher & Kuchel, 2003):
(1) Ca2+ ATPase
(2) Na+/ K+ ATPase
(3) the Gardos channel
(4) K+/Cl− cotransport
(5) Band 3 anion exchanger
(6) Na+/K+/2Cl− cotransporter
(7) glucose transporter
In general, the permeabilities of erythrocytes for Na+ and K+ are extremely low
(Lew & Bookchin, 2005). The unidirectional fluxes of Na+ or K+ in mature normal
erythrocytes are 2–3 mmol · l-1 original cells· h-1, whereas in reticulocytes they may be
10- to 30-fold higher (Lew & Bookchin, 2005;Johnstone & Ahn, 1990;Johnstone et al.,
1989;Johnstone et al., 1987;Johnstone et al., 1991;Wiley, 1981). As a consequence, a
small number of ATP-driven Na+/K+ pumps is sufficient to counteract the basal cation
leak (Lew & Bookchin, 2005). Furthermore, the anion permeability of erythrocytes can
serve another purpose: the transport of CO2 between the periphery and the lungs. This
transport is based on the presence of the Cl-/HCO3- exchanger. The complete cycle is
also referred to as the Jacobs-Stewart cycle (Lew & Bookchin, 2005). Due to the high
permeability for anions, the membrane potential of the erythrocyte is close to the
equilibrium potentials of Cl- and HCO3- which is about -10 mV (Freedman & Hoffman,
1979;Hoffman & Laris, 1974;Hoffman & Laris, 1984;Laris & Hoffman, 1986). The
above described processes are impaired in erythrocytes from patients with a certain
mutation of a single nucleotide, the reason for sickle cell trait, resulting in malfunction
of the ion fluxes, ion content regulation, and hydration state (Lew & Bookchin, 2005).
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2.1.3 Regulation of the intracellular Ca2+ concentration of
erythrocytes
Since mature erythrocytes lack specialized Ca2+-accumulating organelles such as the
endoplasmatic reticulum or mitochondria, they only have a cytoplasmic Ca2+-buffering
capacity (Ferreira & Lew, 1976;Tiffert & Lew, 1997;Tiffert et al., 1993) which is,
compared to other cell types, low. The total calcium content of erythrocytes is estimated
to <5 mol/l original cells (Bookchin & Lew, 1980;Engelmann & Duhm, 1987;Harrison
& Long, 1968). For determination of the intracellular calcium concentration, the
following equation may be applied (Lew & Bookchin, 2005):
[Ca2+]i = a [Ca2+T]i
where [Ca2+]i represents the free cellular calcium concentration and is expressed in
µmol/l cell water, a = 0.2 – 0.3 over a wide range of experimentally induced [CaT]i
values, and [Ca2+T]i represents the total calcium content of erythrocytes and is also
expressed in units of µmol/l original cells.
The free intracellular calcium concentration [Ca2+]i reflects the balance of
passive influx (passive or through a non-selective cation channel) and active efflux
through the P type ATP-dependent Ca2+ ATPase whose Vmax is 5-25 mmol · l-1 original
cells · h-1 (Lew et al., 2003) compared to a pump-leak turnover rate of 50 µmol · l-1
original cells · h-1 (Desai et al., 1991;Lew et al., 1982b). The marked variation of
different erythrocytes in the Vmax values of their Ca2+ pumps may explain different
dehydration or shrinkage responses upon equal permeabilization of the membrane for
Ca2+ since in some erythrocytes the activation threshold of the Gardos channel may be
exceeded while in others not (Lew & Bookchin, 2005).

2.1.4 Dehydration of erythrocytes
Erythrocyte dehydration (loss of water) in vivo may result from the activation of one or
more of three transporters expressed in their plasma membranes (Lew & Bookchin,
2005):
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1) the Ca2+-sensitive, small-conductance, K+-selective channel (Gardos channel, IK1,
KCa3.1, or hSK4; (Lew & Bookchin, 2005;Gardos, 1959;Hoffman et al., 2003;Vandorpe
et al., 1998)). This channel is not exclusively expressed in erythrocytes. It can be found
in many other eukaryotic cell types (Lew & Bookchin, 2005;Petersen & Maruyama,
1984)
2) a K+/Cl- cotransporter (KCC). This transporter is regulated by the internal pH and,
most importantly, by cell volume (Brugnara et al., 1986;Franco et al., 1995;Gillen et
al., 1996;Lauf et al., 1992;Lauf & Theg, 1980). It is functionally active in reticulocytes
and, to a smaller extent, in mature erythrocytes.
3) the Na+/K+ pump (Post, 1974;Glynn & Karlish, 1975;Skou & Esmann, 1992).
The three transporters differ considerably in their dehydrating modalities, potencies, and
distributions among erythrocytes (Lew & Bookchin, 2005).

2.1.5 The erythrocytic Gardos channel:

2.1.5.1 General characteristics
The following characteristics are typical of the Gardos channel (Maher & Kuchel,
2003):
•

dependendence on Ca2+ at the intracellular face of the channel ((Ca2+)i)

•

a single channel conductance of 10-20 pS (at 0 mV)

•

high selectivity of K+ over Na+ (PK/PNa > 100)

•

evidence of open channel inward rectification

•

gating independence of membrane potential

•

inhibition by more or less specific drugs such as clotrimazole, Tram34 and
charybdotoxin

•

inhibition upon pre-incubation of cells in the absence of external potassium
((K+)o).
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•

protein kinase A reportedly induces a dramatic enhancement of Gardos channel
activity possibly by modulating the Ca2+ sensitivity (Romero & Rojas,
1992;Pellegrino & Pellegrini, 1998)

2.1.5.2 Structure of the Gardos channel
The Gardos channel is thought to be a homo-tetramer of six-transmembrane-domain
polypeptides (Maher & Kuchel, 2003). The region between the s5 and s6 membrane
domains contains the pore (‘p’) region, analogous to that in the K+ channel of
Streptomyces lividans, the structure of which is known (Maher & Kuchel, 2003;Doyle
et al., 1998). The K+ selectivity is mediated by the carbonyl oxygen atoms within the
selectivity filter protruding from the backbone of the polypeptides from each of the four
identical subunits (Maher & Kuchel, 2003).

2.1.5.3 Abundance and activation of Gardos channels in erythrocytes
Every erythrocyte ist thought to have approximately 100-200 Gardos channels in its
membrane (Alvarez & Garcia-Sancho, 1987;Brugnara et al., 1993;Grygorczyk et al.,
1984;Hoffman et al., 2003;Lew et al., 1982a) which are believed to be generated by the
KCa3.1(hSK4, IK, KCNN4) subtype of the small/intermediate conductance Ca2+activated K+ channel family (Hoffman et al., 2003;Lang et al., 2003d). The normal
intracellular Ca2+ concentration of human erythrocytes is 20-50 nM (Lew & Bookchin,
2005). At this concentration, Gardos channels are closed. However, they are activated,
if the intracellular Ca2+ concentration is increased (Lew & Bookchin, 2005). A wide
range of values of intracellular Ca2+ concentration required for activation of the Gardos
channel is reported. According to some studies, 150 nM Ca2+ (Simons, 1976;Tiffert et
al., 1988) are sufficient while others suggest 2-4 µM (Grygorczyk et al., 1984;Yingst &
Hoffman, 1984;Leinders et al., 1992). Also, the number of Ca2+ ions per channel
required for opening the channel is a matter of controversy. It is reported to be either 1
(Grygorczyk & Schwarz, 1983) or 2 (Leinders et al., 1992). Ca2+ acts via binding to
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calmodulin which is constitutively associated with the Gardos channels (Maher &
Kuchel, 2003).

2.1.5.4 Physical characteristics
The single Gardos channel conductance is 10 pS under physiological conditions
(Grygorczyk & Schwarz, 1983). Unlike erythrocytes from other mammals losing
Gardos channel activity during maturation, human erythrocytes have functional Gardos
channels (Brown et al., 1978). In addition to intracellular Ca2+, Gardos channel activity
critically depends on temperature: Even at saturating Ca2+ levels, the open-state
probability of the Gardos channels is low (between 0.01 and 0.1) at 35°C increasing
sharply at 25°C and then falling slowly with decreasing temperature (Grygorczyk,
1987;Hoffman et al., 2003). On the other hand, marked Gardos channel-mediated
dehydration is seen at low temperatures since the Ca2+ pump lowering the intracellular
Ca2+ concentration is inhibited at low temperatures (Lew et al., 1997;Garcia-Sancho &
Lew, 1988).

2.1.5.5 Cellular effects of Gardos channel activation
Intracellular Na+ is known to inhibit Gardos channel-mediated K+ fluxes by interaction
with several intracellular sites of the channel (Stampe & Vestergaard-Bogind, 1989). K+
and H+ ions also modify the activation state of the Gardos channel at both sides of the
membrane since lack of extracellular K+ and decrease of pH render the Gardos channel
inactive (Grygorczyk et al., 1984;Heinz & Passow, 1980;Heinz & Hoffman, 1990).
Upon activation, the erythrocyte is hyperpolarized due to efflux of potassium ions (Lew
& Bookchin, 2005). This creates a driving force for the loss of anions such as chloride
or bicarbonate via parallel voltage-sensitive pathways. The resulting net loss of KCl and
KHCO3 is coupled to osmotic-driven water loss, leading to cell dehydration and
shrinkage. Once the Gardos channels are fully activated by a high intracellular Ca2+
level, the cellular loss of the anions becomes rate-limiting for shrinkage and dehydration
(Lew & Bookchin, 2005): K+ fluxes through the Gardos channel may reach mean values
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of 1 mol · l-1 original cells · h-1 (Lew & Ferreira, 1976) reflecting a mean permeability
value of 2 · 10-7 cm/s (Freeman et al., 1987) while the rate-limiting anion permeability
is approximatly 2 · 10-8 cm/s. This means that the anion permeability is an order of
magnitude lower than that through fully activated Gardos channels. Thus, full
dehydration or shrinkage requires 1 h provided that the Gardos channels are completely
activated (Lew & Bookchin, 2005).

2.1.5.6 Pharmacological inhibition
Gardos channels may be pharmacologically inhibited by charybdotoxin (IC50: 1.2 nM)
or clotrimazole (IC50: 51 nM), a drug in therapeutical use against fungal infections
(Brugnara et al., 1993). Furthermore, volatile anaesthetics can inhibit the Gardos effect
in resealed erythrocytes in vitro (Caldwell & Harris, 1985) and IK currents in Xenopus
oocytes expressing the channel protein (Namba et al., 2000). Halothane has also been
shown to inhibit the Gardos channel in intact erythrocytes (Scharff & Foder, 1989).
Recently, Tram34 (1-((2-chlorophenyl)diphenylmethyl)-1H-pyrazole) has been shown
to have similar inhibitory potency but much higher specificity than clotrimazole (Maher
& Kuchel, 2003). Besides direct inhibition of the channel, Gardos-mediated shrinkage
or dehydration can also be prevented by inhibition of the anion permeabilities
(Bennekou et al., 2001;Bennekou et al., 2000).

2.1.5.7 Significance of the Gardos channel
By delaying colloid osmotic hemolysis and fostering phosphatidylserine exposure, the
Gardos effect is thought to play a pivotal role for the appropriate clearance of injured
erythrocytes. This might be particularly important during infections with hemolytic
bacteria. This hypothesis is tested in the present study.

2.1.6 The erythrocytic KCl cotransporter
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The KCl cotransporter mediates a strictly coupled electroneutral transport of K+ and Clindependent of the membrane potential (Jennings & Adame, 2001). They are abundant
in many eukaryotic cells including erythroid precursors (Lauf et al., 1992;Gillen et al.,
1996). While mature erythrocytes have reduced KCl cotransporter activity (Lew &
Bookchin, 2005), most of the passive K+ fluxes of reticulocytes are mediated by the
KCl-cotransporter (Hall & Ellory, 1986). Similar to the loss of cell volume via the
Gardos channel, the driving force for RBC dehydration via the KCl cotransporter occurs
by K+ permeabilization based on an outward electrochemical gradient of K+. An
important side effect of isotonic dehydration by KCl and KHCO3 loss is cell
acidification (Lew & Bookchin, 1986), a phenomenon described by the Lew Bookchin
red cell model (Lew & Bookchin, 1986): The positive charges within an erythrocyte are
due to sodium, potassium, magnesium, and calcium and amount to 150 meq/l cell water,
while the negative charges base on hemoglobin (50 meq/l cell water), chloride, and
bicarbonate (together 100 meq/l cell water). If the erythrocytes lose water isotonically
due to efflux of 150 meq/l KCl and KHCO3, the concentrations of Cl- and HCO3 are
higher in the effluent as compared to the cell. Thus, with proceeding efflux, the
intracellular concentrations of chloride and bicarbonate decrease while the extracellular
concentrations approximately remain the same (Lew & Bookchin, 2005). The
bicarbonate/chloride exchanger of the erythrocyte membrane together with the CO2
shunt, however, equilibrate immediately according to the Jacobs-Stewart mechanism
(Jacobs & Craig, 1935) by increasing the intracellular H+ concentration as a
consequence of the decreased intracellular bicarbonate concentration.
The KCl cotransporter is regulated by the oxidation state of hemoglobin (Joiner
et al., 1998), by decreased intracellular pH, by increase in cell volume, and by low
intracellular Mg2+ concentrations (Brugnara & Tosteson, 1987;Jennings, 1999;Jennings
&

al

Rohil,

1990;Lauf,

1985).

Phosphorylation

and

dephosphorylation

of

serine/threonine and tyrosine residues of the cotransporter change the activation state. It
has been shown (Jennings, 1999;Jennings & al Rohil, 1990) that swelling of rabbit
erythrocytes leads to inactivation of a serine/threonine kinase. Another study suggests
that hypotonic swelling of erythrocytes is associated with increased activities of protein
phosphatases (PP1 and PP2A), that PP1 increased in erythrocytes whose ionic strength
was lowered at constant volume, and that PP1 appears to mediate parts of urea-
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stimulated KCC activity. For the present study, it is important that KCl cotransporter
activity is further enhanced by the cGMP-dependent protein kinase (cGKI, G Kinase)
(Adragna et al., 2006;Adragna et al., 2004;Adragna et al., 2002;Adragna et al., 2000).

2.1.7 The erythrocytic Na+/K+ pump
The Na+/K+ pumping-process depends on ATP and is therefore an active energyrequiring process. The stoichiometry of the Na+/K+ pump is 3:2 (Garrahan & Glynn,
1967;Post et al., 1967). Due to the high anion permeability of erythrocytes and
reticulocytes, electroneutrality is mainly maintained by anion efflux balancing the extra
Na+ efflux. If the Na+/K+ pump is stimulated by an elevated internal Na+/K+
concentration ratio, the resulting increased NaCl efflux, if not compensated by changes
in passive fluxes, would induce cell dehydration (Clark et al., 1981;Glader & Nathan,
1978;Joiner et al., 1986). Since every erythrocyte has only approximately 400
molecules of the Na+/K+ pump protein per cell (Dunham & Hoffman, 1970;Glynn &
Karlish, 1975;Joiner & Lauf, 1978), the effect is bound to be rather slow, as confirmed
by model simulations (Lew & Bookchin, 2005).
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2.2 Eryptosis
2.2.1 Apoptosis of nucleated cells
Apoptosis is one of the major forms of programmed cell death. It is a physiological
mechanism to eliminate abundant cells without inflammation reaction (Green & Reed,
1998;Gulbins et al., 2000). As the term programmed cell death suggests, apoptosis
involves a defined program of cellular mechanisms leading to suicidal death of the cell.
This program includes nuclear condensation, DNA fragmentation, mitochondrial
depolarization, cell shrinkage, and breakdown of the phosphatidylserine asymmetry of
the plasma membrane (Green & Reed, 1998;Gulbins et al., 2000). An inflammation
reaction is prevented by the rapid engulfment of the dying cell by phagocytes equipped
with special receptors (Gulbins et al., 2000;Eda & Sherman, 2002). Apoptosis affects
the activity of a variety of cellular transportes such as K+ channels (Gulbins et al.,
1997;Lang et al., 2003d;Maeno et al., 2000), anion channels (Maeno et al., 2000;Szabo
et al., 1998), Ca2+ channels (Lepple-Wienhues et al., 1999), taurine release channels
(Lang et al., 1998b;Lang et al., 2000;Moran et al., 2000) and Na+/H+ exchangers (Lang
et al., 2000).

2.2.2 Mechanisms of eryptosis
Erythrocytes are the most abundant cells in the blood of mammals. They have a regular
life span of 120 days (Bratosin et al., 2001). Every second, 2 million erythrocytes are
newly formed in the human body. Erythrocytes lack organelles and therefore do not
have a nucleus or mitochondria, which play a major role in apoptosis. Therefore,
erythrocytes cannot undergo the same type of suicidal cell death as nucleated cells.
However, it has been shown that erythrocytes exposed to the Ca2+ ionophore ionomycin
undergo shrinkage, membrane blebbing, and break down of cell membrane
phosphatidylserine asymmetry, all typical features of apoptosis in nucleated cells
(Daugas et al., 2001;Berg et al., 2001;Bratosin et al., 2001). To illustrate the similarity
of this type of suicidal cell death of erythrocytes with apoptosis of nucleated cell, the
process has been given the name eryptosis (Lang et al., 2005a). Intracellular calcium

22

plays a major role for eryptosis (Lang et al., 2005a): Either, an increase in intracellular
calcium induces eryptosis or the cellular machinery involved in eryptosis downstream
of calcium is sensitized to the effects of calcium by ceramide (Lang et al., 2005a). Of
course, both mechanisms can also be operative together. Increased intracellular calcium
has various effects in erythrocytes: It stimulates the erythrocyte scramblase (Woon et
al., 1999), thus leading to the breakdown of the phosphatidylserine asymmetry (Lang et
al., 2003b). The consequence is the exposure of phosphatidylserine at the erythrocyte
surface. Moreover, calcium activates the Ca2+-dependent cysteine endopeptidase calpain
(Lang et al., 2005a). However, calpain activity appears not to be required for
stimulation of phosphatidylserine exposure (Lang et al., 2005a). Calpain leads to cell
membrane blebbing (Berg et al., 2001). Elevated intracellular calcium levels, in
addition, stimulate the above described Ca2+-sensitive Gardos K+ channels in
erythrocytes (Franco et al., 1996;Brugnara et al., 1993). The significance of this channel
for eryptosis is investigated in this study. As described above, the activation of the
channels leads to hyperpolarization of the cell membrane driving Cl- in parallel to K+
into the extracellular space. The cellular loss of KCl favours cell shrinkage. It is even
likely that the cellular loss of K+ itsself participates in the triggering of “eryptosis”
(Schneider et al., 2007).

2.2.3 Induction of eryptosis
Erythrocytes under resting conditions show low permeabilities of their membranes to
ions, expecially to cations. They are predominantly permeable to chloride (Schneider et
al., 2007;Lang et al., 2005a). All effects of calcium decribed above can therefore be the
result of ionophore (ionomycin)-induced increase in intracellular calcium. However,
erythrocytes have non-selective cation channels that, upon activation, allow the influx
of calcium ions (Duranton et al., 2002;Huber et al., 2001;Kaestner et al., 2000). TRPC6
has been shown to be part of the non-selective cation conductance of erythrocytes
(Foller et al., 2008). A variety of conditions, pharmacological activators, and diseases
have been characterized to increase the activity of the non-selective cation channel
resulting in calcium influx and triggering of eryptosis. Among those are metal ions such
as aluminium (Niemoeller et al., 2006c), gold (Sopjani et al., 2007), or copper (Lang et
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al., 2007), pharmaceutical products (e.g. amantadine (Foller et al., 2007a), cyclosporine
(Niemoeller et al., 2006a), paclitaxel (Lang et al., 2006c)) or diseases (e.g. sepsis
(Kempe et al., 2007), Wilsons’s disease (Lang et al., 2007), and Hemolytic Uremic
Syndrome (Lang et al., 2006b). All these stimuli induce eryptosis.
Besides activation of the non-selective cation channel, eryptosis may also be
induced by activation of an erythrocyte sphingomyelinase leading to the release of
ceramide (Lang et al., 2003c). Ceramide then potentiates the effect of calcium on
phosphatidylserine exposure (Lang et al., 2003c). Similar to activators of the nonselective cation channel, certain triggers of ceramide release have been identified, which
trigger eryptosis. Among those are again metal ions (e.g. copper (Lang et al., 2007),
lead (Kempe et al., 2005)), drugs (e.g. methyldopa (unpupblished observations)),
certain diseases (e.g. Wilson’s disease (Lang et al., 2007), sepsis (Kempe et al., 2007))
or stress stimuli (e.g. hyperosmotic shock (Lang et al., 2004a)). Figure 1Intro summarizes
the mechanisms involved in eryptosis.

Figure 1Intro. Synopsis of the mechanisms involved in eryptosis.
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2.2.4 Significance of eryptosis
As described above, both pathways, i.e. an increase in the intracellular calcium
concentration or the formation of ceramide, lead to exposure of phosphatidylserine on
the surface of erythrocytes. Phosphatidylserine-exposing erythrocytes are rapidly engulfed
and degraded by macrophages (Boas et al., 1998;Kempe et al., 2006) which are equipped
with phosphatidylserine receptors. Enhanced clearance of phosphatidylserine-exposing
erythrocytes from circulating blood, i.e. the removal of erythrocytes from the blood
stream, thus, should lead to a lack of erythrocytes, i. e. anemia. The above described
stimuli of either an increase in the intracellular calcium concentration or the release of
ceramide are indeed all asscociated with the development of anemia. Excessive
triggering of eryptosis may, thus, lead to anemia (Lang et al., 2005a).
Furthermore, natural ageing of erythrocytes is associated with an increase in the
intracellular calcium concentration (Kiefer & Snyder, 2000;Romero & Romero, 1999).
Therefore, triggering of eryptosis and engulfment of phosphatidylserine-exposing
erythrocytes by macrophages may contribute to the physiological limitation of
erythrocyte survival (Lang et al., 2005a).
Excessive death of erythrocytes can also result in hemolysis. Triggers such as
antibodies (hemolytic anemia), mechanical stress (damaged heart valves) or toxins may
either damage the plasma membrane of erythrocytes mechanically or, in the case of
certain bacterial toxins (hemolysin (Lang et al., 2004b), listeriolysin (Foller et al.,
2007b)), permeabilize the membrane by insertion of proteins. The result of both
mechanisms is hemolysis, the loss of cellular proteins and hemoglobin. The lack of ATP
(energy depletion), impaired function of the cellular Na+/K+ATPase or other leakiness
of the cell membrane lead to the accumulation of Na+, Cl-, and osmotically obliged
water with subsequent cell swelling (Lang et al., 1998a). Initially, the entry of Na+ may
be compensated by cellular loss of K+, the decrease of the K+ equilibrium potential will,
however, eventually lead to depolarisation, which will favour the entry of Cl-. Thus,
finally, the increase in cell volume causes the rupture of the cell membrane with cellular
release of hemoglobin, i.e. again hemolysis (Lang et al., 2005a).
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Regardless of its origin, excessive hemolysis might lead to acute renal failure
since glomerularly-filtrated hemoglobin precipitates within the acid lumen of the renal
tubular system thereby imparing kidney function (Lang et al., 2005a;Sillix &
McDonald, 1987). To prevent those consequences, the erythrocytes might become
eryptotic and are therefore degraded by macrophages prior to rupture of the cell
membrane and the release of hemoglobin (Lang et al., 2005a). As a matter of fact, many
conditions that are associated with hemolysis also induce eryptosis (e.g. Hemolytic
Uremic Syndrome (Lang et al., 2006b), energy depletion (Klarl et al., 2006), hemolysin
(Lang et al., 2004b), or listeriolysin (Foller et al., 2007b)). Therefore, eryptosis might
protect the organism from excessive hemolysis (Lang et al., 2005a).
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2.3 The cGMP-dependent protein kinase (G Kinase, cGK)
2.3.1 Characteristics
The cGMP-dependent protein kinase (G-kinase, cGK) is a homodimer serine/threonine
kinase activated by submicro- to micromolar concentrations of cGMP (Gamm et al.,
1995;Feil et al., 2003;Ruth et al., 1997;Hofmann, 2005). This kinase is expressed in
many eukaryotes ranging from the unicellular organism Paramecium to Homo sapiens
(Pfeifer et al., 1999). In mammals, two isoforms are distinguished: soluble cGKI and
membrane-bound cGKII with the corresponding genes prkg1 and prkg2. cGKI itself
also exists as two isoforms, cGKIα and cGKIβ. They are encoded by two splicing
variants of the exon of the N-terminus (Hofmann, 2005). cGK is expressed in smooth
muscles cells, platelets, cerebellum, hippocampus, dorsal root ganglia, neuromuscular
endplate, kidney cells, cardiac muscle cells, vascular endothelium, granulocytes,
chondrocytes, and osteoclasts (Hofmann, 2005). Heart, lung, cerebellum and dorsal root
glia mainly contain the Iα isoform whereas the Iβ isoform is found in platelets,
hippocampus and olfactory bulp neurons (Hofmann, 2005). cKII is found in several
brain nuclei, intestinal mucosa, kidney, adrenal cortex, chondrocytes and in the lung (El
Husseini et al., 1995;Werner et al., 2004).
cGK

contains

three

domains,

an

N-terminal

(A)

domain

with

an

autoinhibitory/pseudosubstrate and autophosphorylation site inhibiting the catalytic
center as well as a leucine zipper motif for homodimerization, a regulatory (R) domain
with two tandem cGMP-binding sites interacting allosterically and binding cGMP with
high and low affinity and a catalytic (C) domain with MgATP- and peptide-binding
pockets (Hofmann, 2005). Upon binding of cGMP at both binding sites of the Rdomain, the conformation of the enzyme changes (Wall et al., 2003;Zhao et al., 1997),
and the catalytic center of the enzyme is released from inhibition by the A-domain.
Then, the enzyme can phosphorylate target proteins and, at low cGMP levels, its Adomain (autophosphorylation) resulting in higher activity (Hofmann et al.,
1985;Vaandrager et al., 2003).
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2.3.2 Guanylate cyclases
cGMP required for the activation of cGK is generated by guanylate cyclases, a family of
enzymes catalyzing the conversion of GTP to cGMP (Domek-Lopacinska &
Strosznajder, 2005). Two forms of guanlate cyclases can be distinguished: membranebound and soluble isoforms (Domek-Lopacinska & Strosznajder, 2005). Membranebound guanylate cyclase are activated by natriuretic peptides such as atrial (ANP), Btype (BNP), and C-type (CNP) (Munzel et al., 2003). ANP and BNP are synthesized in
the heart as response to increased atrial pressure whereas CNP is released by endothelial
cells (Feil et al., 2003;Munzel et al., 2003). All three lead via activation of the
membrane-bound guanylate cyclase to relaxation of smooth muscle cells and
vasodilation (Feil et al., 2003;Munzel et al., 2003). Moreover, ANP, as a functional
antagonist of the renin-angiotensin-aldosterone-system, increases vascular permeability
and glomerular filtration rate, and inhibits the sympathic nerve system resulting in
natriuresis and diuresis (Munzel et al., 2003;Venugopal, 2001).
The soluble isoform (sGC) is activated by nitric oxide (NO) (Domek-Lopacinska
& Strosznajder, 2005) which is formed by nitric oxide synthases (NOS) thereby
inhibiting constriction, proliferation, and migration of the vascular smooth muscle cells
and reducing adhesion and activation of platelets as well as vascular inflammation (El
Husseini et al., 1999).
sGC, a heterodimeric protein consisting of α- and β-subunits, is found in the
cytoplasm of many mammalian cells. Each subunit consists of a N-terminal regulatory
and heme-binding domain required for activation of sGC by NO and a C-terminal
catalytic domain (Domek-Lopacinska & Strosznajder, 2005). It is important to note for
the present study that sGC can pharmacologically be inhibited by methylene blue (MB)
(Evora & Viaro, 2006).

2.3.3 Significance of NO/cGMP signaling for erythrocyte survival
NO is known to induce or inhibit apoptosis of nucleated cells depending on the source
or concentration of NO and on the influence of additional regulators (Brune, 2003). It
may either influence apoptosis by S-nitrosylation of target proteins or by activation of
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the sGC generating cGMP and subsequently of the cGMP-dependent protein kinase
type I (cGKI), a well-known signaling cascade downstream of NO (Hofmann et al.,
2006;Friebe & Koesling, 2003). Cells of erythroid differentiation are known to have
functional NO/cGMP signaling (Chen & Mehta, 1998;Ikuta et al., 2001;Kleinbongard et
al., 2006).
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2.4 PDK1
2.4.1 Phospholipids of biological membranes
Cell membranes have, among others, phopholipids containing inositol. Those lipids
have a glycerol-backbone which is esterified with fatty acids at position 1 and 2 and
with inositol-1-phosphate at position 3. If this lipid does not contain further phosphate
residues at positions of the ring except positions 2 and 6, it is a phosphatidylinositol
(Figure 2Intro).

Figure 2Intro. Chemical structure of phosphatidylinositol.

If phosphorylated, it is called a phosphoinositide (PI).

2.4.2 Phosphoinositide 3-kinases (PI3K)
Phosphoinositide 3-kinases (PI3K) phosphorylate the 3’-OH position of the inositol ring
in inositol phospholipids, generating 3’-PIs. In vivo, three products may be the result of
PI3K-dependent phosphorylation:

•

phosphatidylinositol (3,4,5)-trisphosphate

•

phosphatidylinositol (3,4)-bisphosphate

•

phosphatidylinositol 3-phosphate.

As discussed below, activation of protein kinase B (PKB) requires the first two lipids.
In mammalian cells under basal conditions, phosphatidylinositol 3-phosphate is found at
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an appreciable concentration, however, phosphatidylinositol (3,4,5)-trisphosphate and
phosphatidylinositol (3,4)-bisphosphate are absent under those conditions. Almost all
stimuli depending on tyrosine kinase activity for their signaling lead to the generation of
phosphatidylinositol (3,4,5)-trisphosphate and phosphatidylinositol (3,4)-bisphosphate
(Vanhaesebroeck & Alessi, 2000;Stephens et al., 1993). Tyrosine kinase activity may
result from receptors with intrinsic Tyr kinase activity or from non-receptor tyrosine
kinases [such as kinases of the Src or JAK (Janus kinase) family] (Vanhaesebroeck &
Alessi, 2000).
Three classes of PI3Ks can be divided. Only class I PI3Ks have been shown to
activate PKB in cells (Vanhaesebroeck & Waterfield, 1999;Vanhaesebroeck & Alessi,
2000;Wymann & Pirola, 1998). The preferred substrate of class I PI3Ks appears to be
phosphatidylinositol (4,5)-bisphosphate. The resulting phosphatidylinositol (3,4,5)trisphosphate is then converted by a 5’-inositol phosphatase to phosphatidylinositol
(3,4)-bisphosphate (Woscholski & Parker, 1997). Class I PI3Ks are heterodimers
consisting of a 110 kDa catalytic subunit (p110) and an adaptor/regulatory subunit.
Class I PI3Ks linked to Tyr kinases and heterotrimeric G protein-coupled receptors are
referred to as class IA and class IB PI3Ks respectively (Vanhaesebroeck & Alessi,
2000).

2.4.3 3’-Phosphoinositide-dependent kinase-1 (PDK1)
The 3’-phosphoinositide 3-kinase (PDK1) is a serine-threonine kinase ubiquitously
expressed in human tissues. The enzyme is mainly localized in the cytosol (Anderson et
al., 1998;Currie et al., 1999). It consists of an N-terminal kinase domain and a Cterminal PH (pleckstrin homology) domain. PH domains comprise about 120 amino
acid residues and are abundant in proteins involved in intracellular signaling. This
domain binds phosphatidylinositol lipids contained in cell membranes. The PH domain
of PDK1 binds phosphatidylinositol (3,4,5)-trisphosphate and phosphatidylinositol
(3,4)-bisphosphate with higher affinity than other phosphatidylinositol derivatives such
as phosphatidylinositol (4,5)-bisphosphate (Vanhaesebroeck & Alessi, 2000). Partly,
PDK1 is asscociated with the cell membrane, a process dependent on the PH domain
(Currie et al., 1999). The molecular mass of PDK1 is about 63 kDa. The first protein

31

found to be phosphorylated by PDK1 was PKBα (Alessi et al., 1997b;Currie et al.,
1999;Stephens et al., 1998). Since this reaction was only observed in the presence of
phosphatidylinositol (3,4,5)-trisphosphate and phosphatidylinositol (3,4)-bisphosphate,
this kinase was given the name 3’-phosphoinositide-dependent kinase-1 (Alessi et al.,
1997b). Even under basal cell conditions, PDK1 is phosphorylated and therefore active.
Thus, upon cell stimulation with agonists of PI3K, no further activation of PDK1 is
neither required nor possible (Alessi et al., 1997a;Pullen et al., 1998). The main task of
PDK1 is the phosphorylation of PKB.

2.4.4 Protein kinase B (PKB)
Once, the protein kinases A and C had already been known, PKB was identified as a
protein kinase with high homology with these kinases and was therefore termed PKB
(Vanhaesebroeck & Alessi, 2000). Since it is the cellular homologue of the viral
oncoprotein v-Akt, it is therefore also referred to as c-Akt or Akt. Similar to PDK1,
PKB is a serine-threonine kinase with a PH domain abundant in many tissues of the
human body. PKB consists of a N-terminal PH domain, a kinase domain and a Cterminal regulatory-tail. PDK1 and PKB also share the similarity to preferentially bind
phosphatidylinositol (3,4,5)-trisphosphate and phosphatidylinositol (3,4)-bisphosphate
with higher affinity than other phosphatidylinositol derivatives (Stephens et al.,
1998;James et al., 1996). The molecular mass of PKB is about 57 kDa. In mammals,
three closely related PKB genes were found, encoding the isoforms PKBα, PKBβ and
PKBγ. The latter two show 81% and 83% amino acid identity with PKBα respectively.
Unlike PDK1, full activation of PKB requires the phosphorylation of two specific sites
by PDK1, one in the kinase domain (Thr308) and the other one in the C-terminal
regulatory region (Ser473) (Vanhaesebroeck & Alessi, 2000). In unstimulated cells,
PKB is found in the cytosol. PKB partly translocates to the plasma membrane upon
activation of PI3K. There, it becomes activated (Andjelkovic et al., 1997;Welch et al.,
1998). Active PKB then appears to detach from the plasma membrane and to translocate
through the cytosol to the nucleus (Vanhaesebroeck & Alessi, 2000;Andjelkovic et al.,
1997).
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2.4.5 Acivation of PKB by PDK1
PKB exists in a low-activity conformation in the cytosol of unstimulated cells. Upon
activation of PI3K, phosphatidylinositol (3,4,5)-trisphosphate and phosphatidylinositol
(3,4)-bisphosphate are synthesized at the plasma membrane and PKB interacts through
its PH domain with these lipids. This interaction leads to the translocation of PKB from
the cytosol to the cell membrane and to a conformational change converting PKB into a
substrate for PDK1, perhaps by exposing the threonine308 and serine473
phosphorylation sites. PDK1 then phosphorylates and activates PKB (Vanhaesebroeck
& Alessi, 2000).

2.4.6 Proteins regulated by PKB
PKB has a large variety of substrates. Among those are proteins inactivated by PKBdependent phosphorylation such as Bad and caspase-9, FH transcription factors, GSK3,
or Raf. Other proteins such as lκB kinase, PDE-3B, or eNOS are activated by PKB
(Vanhaesebroeck & Alessi, 2000).

2.4.7 Significance of the PI3/PDK1 signaling pathway
The PI3/PDK1 signaling pathway regulates ion channels, transporters, cell volume, and
cell survival (Lang et al., 2006a). The significance of PDK1-dependent regulation of
cellular function is illustrated by the fact that the PDK1 knockout mouse is not viable
(Lawlor et al., 2002). PDK1 hypomorphic mice (pdk1hm) expressing only some 20% of
PDK1 activity, are smaller than their wild type littermates (pdk1wt), a difference largely
attributed to reduced cell size (Lawlor et al., 2002). Moreover, PDK1 hypomorphic mice
suffer from decreased intestinal and renal transport (Artunc et al., 2006;Rexhepaj et al.,
2006;Sandu et al., 2006).
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2.5 Participation of erythrocytes in host pathogen interactions
2.5.1 Peptidoglycan
Peptidoglycan (PGN) is a component of the cell walls of nearly all bacteria (Dziarski,
2003;Schleifer & Kandler, 1972). It is a polysaccharide consisting of β(1–4)-linked Nacetylglucosamine and N-acetylmuramic acid, crosslinked by short peptides. While the
glycan chain (usually N-acetylated and sometimes O-acetylated) does not differ much
between different bacteria, the crosslinking peptides differ between gram-negative and
gram-positive bacteria: The former all have the same order of L and D amino acid
residues (Dziarski, 2003). Their PGN layer is reliatively thin and surrounds the
cytoplasmic membrane underneath the lipopolysaccharide (LPS)-containing outer
membrane (Dziarski, 2003;Rosenthal & Dziarski, 1994a). Figure 3Intro shows the
structure of Staphylococcus aureus PGN.
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Figure 3Intro. Structure of Staphylococcus aureus PGN.

In gram-positive bacteria, almost 50% of the mass of the cell wall consists of
PGN to which proteins and other polysaccharides are bound. Their PGN also varies in
length and amino-acid composition. Especially in the case of gram-positive bacteria,
PGN is a suitable target for antibiotics that inhibit bacterial cell wall synthesis
(Dziarski, 2003) since PGN is not found in eukaryotic cells. Therefore, PGN is also a
target of the innate immune system and belongs to the group of “Pathogen-Associated
Molecular Patterns” (PAMP) (Kepler & Chan, 2007). Different “Pattern Recognition
Receptors” (PRRs) of the host cell recognize PGN. Among those are CD14, a cell
surface lycosylphosphatidylinositol (GPI)-linked 55-kDa glycoprotein highly expressed
predominantly on myelomonoctyic cells, PGN recognition proteins (PGRPs) (Kang et
al., 1998;Liu et al., 2001), Nods, a family of cytoplasmic proteins (Inohara et al., 2002),
and TLR-2 (Dziarski, 2003). Cellular effects of PGN exposure include host cell

35

apoptosis (Bluml et al., 2005;Chen et al., 2005;Colino & Snapper, 2003;HaslingerLoffler et al., 2005;Haslinger-Loffler et al., 2006;Simons et al., 2007) and anemia
(Coccia et al., 2001).

2.5.2 TLR-2
TLR2 functions as a cell-activating receptor not only for Gram-positive bacteria, PGN
and LTA, but also for lipoproteins, lipopeptides, mycobacterial lipoarabinomannan and
fungal cell walls (zymosan) (Dziarski, 2003;Medzhitov, 2001;Underhill et al.,
1999;Verstak et al., 2007). TLR2-mediated responses to PGN and other bacterial
components usually do not require CD14, but are often enhanced by CD14 (Dziarski et
al., 2001;Dziarski, 2003;Schwandner et al., 1999). PGN has been shwon to directly
bind to TLR-2 (Iwaki et al., 2002) whose 25 amino acids (Ser40–Ile64) in the
extracellular domain are required for cell activation (Mitsuzawa et al., 2001). Thus, this
sequence might be the binding site of PGN. The stimulation of TLR-2 by PGN then
leads to activation of the NFκB pathway resulting in the release of

chemokines,

cytokines, and other mediators of inflammation (Mitsuzawa et al., 2001;Medzhitov,
2001;Janeway, Jr. & Medzhitov, 2002;Dziarski, 2003;Aderem & Ulevitch, 2000).
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2.6 Objective of this study
This study aimed at elucidating erythrocytic mechanisms, which regulate and control
erythrocyte survival, and, in addition, at defining the impact of host pathogen
interactions on suicidal death of erythrocytes. As described above, an increase in the
intracellular Ca2+ concentration of erythrocytes results in cell shrinkage due to the efflux
of K+, Cl-, and osmotically obliged water (Gardos effect). In this study, the functional
significance of this effect for suicidal erythrocyte death and erythrocyte clearance was
studied. Furthermore, the protective role of Gardos channels during exposure to
hemolytic toxins was elucidated. Both issues were addressed by experiments performed
in mice lacking the Ca2+-dependent K+ channel KCa3.1, the Gardos channel, and their
wildtype littermates. Using patch-clamp recording, flow cytometry, in vitro hemolysis
and a mouse sepsis model, it is shown that Gardos channel activity and Gardos effect
delay hemolysis of injured erythrocytes and, thus, prevent disastrous filtration of
released hemoglobin into the renal tubular system. In a further series of experiments, the
role of the NO/cGMP signaling pathway, a powerful regulator of the life span of a
variety of cells (Dimmeler et al., 2002;Liu & Stamler, 1999), for erythrocyte survival is
investigated. Flow cytometry, Western Blotting, hematological counts, and MRI
imaging were used to illustrate by means of a cGKI-deficient mouse model that cGKI is
a mediator of erythrocyte survival in vitro and in vivo. Moreover, the participation of
PDK1, a key element in the PI3 signaling pathway, which is involved in the regulation
of ion channels, transporters, cell volume and cell survival, in the regulation of suicdal
erythrocyte death was studied. Experiments performed in hypomorphic mice with some
20% of normal PDK1 acitivity and their wildtype littermates revealed that PDK1
deficiency is associated with decreased Ca2+ entry into erythrocytes and thus with
blunted eryptotic effects of oxidative stress, osmotic shock, and Cl− removal. Finally,
the funcitional significance of host pathogen interactions for suicdal erythrocyte death
was investigated. Using flow cytometry, it could be shown that PGN, a main component
of the bacterial cell wall, is a potent stimulus of eryptosis and thereby impairs
erythrocyte survival.
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3 Methods and Materials
3.1 Investigation of the impact of the Gardos channel on
survival of erythrocytes
3.1.1 Mice
KCa3.1-deficient mice (KCa3.1-/-) were generated as described (Sausbier et al., 2006) and
maintained at the animal facility of the Pharmaceutical Institute, Department of
Pharmacology & Toxicology, University of Tübingen. Either litter- or age-matched
wildtype and KCa3.1-/- mice of both gender with hybrid SV129/C57BL6 background
(always F2 generation) were randomly assigned to the experimental procedures with
respect to the German legislation on animal protection. The mice have kindly been
provided by Peter Ruth and Matthias Sausbier, Pharmaceutical Institute, Department of
Pharmacology & Toxicology, University of Tübingen.

3.1.2 In vitro experiments
Erythrocytes and solutions. Blood from KCa3.1-/- mice and their wild type littermates
was drawn by retroorbital puncture and collected in heparin-coated tubes. After 3 times
of washing in NaCl solution (containing in mM: 125 NaCl, 5 KCl, 1 MgSO4, 32 N-2hydroxyethylpiperazine-N-2-ethanesulfonic acid, HEPES/NaOH, 5 glucose, 1 CaCl2;
pH 7.4), cells were suspended in NaCl solution. Ca2+ permeabilization of the
erythrocyte membrane (patch-clamp and flow cytometry experiments of Figures 1 and
3) was accomplished by addition of 10 µM and 1 µM Ca2+ ionophore ionomycin to the
NaCl solution, respectively. The effects of oxidative stress on the cytosolic free Ca2+
concentration ([Ca2+]i) and on phospholipid scrambling (Figure 4) were assessed by
incubating the cells (0.4% hematocrit) for 45 min at 37°C in the absence or presence of
tert-butylhydroperoxide (0.1 mM; t-BHP) in NaCl solution or KCl solution (containing
in mM: 130 KCl, 32 HEPES/KOH, 5 glucose, 1 MgSO4, 1 CaCl2; pH 7.4). To test for
sensitivity against Staphylococcus aureus α-toxin (Sigma, Schnelldorf, Germany), cells
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were incubated for 90 min at 37°C in NaCl solution (0.4% hematocrit) in the absence or
presence of α-toxin (10 hemolytic units/ml, HU/ml).
Patch-Clamp Experiments. The bath was grounded via a bridge filled with NaCl
bath solution (see above). Borosilicate glass pipettes (8-14 MΩ pipette resistance;
GC150 TF-10, Clark Medical Instruments, Pangbourne, UK) manufactured by a
microprocessor-driven DMZ puller (Zeitz, Augsburg, Germany) were used in
combination with a STM electrical micromanipulator (Lang GmbH and Co KG,
Germany). Currents were recorded in fast whole-cell, voltage-clamp mode, and 3-kHz
low-pass-filtered by an EPC-9 amplifier (Heka, Lambrecht, Germany) using Pulse
software (Heka) and an ITC-16 Interface (Instrutech, Port Washington, NY, USA).
After giga-Ohm seal formation, the membrane was ruptured by additional suction.
The liquid junction potentials ΔE between the pipette and the bath solutions and
between the salt bridge and the bath solutions were estimated as described earlier (Barry
& Lynch, 1991). Data were corrected for the estimated ΔE values. Whole-cell currents
were evoked by 10 voltage pulses (400 ms each) from -30 mV holding potential to
voltages between -100 mV and +80 mV. Applied voltages refer to the cytoplasmic face
of the membrane with respect to the extracellular space. Inward currents, defined as
flow of positive charge from the extracellular to the cytoplasmic membrane face, are
negative currents and depicted as downward deflections of the original current traces.
Current values were analyzed by averaging the whole-cell currents between 350 and
375 ms of each square pulse.
Cells were recorded with a pipette solution containing (in mM) 80 KCl, 60 K-Dgluconate, 10 HEPES/KOH, 1 ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'tetraacetic acid (EGTA), 1 Mg-ATP, 1 MgCl2 (pH 7.2) and NaCl bath solution. The
open probability (nPo) of K+ channels was determined at 0 min voltage by subtracting
the averaged current value under control condition from that recorded thereafter in the
presence of ionomycin (10 µM). The ionomycin-stimulated current fraction was then
divided by the single channel current amplitude (for KCa3.1-/- erythrocytes, the
ionomycin-stimulated current fraction was divided by the mean single channel current
amplitude determined in wildtype erythrocytes).
Forward scatter. To assess Gardos K+ channel-mediated changes in erythrocyte
size/volume, KCa3.1-/- and wildtype erythrocytes were suspended in NaCl solution and
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forward scatter was recorded and analyzed by flow cytometry using a FACS-Calibur
(Becton and Dickinson, Heidelberg, Germany).
Cytosolic free Ca2+-concentration. For measurement of [Ca2+]i, control and
oxidized KCa3.1-/- and wildtype erythrocytes were washed in NaCl solution and then
loaded with Fluo3/AM (2 µM; Calbiochem; Bad Soden, Germany) in NaCl solution for
15 min at 37°C. Thereafter, cells were washed twice and resuspended in NaCl solution
and the Ca2+-dependent Fluo3 fluorescence intensity was measured in fluorescence
channel FL-1 (excitation at 488 nm, emission at 530 nm) and analyzed by geometrical
mean.
Break-down of the phospholipid asymmetry of the erythrocyte membrane.
Phosphatidylserine appearance in the outer membrane leaflet was determined by
annexin V-binding in flow cytometry. Control and oxidized KCa3.1-/- and wildtype
erythrocytes were washed and loaded for 20 min at 37°C with annexin V-fluos (1:500
dilution; Roche Diagnostics, Mannheim, Germany) in CaCl2 (5 mM)-containing NaCl
solution. After washing, annexin V fluorescence was determined by flow cytometry in
FL-1, and the percentage of annexinV-binding cells was determined.
Hemolysis. After incubation with α-toxin (10 HU/ml, for 90 min at 37°C), cells
were centrifuged at 400 g for 3 min and the supernatants were harvested. The
hemoglobin (Hb) concentration of the supernatant was determined photometrically at
405 nm. Erythrocyte lysis in distilled water was defined as 100% hemolysis.
Blood parameters. Erythrocyte number, packed cell volume, mean corpuscular
volume and blood hemoglobin concentration were determined using an electronic
hematology particle counter (type MDM 905 from Medical Diagnostics Marx;
Butzbach, Germany) equipped with a photometric unit for hemoglobin determination.
The gating was adjusted for the application on mouse erythrocytes.
Reticulocyte count. Whole blood (5 µl) was added to 1 ml Retic-COUNT
(Thiazole orange) reagent from Becton Dickinson. Samples were stained for 30 min at
room temperature and flow cytometry was performed according to the manufacturer’s
instructions. Forward scatter (FSC), side scatter (SSC), and thiazole orangefluorescence intensity (in FL-1) of the blood cells were determined. The number of
Retic-COUNT positive reticulocytes was expressed as the percentage of the total gated
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erythrocyte populations. Gating of erythrocytes was achieved by analysis of FSC vs.
SSC dot plots using CellQuest software.
Measurement of the osmotic resistance of erythrocytes. In a 96 well plate, 2 µl
erythrocyte pellets were exposed (2 min) to phosphate-buffered saline (PBS) solutions
of decreasing osmolarity as prepared by mixing PBS solution with a defined volume of
distilled water. After centrifugation (500 g for 5 min), the Hb concentration of the
supernatants was determined photometrically (at 405 nm) in an ELISA reader.

3.1.3 α-toxin from Staph. aureus
The gram-positive bacterium Staphylococcus aureus is a pathogen responsible for
community-acquired and nosocomial infections (Fournier & Philpott, 2005). S. aureus
often causes minor skin and wound infections after skin damages. However, it can also
cause severe diseases and thereby infect all organs. Among those are quite frequent
infections of the bones (osteomyelitis), the heart (endocartitis), and the lung
(pneumonia). In the worst case, the immune system cannot confine a S. aureus infection
to its focus so that bacteria spread. The consequence is a sepsis (septicemia) which can
lead to muli-organ failure and death (Fournier & Philpott, 2005). Definetely, S. aureus
is among the most common causes of bacterial infections in humans, producing a broad
spectrum of diseases. Along with Escherichia coli, it also heads the list of agents that
are responsible for hospital-acquired infections (Bhakdi & Tranum-Jensen, 1991). S.
aureus often colonizes hosts asymptomatically and lives as a commensal of the human
nose. The anterior nares are the major reservoir of S. aureus: 20% of persons are
persistently colonized and 60% are intermittent carriers, whereas 20% never carry S.
aureus (Kluytmans et al., 1997). S. aureus’ pathogenicity is due to the interaction of
toxins, exoenzymes, adhesins, and immune-modulating proteins (Fournier & Philpott,
2005). Besides enterotoxins causing gut infections and a typical self-limiting food
poisoning, four hemolytic toxins produced by Staph. aureus are known: α-, β-, γ- and δtoxin (Bhakdi & Tranum-Jensen, 1991).
The hemolysins were differentiated on the basis of their lytic activity for
different species of erythrocytes. Since they do not only act on erythrocytes but partly
preferably on other cells, the term "cytolytic toxin" defined as bacterial products
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capable of causing physical dissolution of a variety of cells in vitro (Rogolsky,
1979;Bernheimer & Rudy, 1986) was suggested. However, also this term does not
reflect the entire mechanism of action of all the toxins as, at least at low concentrations,
some toxins do not induce cell lysis but permeabilize the otherwise intact cells
(Thelestam & Mollby, 1975). Therefore, the term “membrane-demaging toxin”
(Rogolsky, 1979) seems to be more appropriate to describe α-, β-, γ- and δ -toxin.
α-toxin, a protein of defined amino acid composition (Wiseman, 1975), is most
intensely studied (Rogolsky, 1979). The α-toxin gene is located on the chromosome
(Brown & Pattee, 1980;Pattee, 1986). α-toxin abundance in S. aureus strains seems to
dependent on the coagulase-status of the strain which is used in clinical practise to
differentiate different strains (Bhakdi & Tranum-Jensen, 1991): While 20 coagulasepositive strains had the α-toxin gene, it was not detected in 30 coagulase-negative
strains (Bhakdi & Tranum-Jensen, 1991). Furthermore, many S. aureus isolates produce
only small amounts of α -toxin. Each toxin molecule contains two domains (α and β)
having affinity for each other (Bhakdi & Tranum-Jensen, 1991). During infection, tissue
damage is attributed to α-toxin. In clinical relevant situations, three target cells were
found: platelets (Siegel & COHEN, 1964), monocytes (Bhakdi et al., 1989), and
endothelial cells (Bhakdi & Tranum-Jensen, 1991). Especially the deleterious effect on
platelets is clinically relevant since they have an procoagulatory effect favouring
thrombosis (Bhakdi & Tranum-Jensen, 1991). Furthermore, α-toxin is hemolytic,
however the activity is 100 times higher on rabbit erythrocytes compared to human
erythrocytes (Bernheimer & Rudy, 1986;Rogolsky, 1979). Mouse erythrocytes display
intermediate sensitivity towards α-toxin, probably due to the presence of binding sites
of lower affinity (Bhakdi & Tranum-Jensen, 1991). The different sensitivity to α-toxin
might be explained by a lack of specific receptors for α-toxin or by a different
composition of membrane proteins and lipids compared to rabbit erythrocytes. In line
with this, a correlation of hemolytic activity and binding to the membrane is described
in an earlier study (Cassidy & Harshman, 1976b). Also, the rate of hemolysis is
proportional to the concentration of α-toxin (Bhakdi & Tranum-Jensen, 1991;Cassidy &
Harshman, 1976a). In some earlier studies, α-toxin is thought to function as an protease
hydrolyzing membrane proteins (Wiseman & Caird, 1972;Wiseman & Caird, 1970).
According to this theory, S. aureus secretes α-toxin as a proenzyme which needs to be
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activated by a membrane-bound enzyme. The different availability of this activating
enzyme in erythrocytes from different species might explain the different sensitivity to
α-toxin. In line with the “proteolysis” hypothesis, trypsin could also induce α-toxinbased proteolytic activity according to one study (Wiseman et al., 1975). Today, the
proteolytic mode of action is denied (Rogolsky, 1979;Freer et al., 1968). It is now
established that α-toxin is a pore-forming agent (Bhakdi & Tranum-Jensen,
1991;Belmonte et al., 1987;Forti & Menestrina, 1989) According to this model, α-toxin
binds in monomer form to membranes. Upon their subsequent collision during lateral
diffusion in the bilayer (Reichwein et al., 1987), α-toxin molecules oligomerize to form
noncovalently associated, stable hexameric protein complexes. This process is
associated with an exposure of lipid-binding domains, presumably resulting from
conformational changes (e.g., unfolding), that enable the hexamer to spontaneously
insert into the membrane. The hollow interior of the hexamer generates a hydrophilic
channel across the lipid bilayer (Bhakdi & Tranum-Jensen, 1991).
α-toxin initially binds to the erythrocyte membrane at specific sites (Cassidy &
Harshman, 1976b;Cassidy & Harshman, 1976a) leading to the release of K+ followed by
the release of hemoglobin and lysis (Bernheimer & Rudy, 1986). While binding to the
erythrocyte membrane, the membrane is segmentally separated (Klainer et al., 1972).
The chemical nature of the binding site and the kinetics of binding are still questionable.
In addition to specific binding at the membrane, α-toxin can absorb in a nonspecific
fashion to lipid bilayers (Bhakdi & Tranum-Jensen, 1991). Furthermore, it is cytotoxic
and cytolytic to a wide variety of cell types, also dermonecrotic and neurotoxic
(Rogolsky, 1979). The molecular mass varies from 26 to 39 kDa depending on the
method used for purification (Rogolsky, 1979). Toxin preparations can be transferred to
50 mM ammonium acetate and lyophilized. In this form, the protein is stable for years
at -20°C and for weeks at room temperature (Bhakdi & Tranum-Jensen, 1991).
The mean lethal dose of the toxin is approximately 30 µg/kg of body weight for
adult mice injected intraperitoneally (Rogolsky, 1979). Rabbits injected intravenously
with a minimal lethal dose die after a few days (Watanabe & Kato, 1974). The major
pathological finding was kidney necrosis usually accompanied by flaccid paralysis of
the hind legs. Larger doses produced respiratory difficulty, intermittent muscular
spasms, intravascular hemolysis, and death within minutes (Rogolsky, 1979).
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Due to its properties, α-toxin is an excellent tool for controlled permeabilization
of cell membranes. It is stable over a wide pH range and water-soluble. The
permeabilizing does not require special conditions (e.g. defined ionic composition).
Therefore, α-toxin is widely used as a biological tool (Ahnert-Hilger et al., 1985;Bader
et al., 1986;Bhakdi & Tranum-Jensen, 1991;Grant et al., 1987;Hohman et al., 1990).

3.1.4 In vivo experiments
For the evaluation of the kidney function, wildtype and KCa3.1-/- mice were placed
individually in metabolic cages (Techniplast, Hohenpeissenberg, Germany). They were
allowed to adapt to the metabolic cages for three days prior to the experiment. During this
time period, food and water intake, urinary flow rate, urinary excretion of salt, and body
weight were monitored every day to ascertain that the mice were adapted to the new
environment. Subsequently, 24 h urine and blood specimens (by retroorbital puncture)
were collected before and 48 h after a single i.v. injection of α- toxin (1,300 HU/kg body
weight in PBS). To assure quantitative urine collection, metabolic cages were siliconized
and urine was collected under water-saturated oil as described previously (Vallon, 2003).
Plasma and urinary concentrations of Na+ and K+ were measured by flame photometry
(AFM 5051, Eppendorf, Germany). Plasma and urinary creatinine concentrations were
measured using an enzymatic colorimetric method (Labor + Technik, Berlin, Germany).
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3.2 Regulation of erythrocyte survival by cGKI signaling
3.2.1 Mice
Experiments were performed with 3- to 10-week-old conventional cGKI knockout mice
(Wegener et al., 2002) carrying the L-null allele (cGKI ko mice, genotype: cGKIL-/L-)
and with 4- to 45-week-old cGKI smooth muscle rescue mice (Weber et al., 2007), in
which the expression of the cGKIα or cGKIβ isozyme was selectively restored in
smooth muscle but not in other cell types of cGKIL-/L- mice (SM-Iα or SM-Iβ rescue
mice, genotype: cGKIL-/L-;SM-Iα+/- or cGKIL-/L-;SM-Iβ+/-). As controls, litter- and
gender-matched mice with the following genotypes were used: For cGKI ko mice, wildtype (cGKI+/+) mice and heterozygous cGKI (cGKI+/L-) mutants were used, collectively
referred to as “ctr” in the text. For SM rescue mice, mice expressing endogenous cGKI
as well as the respective SM-Iα or SM-Iβ transgene (SM-Iα or SM-Iβ control mice,
genotype: cGKI+/L-;SM-Iα+/- or cGKI+/L-;SM-Iβ+/-) were used as controls, collectively
referred to as “ctr SM rescue” in the text. The results did not significantly differ
between male and female mice of the same genotype, between SM-Iα and SM-Iβ rescue
mice, between cGKI+/+ and cGKI+/L- control mice, and between SM-Iα and SM-Iβ
control mice. Therefore, data were pooled from both sexes, from SM-Iα and SM-Iβ
rescue mice, from cGKI+/+ and cGKI+/L- control mice, and from SM-Iα and SM-Iβ
control mice. All mice were on a 129/Sv genetic background. The targeted alleles were
established in the R1 embryonic stem cell line (Nagy et al., 1993), which was derived
from a (129X1/SvJ x 129S1) F1 3.5-day blastocyst. The mice have kindly been
provided by Susanne and Robert Feil, Interfakultäres Institut für Biochemie, University
of Tübingen.
Blood was retrieved either by puncture of the retroorbital venous plexus or, in
the case of sacrificed mice, by puncture of the heart, and collected in heparin- or EDTAcoated tubes. Bone marrow was obtained by rinsing the femur and the tibia with PBS.
Cells from the bone marrow and spleen were separated with Netwells (Corning) prior to
further analysis.
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3.2.2 Blood and plasma parameters
RBC number, HCT, MCV and hemoglobin concentration were determined using an
electronic hematology particle counter (type MDM 905 from Medical Diagnostics
Marx; Butzbach, Germany). These measurements were confirmed by the measurement
of the hematocrit by centrifugation at 15,000 g for 3 minutes, measuring the hemoglobin
concentration photometrically at 546 nm after adding 20 µl blood to 3 ml of a
hemoglobin transformation solution (Dr. Lange AG, Hegnau, Switzerland) and by
counting the RBCs manually after a 1:400 dilution with Heyem’s solution (Fluka,
Buchs, Switzerland) in a Neubauer chamber. Using the hematocrit, hemoglobin and
RBC count obtained this way, the MCV, MCH and MCHC were calculated. The RDW
was determined from images of blood smears taken with a CCD camera (Axiocam,
Zeiss, Deisenhofen, Germany) at a magnification of 400x (Axioskop, Zeiss). From 1829
to 3444 individual erythrocytes of each animal (n=3 to 4), the size was determined using
an image analyzing system (MCID, Ontario, Canada). The obtained standard deviations
and the means of the erythrocyte size were used to calculate the coefficient of variation
as a measure for the RDW. Relative reticulocyte numbers were determined using the
Retic-COUNT reagent (BD, Germany) according to the manufacturer’s instructions.
The plasma concentration of erythropoietin, haptoglobin, and transferrin were
determined using immunoassay kits according to the manufacturer’s instructions
(erythropoietin: R&D systems, Wiesbaden-Nordenstadt, Germany; others: Kamiya,
Seatlle, USA). Vitamin B12 and folate were determined by competitive immunoassays
according to clinical standards by Prof. Dr. Erwin Schleicher and Dr. Frank
Baumgartner, University of Tübingen.

3.2.3 Analysis of spleens
Single cell suspensions of freshly isolated spleens were stained for surface markers and
intracellular cytokines and analyzed by flow cytometry according to standard
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procedures. Antibodies to Ter119, CD41, CD3, CD4, CD8, B220, IL-2, IL-4, IL-10, IL17, IFN-γ, TNF, and appropriate isotype controls labeled with FITC or PE were
obtained from BD, Germany. Annexin V-FITC staining was performed using an
Apoptosis Detection Kit (BD). For intracellular cytokine staining, isolated splenocytes
were stimulated with PMA (15 ng/ml) and ionomycin (1.5 µg/ml) (both Sigma,
Germany) for 4 hours in the presence of Brefeldin A (Golgi Plug, BD). Cells were fixed
in 2% formaldehyde, washed and permeabilized with 0.5% Saponin/0.5% BSA and
incubated with the indicated antibodies. After washing, 50,000 or 100,000 events were
counted on a FACS Calibur (BD). For the investigation of the proliferative capacity of
splenocytes, 1x105 cells per well were cultured in medium or stimulated with LPS (1
µg/ml). Cell proliferation was examined by measuring DNA synthesis using
[3H]thymidine incorporation (1.25 µCi/ml) for 12 hours before harvesting and counting
using a MicroBeta device (Perkin Elmer, Germany). Except for the analysis of Ter119,
CD41, and annexin V, cells were treated with ammonium chloride to lyse the RBCs
before further experiments. The analysis of the spleens was performed by Susanne Feil
and Kamran Ghoreschi, University of Tübingen.

3.2.4 Western blot analysis
Erythroid cells were isolated from the bone marrow and peripheral blood by
immunomagnetic selection using magnetically-labeled anti-Ter119 MicroBeads and
magnetic cell sorting (MACS, Miltenyi Biotec) (Kina et al., 2000). Proteins were
separated on a SDS gel, transferred to a PVDF membrane and stained with a polyclonal
rabbit antiserum to cGKI (Feil et al., 2005b) or with an antibody against
thrombospondin-1 (TSP-1) (Lab Vision). As a positive control for both cGKI as well as
TSP-1 expression, platelet-rich plasma was also loaded. Western blot analysis was
performed by Susanne Feil, Interfakultäres Institut für Biochemie, University of
Tübingen.
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3.2.5 Analysis of phosphatidylserine exposure and intracellular Ca2+
in peripheral erythrocytes
Erythrocytes were washed two times in Ringer solution (in mM: 125 NaCl, 5 KCl, 1
MgSO4, 32 HEPES, 5 glucose, 1 CaCl2, pH = 7.4). Then, erythrocytes at a final
hematocrit of 0.4% were incubated in Ringer solution at 37°C in the absence or
presence of drugs as indicated. After incubation, FACS analysis was performed
essentially as described (Lang et al., 2003b). Cells were stained with annexin V fluos
(Roche, Mannheim, Germany) in Ringer containing 5 mM Ca2+ at a 1:500 dilution.
After 20 min, samples were measured by flow cytometry (FACS-Calibur). Annexin V
fluorescence intensity was measured in fluorescence channel FL-1. For intracellular
Ca2+ measurements, erythrocytes were loaded with fluo-3/AM in Ringer solution
containing 5 mM CaCl2 and 2 µM fluo-3/AM. The cells were incubated at 37°C for 20
min under shaking and washed twice. The fluo-3/AM-loaded erythrocytes were
resuspended in 200 µl Ringer solution. Then, Ca2+-dependent fluorescence intensity was
measured in FL-1.

3.2.6 Measurement of the clearance of fluorescence-labeled
erythrocytes in vivo
Erythrocytes (obtained from 200 µl blood) were fluorescence-labeled by staining the
cells with 5 µM carboxyfluorescein-diacetate-succinimidyl-ester (CFSE) (Molecular
Probes, Leiden, Netherlands) in PBS and incubated for 30 min at 37°C. After washing
twice in PBS containing 1% FCS, the pellet was resuspended in Ringer solution (37°C),
and 100 µl of the CFSE-labeled erythrocytes were injected into the tail vein of the
recipient mouse. After two days, blood was retrieved from the tail veins of the mice and
CFSE-dependent fluorescence intensity of the erythrocytes was measured in FL-1 as
described above. The percentage of CFSE-positive erythrocytes was calculated in % of
the total labeled fraction determined 5 min after injection.
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3.2.7 Measurement of erythrocyte flexibility and osmotic resistance
Freshly drawn blood (20 µl) was suspended in 2 ml PBS containing Dextran (MW
60000, Serva, Wallisellen, Switzerland) in amounts yielding a viscosity of 24.4 or 10.4
mPa*s (measured with a cone-plate viscosimeter, DVIII+ Rheometer, Brookfield
Engineering Laboratories INC, Middlebrow, MA, USA). The osmolarity of these
solutions was adjusted to 310 mosm/L. The red cell / test solution suspension was
transferred into a laser defractometer (Myrenne, Röttgen, Germany) and the percent
elongation of the erythrocytes was recorded at shear stresses between 0.31 and 61 s-1
(24.4 mPa*s solution) or 0.13 and 26 s-1 (10.4 mPa*s solution). For determination of the
osmotic resistance of erythrocytes, 1 µl blood was added to 200 µl of PBS solutions of
decreasing osmolarity. After centrifugation for 5 min at 500 g, the supernatant was
transferred to a 96 well plate and the absorption at 405 nm was determined as a measure
of hemolysis. Absorption in isoosmolar PBS was defined as 0% hemolysis and
absorption in pure distilled water was defined as 100% hemolysis. The measurements
using a laser defractometer were performed by Beat Schuler and Johannes Vogel,
University of Zürich, Switzerland.

3.2.8 Magnetic resonance imaging of spleen volume
Longitudinal magnetic resonance imaging (MRI) was performed with a dedicated 7
Tesla in vivo animal MRI system Clinscan (Bruker BioSpin, Ettlingen, Germany),
equipped with a 300 mT/m gradient system and operated by the software platform
Syngo (Siemens, Erlangen, Germany). After blood withdrawal via tail veins, mice were
anesthetized with 1.5-2% isoflurane (in 0.8 l/min oxygen) and placed inside the MR
scanner containing a 35 mm quadrature whole body mouse transmitter/receiver coil.
Respiration was recorded by an animal monitoring and gating system (SA Instruments,
Stony Brook, NY) to trigger MR image acquisition. A full 3D T2 weighted sequence
(TR: 3500 ms; TE: 355 ms; 3 averages) was acquired within 15-18 min, leading to an
image dataset with a field of view of 56 mm x 42 mm x 23 mm and a voxel size of 0.22
mm x 0.22 mm x 0.22 mm (matrix size: 256 x 192 x 104). Image analysis was
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performed with PMOD (PMOD Technologies Ltd., Zurich, Switzerland). Spleen
volumes were determined by following the spleen boundaries visible in transversal
sections of the MR images. To account for variations in spleen volume estimation,
every dataset was evaluated in triplicate, and averaged spleen volumes were used for
further calculations. MRI was performed by Martin Thunemann, Interfakultäres Institut
für Biochemie, University of Tübingen.

3.3 Study of PDK1-mediated regulation of suicidal death of
erythrocytes
3.3.1 Mice
Erythrocytes were drawn from the tail vein of PDK1 hypomorphic mice (pdk1hm) and
their wild type littermates (pdk1wt). The mice have kindly been provided by Dario Alessi,
Department of Biochemistry, University of Dundee, United Kingdom. The blood was
collected in PBS containing 2 mM EDTA. Generation and basic properties of those
mice have been described previously (Lawlor et al., 2002). Genotyping was made by
PCR on tail DNA using PDK1- and neo-R-specific primers. Mice had free access to
standard mouse diet (C1310, Altromin, Langen, Germany) and tap water.

3.3.2 Solutions
Erythrocytes were washed two times in Ringer solution. Then, erythrocytes were
incubated in Ringer solution at 37°C for different periods of time as indicated. Where
indicated, the cells were exposed to osmotic shock (addition of 300 mM sucrose on top
of isotonic Ringer), oxidative stress (addition of 100 µM tert-Butyl hydroperoxide [tBOOH]), Cl- removal (isosmotic replacement by gluconate), or 1 µM Ca2+ ionophore
ionomycin (all from SIGMA, Taufkirchen, Germany).
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3.3.3 FACS analysis
FACS analysis was performed essentially as described above. After incubation, cells
were washed in Ringer solution + 4 mM CaCl2. Erythrocytes were stained with annexin
V fluos (Roche, Mannheim, Germany) at a 1:500 dilution. After 15 min, samples were
measured by flow cytometric analysis. The relative reticulocyte numbers were also
determined as described above using Retic-COUNT (Thiazole orange) reagent from
Becton Dickinson.

3.3.4 Erythrocyte parameters
RBC number, hematocrit, hemoglobin concentration, MCV, MCHC, and MCH of
pdk1hm and pdk1wt mice were determined in 20 µl of full blood collected in EDTAcontaining tubes on a scil Vet abc animal blood counter (scil animal care company
GmbH, Viernheim, Germany) suitable for analysis of mice blood according to the
manufacturer’s instructions. The blood counter was kindly provided by Ulf Scheurlen,
Tierärztlicher Dienst, University of Tübingen.

3.3.5 Measurement of intracellular Ca2+
For intracellular Ca2+ measurements of erythrocytes, fluo-3/AM was utilized as
described above. For the quantification of the intracellular Ca2+ concentration,
erythrocytes were stained with fluo-3/AM in Ca2+-free Ringer solution containing 4 mM
EGTA, 2 µM fluo-3/AM, and 1 mM of the Ca2+-ATPase inhibitor sodium
orthovanadate (Sigma, Taufkirchen, Germany) at a hematocrit of 0.2% for 20 minutes at
37°C. After incubation, 100 µl of the suspensions were added to 2 ml of EGTA (4 mM)buffered and 1 mM sodium orthovanadate-containing Ringer solutions of defined free
Ca2+ concentrations (ranging from 1 nM to 300 µM) adjusted according to the
calculations by WEBMAXC Standard programme. Then, fluo3 fluorescence was
measured before and after a 10 min incubation with 10 µM of ionomycin in FL-1.
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Linear fitting was made in the range from 3 nM to 100 nM of the linear dependence of
fluo3 fluorescence on intracellular Ca2+ concentration.

3.3.6 Measurement of the in vivo clearance of fluorescence-labeled
erythrocytes
Erythrocytes from pdk1hm and pdk1wt mice were either left untreated or exposed to
oxidative stress (addition of 400 µM t-BOOH to Ringer solution and incubation for 30
min at 37°C). After incubation, erythrocytes were washed twice and then fluorescencelabeled by staining the cells with CFSE. The labeling solution was prepared by addition
of adequate amounts of a CFSE stock solution (10 mM in DMSO) to PBS to yield a
final concentration of 5 µM. Then, the cells were incubated with labeling solution for
30 min at 37°C under light protection. The cells were pelleted at 400 g for 5 min,
washed twice in PBS containing 1% FCS, and pelleted at 400 g for 5 min. The pellet
was then resuspended in fresh, prewarmed Ringer solution. The fluorescence-labeled
erythrocytes were injected in a volume of 100 µl intravenously into the same mice.
After the respective time periods, blood was taken from the injected mice and CFSEdependent fluorescence intensity of the erythrocytes was measured in FL-1 as
described above. The percentage of CFSE-positive erythrocytes was calculated in % of
the total erythrocyte number.

3.3.7 Statistics
Data are expressed as arithmetic means ± SEM, and statistical analysis was made by
ANOVA using Tukey´s test as post hoc test or unpaired t-test, as appropriate.
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3.4 Bacterial peptidoglycan induces cell death of erythrocytes

3.4.1 Erythrocytes, solutions, and chemicals
Experiments were performed at 37°C with isolated erythrocytes drawn from healthy
volunteers. The volunteers provided informed consent. The study has been approved by
the ethics committee of the University of Tübingen (184/2003V). In Ca2+-free Ringer, 1
mM CaCl2 was substituted for 1 mM EGTA.
Ultrapure (according to the manufacturer) soluble PGN from Staphylococcus
aureus (Invivogen, Tolouse, France) was used at concentrations ranging from 5 to 100
µg/ml. The preparation was made as previously described (Rosenthal & Dziarski,
1994b). Briefly, gram-positive bacteria grown in the presence of β-lactam antibiotics
secrete soluble polymeric PGN fragments (Barrett & Shockman, 1984;Fischer &
Tomasz, 1984;Keglevic et al., 1974;Mirelman et al., 1974). Isolation of this soluble
PGN includes (i) obtaining exponentially growing cells in enriched medium; (ii)
harvesting the cells and transferring them into synthetic medium; (iii) growing the cells
in the synthetic medium in the presence of penicillin; (iv) obtaining and concentrating
the PGN-containing supernatant; and (v) isolating and purifying soluble PGN from the
supernatant. The latter can be done by ion-exchange chromatography (Tynecka &
Ward, 1975), Sephadex gel filtration (Zeiger et al., 1982), or vancomycin affinity
chromatography (Dziarski, 1991). To test for purity, soluble PGN was analysed in 10%
SDS-PAGE after dissolving in water at a concentration of 1 mg/ml. Bovine serum
albumin (BSA; Carl Roth, Karlsruhe, Germany) was used as a positive control. The
samples (50 µg soluble PGN and 2 µg or 4 µg BSA) were mixed with 5X SDS gel
loading dye, heated at 95°C for 5 min and loaded onto the gel. The gel was stained with
Coomassie blue (Biorad, München, Germany) for 1 h and destained with 10% acetic
acid overnight. Fig 25A shows the purity of the preparation used in this study.
Ionomycin was used at a concentration of 1 µM. The final concentration of the solvent
DMSO was 0.1%.
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3.4.2 Light and fluorescence microscopy
After incubation, cells were washed in Ringer solution + 4 mM CaCl2. Erythrocytes
were stained with annexin V fluos at a 1:80 dilution. After 15 min, 10 µl of the cell
suspension were analysed under a Zeiss fluorescence microscope (IM35 Zeiss,
Oberkochen, Germany), and digital pictures were taken using a digital imaging system.

3.4.3 FACS analysis of annexin V-binding and forward scatter
Annexin V-binding of erythrocytes was quantified in FACS analysis as described
above.

3.4.4 Measurement of intracellular Ca2+
Intracellular Ca2+ measurements were performed as described above. As a positive
control for enhanced Ca2+ activity, fluo-3-labeled erythrocytes were incubated in Ringer
containing 5 mM CaCl2 and 1 µM ionomycin for 2 min.

3.4.5 Measurement of hemolysis
After 48 hours of incubation of PGN-treated (50 µg/ml and 100 µg/ml) and non-treated
erythrocytes at 37°C, the samples were centrifuged (3 min at 400 g, RT) and the
supernatants were harvested. As a measure of hemolysis, the hemoglobin (Hb)
concentrations of the supernatants were determined photometrically at 405 nm (n=4).

3.4.6 Determination of ceramide formation
To determine ceramide, a monoclonal antibody-based assay was used that had been
validated by other groups before (Bieberich et al., 2003;Grassme et al., 2002). After
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incubation, cells were stained for 1 hour at 37°C with 1 µg/ml anti-ceramide antibody
(clone MID 15B4; Alexis, Grünberg, Germany) in PBS containing 0.1% BSA at a
dilution of 1:5. After two washing steps with PBS-BSA, cells were stained for 30
minutes with polyclonal FITC-conjugated goat anti-mouse IgG and IgM specific
antibody (Pharmingen, Hamburg, Germany) diluted 1:50 in PBS-BSA. Unbound
secondary antibody was removed by repeated washing with PBS-BSA. Samples were
then analysed by flow cytometric analysis on a FACS-Calibur in FL-1.

3.4.7 Determination of the intracellular ATP concentration
90 µl of erythrocyte pellet were incubated for 48 h at 37 °C in Ringer solution with or
without 100 µg/ml PGN (final hematocrit 5%). All manipulations were then performed
at 4°C to avoid ATP degradation. Cells were lysed in distilled water, and proteins were
precipitated by addition of HClO4 (5%). After centrifugation, an aliquot of the
supernatant (400 µl) was adjusted to pH 7.7 by addition of saturated KHCO3 solution.
After dilution of the supernatant, the ATP concentration of the aliquots was determined
utilizing the luciferin–luciferase assay kit (Roche Diagnostics) on a luminometer
(Berthold Biolumat LB9500, Bad Wildbad, Germany) according to the manufacturer's
protocol. ATP concentrations are expressed as mmol/l packed erythrocyte volume.

3.4.8 Measurement of the in vivo clearance of fluorescence-labeled
erythrocytes
Erythrocytes from wildtype mice were either left untreated or exposed to 100 µg/ml
PGN for 24 hours at 37°C. After incubation, erythrocytes were washed, fluorescencelabeled twice by staining the cells with CFSE and measured on a FACS Calibur as
described above. The percentage of CFSE-positive erythrocytes was calculated in % of
the total erythrocyte number.

3.4.9 Statistics
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Data are expressed as arithmetic means ± SEM, and statistical analysis was made by
unpaired t-test or ANOVA using Tukey’s test as post hoc test, as appropriate.
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4 Results
4.1 Investigation of the impact of the Gardos channel on
survival of erythrocytes
Erythrocytic Gardos channels are thought to be encoded by the KCNN4 gene. To
directly test this assumption, whole-cell currents were recorded in erythrocytes from
KCa3.1-/- and wildtype mice with KCl/K-gluconate solution in the pipette and NaCl
Ringer solution in the bath. Records were obtained before and after Ca2+-permeabilizing
of the erythrocyte membrane by addition of ionomycin (10 µM) to the bath solution. In
wildtype but not in KCa3.1-/- erythrocytes, ionomycin stimulated sparse channelmediated current transitions (Figure 1A) that superimposed the very low resting
erythrocyte whole-cell currents (Figure 1A, insert). The ionomycin-stimulated channels
generated outward current transitions, which were apparent at voltages of ≥-40 mV
(Figure 1B). Extrapolation of the mean current-voltage (I-V) relationship of the unitary
channel transitions (Figure 1C) indicated a reversal potential at K+ electrochemical
equilibrium and, thus, a K+ selectivity of the channels. The slope of the I-V curve (as
calculated by linear regression between -20 mV and +50 mV) suggested a small unitary
conductance of 10 ± 3 pS of the K+ channels (n = 4; Figure 1C).
The ionomycin-stimulated channel activity of the wildtype erythrocytes was
very variable between the individual cells but significantly different from 0 (p = 0.03;
two-tailed one-sample t-test; Figure 1D, open circles). The observed low mean open
probability (nPo; n = number of active channels and Po = mean open probability of the
individual channels) in the range of 3 (n = 10; Fig 1D) of the Ca2+-permeabilized
wildtype erythrocytes hinted to a low number of functional channels per cell. In KCa3.1/-

erythrocytes (n = 8), in contrast, ionomycin did not increase outward currents which

were significantly different from zero (p = 0.8; two-tailed one-sample t-test; Figure 1D,
closed triangles) indicative of absent K+ channel activity. Taken together, the data
suggest that KCNN4 encodes the intermediate conductance Ca2+-activated K+ channel
KCa3.1 in mouse erythrocytes. In addition, the data further suggest that KCa3.1 is the
only Ca2+-activated K+ channel subtype expressed by murine erythrocytes.
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Figure 1. Erythrocytes from KCa3.1-/- mice lack Gardos K+ channels. (A) Whole-cell current tracings recorded
with KCl/K-gluconate pipette and NaCl bath solution from a wildtype (upper line) and a KCa3.1-/- erythrocyte (lower
line) during voltage square pulses from -30 mV holding potential to +60 mV. Records were obtained prior to (left)
and upon stimulation with Ca2+ ionophore (10 µM ionomycin; right). The insert shows the whole-cell currents of the
ionomycin-stimulated wildtype cell at 10 different test voltages between -100 mV and +80 mV in lower
magnification. Note the outward current transitions, which overlay the whole-cell current and which reflect the
activity of individual channels (closed channel state is indicated by red line; the states of increasing number of
simultaneously open channels by black lines). (B) Dependence of the single channel currents on voltage. Whole-cell
current tracings recorded as in (A, upper line) from an ionomycin-stimulated wildtype cell at different voltages (as
indicated). (C) Mean current voltage relationship (± SE; n=4) of single channels recorded as in (A, B) in wildtype
erythrocytes. (D) Open probability (nPo; with Po = mean open probability and n = unknown number of active
channels) as recorded in (A) in wildtype erythrocytes (open circles; n=10) and KCa3.1-/- erythrocytes (closed triangles;
n=8) #: significant (p ≤ 0.05) and n.s.: not significantly different from 0, two-tailed one-sample t-test; *: p ≤ 0.05;
two-tailed Welch-corrected t-test.

Blood parameters, such as erythrocyte number, Hb, HCT, MCV, MCH, MCHC,
reticulocyte number, or the osmotic resistance of erythrocytes were not significantly
different between wildtype and KCa3.1-/- mice (Fig 2). Thus, Gardos K+ channel
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deficiency per se does not appear to influence hematopoesis nor to shorten mouse
erythrocyte lifetime under normal, i.e., non-pathophysiological conditions.

Figure 2. Blood parameters, reticulocyte number and the osmotic resistance of erythrocytes are similar in
wildtype and KCa3.1-/- mice. Blood parameters, reticulocyte number and the osmotic resistance of erythrocytes of
wild type (open bars) and KCa3.1-/- mice (closed bars). Data are means ± SE (n = 5-8).

To estimate the functional relevance of the Ca2+-stimulated small conductance
K+ channels for Ca2+-induced erythrocyte shrinkage, the forward scatter of wildtype and
KCa3.1-/- erythrocytes as a measure of erythrocyte size were recorded by flow cytometry.
Ionomycin (1 µM) stimulated a decrease of forward scatter in wildtype but not in
KCa3.1-/-erythrocytes incubated in NaCl solution (Figure 3A,B). The slope of forward
scatter decline as calculated for the first 5 min of ionomycin stimulation by linear
regression was significantly higher in wildtype than in KCa3.1-/- erythrocytes. Moreover,
the slope of KCa3.1-/- erythrocytes was not different from zero indicating that KCa3.1-/cells completely lack Ca2+-stimulated K+ channels and the Gardos effect (Figure 3C).
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Figure 3. KCa3.1-/- erythrocytes lack the Gardos effect. (A) Histograms showing the forward scatter in flow
cytometry 0.1 min (red line) and 5 min (black line) after addition of ionomycin (1 µM) to wildtype (left) and KCa3.1-/erythrocytes (right) suspended in NaCl solution. (B) Time course of ionomycin (1 µM)-stimulated changes in mean
forward scatter (± SE; n = 4 mice) of wildtype (open circles) and KCa3.1-/- erythrocytes (closed triangles). The
forward scatter was determined as in (A), ionomycin was added at time 0 min. (C) Mean slope (± SE; n = 4) of
ionomycin-induced forward scatter decline in wildtype (open bar) and KCa3.1-/- erythrocytes (closed bar; ***: p ≤
0.001, two-tailed Welch-corrected t-test).

The suicidal death program of erythrocytes, eryptosis, is thought to prevent
colloid osmotic hemolysis of injured erythrocytes. Erythrocyte shrinkage extends the
survival of the dying erythrocyte and breakdown of the phospholipid asymmetry fosters
its recognition and clearance by phagocytes (Lang et al., 2005a). To define the KCa3.1
channel function for the Ca2+-induced suicidal death program, wildtype and KCa3.1-/erythrocytes were subjected to oxidative stress which reportedly activates Ca2+permeable cation channels in erythrocytes (Duranton et al., 2002). To assess suicidal
erythrocyte death, the cytosolic free Ca2+ ([Ca2+]i) concentration and breakdown of the
phospholipid asymmetry were assessed in flow cytometry by the use of the Ca2+-
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sensitive dye fluo3, and phosphatidylserine-binding of a fluorescent annexin V protein,
respectively. In non-oxidized wildtype erythrocytes, the fluo3 fluorescence intensity
was not significantly higher than in non-oxidized KCa3.1-/- cells (Figure 4A, top and
Figure 4B, 1st and 2nd bars) suggesting similar steady state [Ca2+]i in both genotypes.
Oxidative stress was followed by an almost tripling of the fluo3 fluorescence in
wildtype erythrocytes (Figure 4A, bottom and Figure 4B, open bars) but had a
significantly smaller effect in KCa3.1-/- cells (Figure 4B, closed bars).
Annexin V-binding in flow cytometry demonstrated break-down of the
membrane phospholipid asymmetry in only about 1% of non-oxidized wildtype and
KCa3.1-/- erythrocytes incubated in NaCl solution (Figure 4D, 1st and 2nd bar). Oxidation
in NaCl solution stimulated a dramatic increase in the percentage of annexin V-binding
cells in wildtype erythrocytes (Figure 4C, top and Figure 4D, 1st and 3rd bar) while
having far less effect in KCa3.1-/- cells (Figure 4D, 2nd and 4th bar). To test whether this
difference is due to Gardos-mediated membrane hyperpolarization and subsequent
erythrocyte shrinkage, cells were oxidized in KCl solution. This condition sets the K+
electrochemical equilibrium to 0 mV and, thus, prevents Gardos K+ channel-mediated
membrane hyperpolarization. As compared to NaCl solution, oxidation in KCl solution
decreased the percentage of annexin V-binding wildtype and increased the percentage
of annexin-binding KCa3.1-/- erythrocytes, respectively, and, most importantly, abolished
the difference in oxidation-stimulated annexin V-binding between the genotypes (Figure
4C, bottom and Figure 4D, 5th and 6th bar). Taken together, the data suggest that Gardos
K+ channel-mediated membrane hyperpolarization and/or erythrocyte shrinkage
facilitate oxidative stress-induced Ca2+ entry and subsequent break-down of the
phospholipid asymmetry and, thus, contribute to the oxidative stress-triggered suicidal
death program. As a consequence, suicidal erythrocyte death was impaired in KCa3.1-/erythrocytes.
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Figure 4. KCa3.1-/- erythrocytes execute an incomplete suicidal death program. (A). Histograms showing Ca2+specific fluo3 fluorescence intensity of wildtype (black line) and K Ca3.1-/- erythrocytes (red line) as recorded by flow
cytometry in the absence (left) and presence of oxidative stress (0.1 mM tert-butylhydroperoxide, t-BHP, for 45 min;
right). (B) Mean fluo3 fluorescence intensity (± SE; n = 8) of wildtype (open bars) and KCa3.1-/- erythrocytes (closed
bars) incubated as in (A) under control conditions (1st and 2nd bar) or after oxidative stress (3rd and 4th bar). (C)
Histogram of annexin V-binding to oxidized (0.1 mM t-BHP for 45 min) wildtype (black line) and KCa3.1-/erythrocytes (red line) incubated in NaCl (left) or KCl solution (right). (D) Mean percentage (± SE; n = 5-9) of
annexin V-binding wildtype (open bars) and KCa3.1-/- erythrocytes (closed bars) incubated (45 min at 37°C) in the
absence (1st and 2nd bar) or presence of oxidative stress (3rd to 6th bar) in NaCl (1st to 4th bar) or KCl solution (5th and
6th bar; ***: p ≤ 0.001, n.s.: not significantly different, ANOVA).

To test whether this impairment promotes colloid osmotic hemolysis in vitro,
wildtype and KCa3.1-/- erythrocytes were treated with α-toxin from Staphylococcus
aureus forming a beta barrel pore in the erythrocyte membrane (Song et al., 1996). The
results were highly variable between the individual experiments. On average, α-toxin
(10 HU/ml in NaCl solution) hemolyzed 40% of the wildtype cells but more than 70%
of the KCa3.1-/- erythrocytes within 90 min of incubation at 37°C (Figure 5A).
Normalization of the α-toxin effect to the hemolysis of the KCa3.1-/- erythrocytes
indicated a significantly higher hemolysis of KCa3.1-/- than wildtype erythrocytes
(Figure 5B) indicating that the Gardos effect indeed delays hemolysis in vitro.
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Figure 5. KCa3.1-/- erythrocytes are prone to hemolyse in vitro upon challenge with S. aureus α-toxin. Mean
percentage of hemolyzed cells (A) and (B) mean normalized hemolysis (± SE; n = 12) of wildtype (open bars) and
KCa3.1-/- erythrocytes (closed bars) incubated for 90 min in the absence (1st and 2nd bar) and presence (3rd and 4th bar)
of α-toxin (10 HU/ml; ***: p ≤ 0.001, ANOVA).

To identify a potential functional significance of the Gardos effect for S. aureus
infections in vivo, food and water intake, body weight, urinary flow rate, plasma Na+
and K+ concentrations, urinary Na+ and K+ excretion, and creatinin clearance were
determined in wildtype and KCa3.1-/- mice before and 48h after a single i.v. injection of
α-toxin (1,300 HU/kg body weight). As shown in Table 1, α-toxin significantly
increased plasma K+ concentrations most probably due to hemolysis-mediated release of
erythrocytic K+ into the plasma. This was accompanied by a significant decrease of the
creatinine clearance in KCa3.1-/- but not in wildtype mice. Moreover, α-toxin-treated
KCa3.1-/- mice exhibited a significant lower urinary output and urinary K+ excretion than
α-toxin-treated wildtype mice (Table 1). Taken together, the data indicate that α-toxin
induced acute renal failure in KCa3.1-/- but not in wildtype mice.
Table 1. Metabolic parameters prior to and following α-toxin treatment. Means ± SE (n=4-6) of body weight,
food and fluid intake, hematocrit, plasma Na+ and K+ concentrations, renal excretion of Na+, K+, and creatinine clearance
in KCa3.1-/- mice and their wild type littermates prior to and after 48 hours of α-toxin treatment (single i.v. injection of
1,300 HU/kg body weight; * indicates significant difference (p ≤ 0.05, two-tailed t-test) from wild type mice, #
indicates significant difference (p ≤ 0.05, paired two-tailed t-test) between control and treatment with α-toxin.

KCa3.1-/-

wild type

Body weight (g)

control

treatment

control

treatment

25.11 ± 1.5

21.1 ± 1.3

25.76 ± 2.0

25.3 ± 1.6
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Food intake (g/24h )

4.11 ± 0.3

3.64 ± 0.3

4.40 ± 0.2

4.3 ± 0.3

Fluid intake (ml/24h)

5.73 ± 0.4

5.26 ± 0.3

5.82 ± 0.3

5.15 ± 0.3

urinary output (ml/24 h) 0.87 ± 0.3

1.17 ± 0.3

0.63 ± 0.1

0.36 ± 0.1*

[Na+]plasma (mM)

125.8 ± 3

132 ± 3

127.6 ± 2

133.2 ± 2

[K+]plasma (mM)

3.64 ± 0.1

5.35 ± 0.7 #

3.56 ± 0.2

4.84 ± 0.5 #

218.2 ± 18

284.7 ± 75

99 ± 34* #

excretion 28.55 ± 13

30.3 ± 11

30.8 ± 8.7

32.6 ± 13

excretion 341.7 ± 74

520 ± 79

396.7 ± 61

269 ± 74 *

24h-creatinine clearance 253.7 ± 101
(µl/min)
urinary

Na+

(µmol/24h)
urinary

K+

(µmol/24h)
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4.2 Regulation of erythrocyte survival by cGKI signaling
The analysis of peripheral blood showed significant erythrocyte abnormalities in
conventional cGKI knockout (ko) mice as compared to litter-matched control (ctr) mice.
The RBC counts, HCT, and Hb concentration were significantly smaller in 10-week-old
cGKI ko than in ctr mice (Figure 6A). The difference was larger for the erythrocyte
number (≈52%) than for packed cell volume (≈33%) and hemoglobin (≈31%).
Accordingly, MCV and MCH of erythrocytes were higher in 10-week-old cGKI ko than in
ctr mice, whereas MCHC was not altered.
In theory, the anemia could have resulted from decreased erythrocyte formation,
which should be reflected by a decreased number of reticulocytes. However, the
reticulocyte number was higher in cGKI ko than in ctr mice (Figure 6B). Consistent with
reticulocytosis, RDW was increased in cGKI ko mice (Figure 6A). Thus, the anemia could
not be explained by decreased formation of erythrocytes. The increased reticulocyte
number in cGKI ko mice could have resulted from enhanced stimulation of erythropoiesis
by erythropoietin. As illustrated in Figure 6C, the plasma erythropoietin concentration was
indeed about twofold higher in cGKI ko than in ctr mice. Increased reticulocyte and
erythropoietin levels could be indicative of hemolytic anemia in cGKI ko mice. To explore
this possibility, the plasma concentration of haptoglobin was determined. The haptoglobin
concentration in anemic cGKI ko mice was similar to control mice (in mg/ml, cGKI ko
0.11 ± 0.02, n=8; ctr 0.12 ± 0.03, n=11) excluding a hemolytic anemia. Moreover, iron
deficiency due to chronic bleeding or impaired iron absorption are unlikely, since plasma
transferrin levels were not significantly different between genotypes (in mg/ml, cGKI ko
1.17 ± 0.05, n=8; ctr 1.37 ± 0.08, n=7) and the erythrocytes of cGKI ko mice were not
microcytic (Figure 6A).
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Figure 6. Anemia in cGKI-deficient mice. Circulating blood of 10-week-old control (ctr, open bars) and cGKI ko (ko,
black bars) mice was analysed. (A) Counts of RBC, HCT, Hb concentration, MCV, MCH, MCHC, and RDW. The
data shown were obtained from a litter-matched group of mice (n=3-4) and are representative for at least three
experiments with independent groups of animals. (B) Representative histogram of Retic count fluorescence (left
panel) and reticulocyte number (right panel, n=8). The first and the second peak correspond to cell populations with
low and high staining intensity, respectively. (C) Plasma erythropoietin concentration (n=4). * and ** indicate
significant differences between genotypes with p<0.05 and p<0.01, respectively. The genotypes of the ctr mice were
cGKI+/+ or cGKI+/L-.

Anemia of cGKI-deficient mice was associated with severe splenomegaly. Based
on the organ/body weight ratio, 10-week-old cGKI ko mice had ≈3-fold larger spleens than
control mice, whereas the size of the heart and kidneys was normal (Figure 7A,B).
Analysis of individual animals revealed that splenomegaly was evident in most cGKI ko
mice aged 8 to 10 weeks (Figure 7C). It is important to note that conventional cGKI ko
mice have a severe smooth muscle (SM) phenotype, which causes premature death of
≈50% of the mutant animals by 6 weeks of age, presumably due to gastrointestinal
dysfunction (Wegener et al., 2002;Pfeifer et al., 1998). In line with their increased MCV
(Figure 6A), 10-week-old cGKI ko animals tended to have lower plasma levels of vitamin
B12 (in ng/dl, cGKI ko 1770 ± 318, n=3; ctr 2718 ± 252, n=5, P=0.08) and folic acid (in
ng/dl, cGKI ko 6981 ± 1001, n=3; ctr 9373 ± 848, n=5, P=0.13), but the differences did
not reach statistical significance. Vitamin B12 and folic acid deficiency of conventional
cGKI ko mice could be due to gastrointestinal malabsorption. To estimate the potential
contribution of SM dysfunction and poor health status to anemia and splenomegaly of
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cGKI ko mice, another cGKI-deficient mouse model, the so-called cGKI SM rescue
mouse (Weber et al., 2007), was analysed. In cGKI SM rescue mice, expression of cGKI
has been restored selectively in SM cells but not in other cell types resulting in the rescue
of SM dysfunction and a dramatic extension of life span to more than one year (Weber et
al., 2007). Thus, cGKI SM rescue mice are a useful genetic model to study the role of
cGKI in non-SM cells of relatively “healthy” mice.

Figure 7. Splenomegaly associated with increased erythroid cell mass in cGKI-deficient mice. (A) Spleens and
(B) organ/body weight (bw) ratios of 10-week-old ctr (open bars) and ko (black bars) mice (**, P<0.01). The data
shown were obtained from a litter-matched group of mice (n=3-4) and are representative for at least three
experiments with independent groups of animals. (C) Spleen/bw ratios of individual mice at various ages. The
diagram includes conventional ko mice (black boxes) and their ctr littermates (open boxes) as well as cGKI SM
rescue mice (black triangles) and their controls (ctr SM rescue, open triangles). (D) Representative flow-cytometric
quantification of Ter119+ spleen cells isolated from a 42-week-old cGKI SM rescue mouse and a litter-matched
control mouse. The first and the second peak correspond to cell populations with low and high staining intensity,
respectively. The genotypes of ctr mice were cGKI+/+ or cGKI+/L-. The genotypes of ctr SM rescue mice were
cGKI+/L-;SM-Iα+/- or cGKI+/L-;SM-Iβ+/-. The experiments presented in this figure have been performed by members
of Robert Feil’s group, Interfakultäres Institut für Biochemie, University of Tübingen.

Similar to conventional cGKI ko mice, 10-week-old cGKI SM rescue mice
suffered from anemia and splenomegaly (Figure 8). Their hematological phenotype was
similar to that of the conventional cGKI ko mice. However, as compared to litter-matched
control mice (referred to as “ctr SM rescue”) their MCV and MCH was only moderately
increased and their RDW was not altered (Figure 8).
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Figure 8. Anemia and splenomegaly in 10-week-old cGKI SM rescue mice (SM rescue, black bars) as
compared to their control littermates (ctr SM rescue, open bars). Left diagram, counts of RBC, HCT, HGB
concentration, MCV, MCH, MCHC, and RDW. Right diagram, spleen/body weight (bw) ratios. The data were
obtained from a litter-matched group of mice (n=4-5). *, ** and *** indicate significant differences between
genotypes with p<0.05, p<0.01 and p<0.001, respectively. The genotypes of the ctr SM rescue mice were cGKI+/L;SM-Iα+/- or cGKI+/L-;SM-Iβ+/-. The experiments presented in this figure have been performed by members of Robert
Feil’s group, Interfakultäres Institut für Biochemie, University of Tübingen.

“Older” cGKI SM rescue mice (16- to 45-week-old) were also anemic (RBC in
106/µl, SM rescue 7.3 ± 0.3, n=19; ctr SM rescue 9.8 ± 0.2, n=29; P<0.001) and showed
massive splenomegaly at all ages analysed (Figure 7C). Their plasma levels of vitamin
B12 (in ng/dl, SM rescue 2215 ± 244, n=4; ctr SM rescue 2573 ± 101, n=6) and folic acid
(in ng/dl, SM rescue 15826 ± 2477, n=4; ctr SM rescue 15620 ± 1341, n=6), however,
were not decreased. Thus, anemia and splenomegaly of the SM rescue mice were not due
to SM dysfunction, potential malabsorption, or poor health.
Further experiments were performed to elucidate characteristics of the cells that
apparently accumulated in the enlarged spleens of cGKI-deficient mice. Freshly prepared
splenocytes were stained with an antibody against Ter119, a marker of late-stage murine
erythroid cells and mature erythrocytes (Kina et al., 2000) and with annexin V to examine
the externalization of PS indicative of suicidal cell death. Flow-cytometric analysis showed
that cGKI SM rescue mice had, proportionally, ≈96% more Ter119+ splenocytes than ctr
SM rescue mice (Figure 7D, Table 2). When corrected for the increased spleen size in
cGKI mutants, this reflects a ≈6-fold increase in spleen erythroid cell mass. Annexin Vbinding indicated that Ter119+ splenocytes of cGKI-deficient animals contained,
proportionally, twice as much PS-exposing cells than control mice (percentage of PSexposing / total erythroid cells, SM rescue ≈20%, ctr SM rescue ≈9%), whereas
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nonerythroid cells showed no significant difference in the level of annexin V-labeled cells
between genotypes (Table 2). Immunophenotyping for marker proteins revealed that the
relative proportion of splenic CD41+ megakaryocytes (Tiedt et al., 2007), CD4+ T cells,
CD8+ T cells, and B220+ B cells as well as the proliferative activity of the splenocytes in
the absence and presence of lipopolysaccharide (LPS) were similar in control and cGKI
SM rescue animals (Table 2). Moreover, the analysis of splenocytes for intracellular and
secreted cytokines did not reveal altered levels of pro-inflammatory (IL-2, IL-17, IFN-γ,
TNF) or anti-inflammatory (IL-4, IL-10) mediators in the spleens of cGKI mutants
compared to controls (data not shown). Similar results were obtained with spleens of 10week-old conventional cGKI ko mice; they contained about twice as many eryptotic
erythroid cells as their litter-matched controls (percentage of PS-exposing / total erythroid
cells, ko 20 ± 3%, n=3; ctr 8 ± 2%, n=4; P<0.05), whereas the nonerythroid cells of cGKI
ko mice showed no significant abnormalities according to the parameters listed in Table 2
(data not shown). Thus, increased spleen size of the cGKI-deficient mice was not due to an
increase in nonerythroid cells including lymphocytes, but was caused, at least in large part,
by an increased number of eryptotic erythrocytes.

Table 2. Analysis of the cell populations derived from the spleens of cGKI SM rescue mice. The experiments
presented in this table have been performed by members of Robert Feil’s group, Interfakultäres Institut für
Biochemie, University of Tübingen.

Erythroid cells, %
(Ter119+ / total splenocytes)
Apoptotic erythroid cells, %
(Ter119+ & annexin V+ / total splenocytes)
Apoptotic nonerythroid cells, %
(Ter119- & annexin V+ / total splenocytes)
CD41+ megakaryocytes, %
CD4+ T cells, %
CD8+ T cells, %
B220+ B cells, %
3
H-thymidine incorporation
basal, cpm
LPS (1 µg/ml), cpm
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Ctr
SM rescue

SM rescue

28 ± 3.6

55 ± 6.5*

2.5 ± 0.4

11 ± 0.7*

27 ± 6.5

20 ± 3.5

10 ± 4.0
31 ± 5.8
9.1 ± 1.4
35 ± 4.1

7.9 ± 2.0
24 ± 4.9
6.1 ± 1.4
30 ± 6.1

448 ± 95
377 ± 109
6563 ± 1688 4781 ± 1854

All data are means ± SEM (n = 3-5 mice). 34- to 45-week-old cGKI SM
rescue mice and their control littermates (genotype: cGKI+/L-; SM-Iα+/- or
cGKI+/L-;SM-Iβ+/-) were analysed. Statistical test results are reported as P
value by t test. *, p<0.05 vs. ctr SM rescue.

The accumulation of erythrocytes in the spleens of cGKI-deficient animals could
be linked to their higher sensitivity to eryptosis. Therefore, it was explored whether cGKI
signaling plays a role in eryptosis. Western blot analysis showed that cGKI protein is
present in both erythroid cells from the bone marrow as well as in peripheral
erythrocytes (Figure 9). To exclude a potential contamination of the erythroid cells with
platelets containing high levels of cGKI (Feil et al., 2003;Hofmann et al., 2006), the
same membranes were stained for the platelet marker thrombospondin-1 (TSP-1). While
TSP-1 was readily detected in platelet-rich plasma, it was not present in erythroid cell
preparations used for Western analysis, thus, excluding a contamination with platelets
(Figure 9).

Figure 9. Expression of cGKI in murine erythroid cells. Western blot analysis of cGKI expression in erythroid cells
from a 26-week-old wild-type mouse. Protein extracts of platelet-rich plasma (5 µg) and of Ter119+ erythroid cells
isolated from peripheral blood (30 µg) or bone marrow (30 µg) were stained with an antiserum raised against cGKI
(lower panel) or thrombospondin-1 (TSP-1, upper panel). The experiments presented in this figure have been
performed by members of Robert Feil’s group, Interfakultäres Institut für Biochemie, University of Tübingen.

Further evidence for cGKI activity in erythrocytes came from the functional
analysis of erythrocytes retrieved from ctr and cGKI ko mice. Eryptosis was monitored
by flow cytometry utilizing annexin V-binding to PS-exposing cells. The membranepermeable cGMP analog, 8-Br-cGMP, suppressed ionomycin-induced eryptosis in ctr
but not in cGKI ko erythrocytes indicating that activation of the cGMP/cGKI signaling
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pathway protects from erythrocyte death (Figure 10A). Accordingly, erythrocytes from
cGKI ko mice showed a significantly higher percentage of PS-exposing erythrocytes than
ctr mice following a 48 hours incubation in Ringer solution at 37°C (Figure 10B).
Externalization of PS is stimulated by increased cytosolic Ca2+ concentration (Lang et al.,
2003b). The determination of the intracellular Ca2+ concentrations using fluo3 showed that
the cytosolic Ca2+ concentration was indeed significantly higher in cGKI ko erythrocytes
than in ctr cells (Figure 10C).

Figure 10. Inrceased eryptosis and intracellular Ca2+ level in cGKI-deficient (ko, black bars) erythrocytes as
compared to control (ctr, open bars) erythrocytes. (A) Effect of cGMP on eryptosis. PS exposure of ctr and ko
erythrocytes was determined by annexin V-binding after a 30 min incubation with the Ca2+ ionophore ionomycin (0.1
µM) at 37°C. Before addition of ionomycin, cells were preincubated for 30 min with the guanylyl cyclase inhibitor
methylene blue (20 µM) followed by additional 60 min in the absence (-) or presence (+) of 1 mM 8-bromo-cGMP
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(n=11-12; *, P<0.05). (B) Surface exposure of PS as determined by annexin V-binding and (C) measurement of
intracellular Ca2+ by fluo3 fluorescence in ctr and ko erythrocytes after incubation in Ringer solution at 37°C for 48
hours. The respective left panel shows a representative flow cytometric histogram and the right panel shows the
statistical analysis (n=12; ***, p<0.001). The first and the second peak correspond to cell populations with low and
high staining intensity, respectively. Erythrocytes were isolated from 10-week-old cGKI knockout mice and their
litter-matched controls. The genotypes of the ctr mice were cGKI+/+ or cGKI+/L-.

Similar results were obtained with erythrocytes isolated from cGKI SM rescue
mice, i.e. these erythrocytes displayed significantly enhanced cytosolic Ca2+ and eryptosis
as compared to the respective control erythrocytes (Figure 11).

Figure 11. Increased eryptosis and intracellular Ca2+ level in erythrocytes isolated from 10-week-old cGKI SM
rescue mice (SM rescue) as compared to their control littermates (ctr SM rescue). (A) Surface exposure of PS as
determined by annexin V-binding and (B) measurement of intracellular Ca2+ by fluo3 fluorescence after incubation in
Ringer solution at 37°C for 48 hours (n=5-6; *, p<0.05). The genotypes of the ctr SM rescue mice were cGKI+/L-;SMIα+/- or cGKI+/L-;SM-Iβ+/-.

These data suggested that cGKI inhibits erythrocyte death in vitro by reducing the
cytosolic Ca2+ concentration, which in turn limits the exposure of PS at the cell surface. To
investigate whether cGKI deficiency also affected mechanical properties of the
erythrocytes, cGKI ko and ctr erythrocytes were exposed to shear stress and the resulting
cell elongation as a measure of erythrocyte flexibility was determined using laserdefractometry. cGKI ko erythrocytes were slightly but significantly more flexible than ctr
cells. For instance, the % elongation at a shear stress of 3.1 Pa in a high viscosity solution
(24.4 mPa*s) were 24 ± 0.4 in cGKI ko and 19 ± 0.3 in ctr erythrocytes (p<0.05), and the
% elongation at a shear stress of 2.6 Pa in a low viscosity solution (10.4 mPa*s) were 17 ±
0.2 in cGKI ko and 14 ± 0.4 in ctr erythrocytes (p<0.05). Since deformability of cGKIdeficient erythrocytes was slightly improved, their mechanical properties could not
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account for their accumulation in the spleens of cGKI mutant mice. Furthermore, the
osmotic resistance of cGKI-deficient erythrocytes was not altered (Figure 12).

Figure 12. Osmotic resistance of cGKI-deficient erythrocytes. Erythrocytes were isolated from (A) conventional
cGKI knockout mice (ko, boxes) and their controls (ctr, diamonds) or (B) cGKI SM rescue mice (SM rescue, boxes)
and their controls (ctr SM rescue, diamonds). Mice were 10 weeks old. The genotypes of the ctr mice were cGKI+/+ or
cGKI+/L-. The genotypes of the ctr SM rescue mice were cGKI+/L-;SM-Iα+/- or cGKI+/L-;SM-Iβ+/-.

The above experiments suggested that cGKI deficiency promotes the death of
erythrocytes, which might accumulate in the spleens of the mutant animals, thus leading to
splenomegaly. To determine their in vivo survival, erythrocytes were isolated from ctr or
cGKI ko donor mice, labeled with CFSE, and subsequently injected into the tail vein of ctr
or cGKI ko mice. The clearance of CFSE-labeled erythrocytes from the circulation, an
indirect indicator of erythrocyte death, was determined two days after reinjection. In line
with the accelerated in vitro eryptosis of cGKI-deficient erythrocytes, ≈14% of cGKIdeficient erythrocytes disappeared from peripheral blood of ctr mice as compared to only
≈5% of ctr erythrocytes (Figure 13). CFSE-labeled ctr erythrocytes were cleared more
rapidly in ko mice than in ctr mice, most likely due to their retention in the enlarged
spleens of the recipient mice (≈34 % of the initial cells were cleared two days after
injection). Clearance of erythrocytes was even faster, when ko cells were injected into
cGKI ko mice (≈53 % of the initial cells were cleared two days after injection; Figure 13.
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Figure 13. In vivo clearance of CFSE-labeled erythrocytes. Erythrocytes were isolated from and injected into 10week-old cGKI knockout mice (ko) or their litter-matched controls (ctr). The configuration of each transfer
experiment is indicated below each bar and the number of injected animals (n) is indicated inside each bar. The
percentage of cleared CFSE-labeled cells was determined two days after injection (*, p<0.05 vs ctr; ***, p<0.001 vs
ctr). The genotypes of the ctr mice were cGKI+/+ or cGKI+/L-.

Together, these data indicated that anemia of cGKI-deficient mice was not only
due to an erythrocyte-autonomous component, i.e. increased eryptosis, but was potentiated
by the development of enlarged spleens retaining more erythrocytes than normal spleens.
Along those lines, anemia but not splenomegaly was detectable in 3- to 4-week-old cGKI
ko mice (Figure 14A), whereas 10-week-old knockout mice were both anemic and had
enlarged spleens (Figs. 6A and 7A-C). Note that MCV was not increased in 3- to 4-weekold cGKI ko mice (data not shown), although they were already anemic. Cause and effect
of the observed phenotypes were further resolved in a time course study with cohorts of
cGKI SM rescue and litter-matched control mice. Animals were monitored from 4 to 10
weeks of age for RBC count and by magnetic resonance imaging (MRI) for spleen
volume. As shown in Figure 14B, by 5 weeks of age, cGKI SM rescue mice became
anemic, but still had a normal spleen size. Thus, anemia appeared to precede splenomegaly
in cGKI-deficient mice.
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Figure 14. Anemia precedes splenomegaly in cGKI-deficient mice. (A) The number of red blood cells (RBC, n=5)
and the spleen/body weight (bw) ratio (n=10) were determined in 3- to 4-week-old control (ctr, open bars) and cGKI
ko (ko, black bars) mice (*, P<0.05). The genotypes of ctr mice were cGKI+/+ or cGKI+/L-. (B) Time course of the
development of anemia and splenomegaly in cGKI SM rescue mice. Spleen volume was determined by non-invasive
MRI. RBC count (black boxes) and spleen volume (open boxes) were longitudinally monitored from 4 to 10 weeks of
age in 4 cGKI SM rescue mice and 5 litter-matched control mice (ctr SM rescue). For each experimental day, RBC
counts and spleen volumes of the SM rescue mice were normalized to the respective mean values of the control
animals, which were set to 100%. Note that 5-week-old SM rescue mice have already had a significantly lower RBC
count than control mice (P<0.05) but a normal spleen volume. The lower panel shows representative MR images
(coronal sections, top view) of individual control and SM rescue mice at 5 and 6 weeks of age. Spleens (broken lines)
and corresponding volumes are indicated. The genotypes of the ctr SM rescue mice were cGKI+/L-;SM-Iα+/- or
cGKI+/L-;SM-Iβ+/-. The experiments presented in this figure have been performed by members of Robert Feil’s group,
Interfakultäres Institut für Biochemie, University of Tübingen.
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4.3 Study of PDK1-mediated regulation of suicidal death of
erythrocytes
First, hematological parameters of the mice were determined. The erythrocyte
count was similar in PDK1 hypomorphic mice (pdk1hm) and their wild type littermates
(pdk1wt). MCV and MCHC were significantly smaller in pdk1hm than in pdk1wt mice
(Table 3).
Table 3. Erythrocyte parameters of pdk1wt and pdk1hm mice.

6

RBC count [10 /µl]
HCT [%]
MCV [fl]
HGB [g/dl]
MCH [pg]
MCHC [g/dl]
Reticulocyte number [%]

pdk1wt (n=4-8)
10.0 ± 0.4
52.2 ± 1.4
52.2 ± 1.1
15.7 ± 0.5
15.7 ± 0.3
30.1 ± 0.2
4.5 ± 0.4

pdk1hm (n=4-8)
10.9 ± 0.2
53.4 ± 0.7
49.2 ± 0.6
15.4 ± 0.3
14.2 ± 0.0
28.8 ± 0.2
5.0 ± 0.2

p
n.s.
n.s
< 0.05
n.s.
< 0.001
< 0.01
n.s.

The erythrocyte forward scatter was again slightly but significantly smaller (by 6.1
± 0.1%, n =10) in pdk1hm mice than in pdk1wt mice after 6 hours of incubation in Ringer
solution at 37°C, pointing to decreased volume of pdk1hm erythrocytes. The reticulocyte
number tended to be higher in pdk1hm mice (Table 3), a difference, however, not reaching
statistical significance.
The Ca2+-permeable erythrocyte cation channels are activated by oxidative stress,
which triggers Ca2+ entry, erythrocyte shrinkage, and phospholipids scrambling (Lang et
al., 2005a). To explore whether PDK1 deficiency affects the sensitivity of erythrocytes to
oxidative stress, pdk1hm and pdk1wt erythrocytes were exposed for 30 minutes to 100 µM
tert-Butyl hydroperoxide (t-BOOH), As illustrated in Figure 15, oxidative stress
significantly decreased the forward scatter in both genotypes. Following treatment with
100 µM t-BOOH, the forward scatter was similarly low in pdk1hm and pdk1wt erythrocytes.
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Figure 15. Effect of oxidative stress on forward scatter of pdk1hm and pdk1wt erythrocytes. Forward scatter
determined by FACS analysis of erythrocytes from PDK1 hypomorphic mice (pdk1hm) and their wild type littermates
(pdk1wt) following a 30 min incubation in the presence or absence of 100 µM tert-Butyl hydroperoxide (t-BOOH).
(A) Original histograms of forward scatter. (B) Arithmetic means ± SEM (n =8) of forward scatter of pdk1hm (white
bars) and pdk1wt (black bars) erythrocytes incubated in the absence (control) or presence (t-BOOH) of t-BOOH. ***
indicates significant difference (p< 0.001) between control and t-BOOH.

Oxidative stress further increased phosphatidylserine exposure, as evident from
annexin V-binding (Figure 16). The increase in annexin V-binding was, however,
significantly smaller in pdk1hm than in pdk1wt erythrocytes.

Figure 16. Effect of oxidative stress on annexin V-binding of pdk1hm and pdk1wt erythrocytes. Annexin Vbinding determined by FACS analysis of erythrocytes from PDK1 hypomorphic mice (pdk1hm) and their wild type
littermates (pdk1wt) following a 30 min incubation in the presence or absence of 100 µM tert-Butyl hydroperoxide (tBOOH). (A) Original histograms of annexin V-binding. (B) Arithmetic means ± SEM (n = 12) of the percentage of
annexin V-binding of pdk1hm (white bars) and pdk1wt (black bars) erythrocytes incubated in the absence (control) or
presence (t-BOOH) of t-BOOH. *** indicates significant difference (p< 0.001) between control and t-BOOH; ###
indicates significant difference (p< 0.001) between the genotypes.
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Another activator of the Ca2+-permeable erythrocyte cation channels is
hyperosmotic shock, which similarly increases Ca2+ entry, erythrocyte shrinkage, and
phospholipid scrambling (Lang et al., 2005a). To explore whether PDK1 deficiency affects
the sensitivity of erythrocytes to osmotic shock, pdk1hm and pdk1wt erythrocytes were
exposed to hyperosmotic Ringer (300 mM sucrose added to isotonic Ringer). Hypertonic
shock led to the expected decrease of forward scatter in both, pdk1hm and pdk1wt
erythrocytes (Figure 17).

Figure 17. Effect of osmotic shock on forward scatter of pdk1hm and pdk1wt erythrocytes. Forward scatter
determined by FACS analysis of erythrocytes from PDK1 hypomorphic mice (pdk1hm) and their wild type littermates
(pdk1wt) following a 120 min incubation in the presence or absence of additional 300 mM sucrose. (A) Original
histograms of forward scatter. (B) Arithmetic means ± SEM (n =6) of forward scatter of pdk1hm (white bars) and
pdk1wt (black bars) erythrocytes incubated in the absence (control) or presence (hyperosmotic) of sucrose. * indicates
significant difference (p< 0.05) between isotonic and hypertonic fluid.

In hypertonic solution, the forward scatter was similarly low in pdk1hm and pdk1wt
erythrocytes. Osmotic shock further increased annexin V-binding (Figure 18). The increase
in annexin V-binding was, however, significantly smaller in pdk1hm than in pdk1wt
erythrocytes.
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Figure 18. Effect of osmotic shock on annexin V-binding of pdk1hm and pdk1wt erythrocytes. Annexin Vbinding determined by FACS analysis of erythrocytes from PDK1 hypomorphic mice (pdk1hm) and their wild type
littermates (pdk1wt) following a 120 min incubation in the presence or absence of additional 300 mM sucrose. (A)
Original histograms of annexin V-binding. (B) Arithmetic means ± SEM (n = 10) of the percentage of annexin Vbinding pdk1hm (white bars) and pdk1wt (black bars) erythrocytes incubated in the absence (control) or presence
(hyperosmotic) of sucrose. *** indicates significant difference (p< 0.001) between isotonic and hypertonic fluid, ###
indicates significant difference (p< 0.001) between genotypes.

The Ca2+-permeable erythrocyte cation channels are inhibited by Cl- and activated
by Cl- removal (Lang et al., 2005a). Accordingly, replacement of extracellular Cl- with
gluconate decreased the forward scatter in both, pdk1hm and pdk1wt erythrocytes (Figure
19). In the absence of Cl-, the forward scatter was again similarly low in pdk1hm and pdk1wt
erythrocytes.

Figure 19. Effect of Cl- removal on forward scatter of pdk1hm and pdk1wt erythrocytes. Forward scatter
determined by FACS analysis of erythrocytes from PDK1 hypomorphic mice (pdk1hm) and their wild type littermates
(pdk1wt) following a 6 h incubation in the presence or absence of extracellular Cl- (Cl- replaced by gluconate). (A)
Original histograms of forward scatter. (B) Arithmetic means ± SEM (n = 10) of the forward scatter of pdk1hm (white
bars) and pdk1wt (black bars) erythrocytes incubated in the presence (control) or absence (-Cl-) of chloride. ***
indicates significant difference (p< 0.001) between the presence and absence of Cl-.
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Similar to the observations following oxidative stress and osmotic shock, Clremoval increased annexin V-binding, an effect significantly smaller in pdk1hm than in
pdk1wt erythrocytes (Figure 20).

Figure 20. Effect of Cl- removal on annexin V-binding of pdk1hm and pdk1wt erythrocytes. Annexin V-binding
determined by FACS analysis of erythrocytes from PDK1 hypomorphic mice (pdk1hm) and their wild type littermates
(pdk1wt) following a 24 h incubation in the presence or absence of extracellular Cl- (Cl- replaced by gluconate).
(A) Original histograms of annexin V-binding. (B) Arithmetic means ± SEM (n = 8) of the percentage of annexin Vbinding pdk1hm (white bars) and pdk1wt (black bars) erythrocytes incubated in the presence (control) or absence (-Cl-)
of chloride. *** indicates significant difference (p< 0.001) between presence and absence of Cl-, ### indicates
significant difference (p< 0.001) between genotypes.

The decreased sensitivity of PDK1-deficient erythrocytes to oxidative stress,
osmotic shock, or Cl- removal could result from decreased Ca2+ entry or decreased Ca2+
sensitivity of cellular phospholipid scrambling. In order to discriminate between those two
possibilities, fluo3 fluorescence was employed as an indicator of intracellular Ca2+
activity. As illustrated in Figure 21, fluo3 fluorescence reflecting cytosolic Ca2+ activity
was significantly lower in pdk1hm than in pdk1wt erythrocytes. Cl- removal increased
fluo3 fluorescence in erythrocytes from both genotypes. In the absence of extracellular
Cl-, fluo3 fluorescence was, however, again significantly lower in pdk1hm than in pdk1wt
erythrocytes.
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Figure 21. Erythrocyte Ca2+ concentration of pdk1hm and pdk1wt erythrocytes, effect of Cl- removal. (A) Ca2+sensitive fluorescence of fluo3-loaded erythrocytes determined by FACS analysis of erythrocytes from PDK1
hypomorphic mice (pdk1hm) and their wild type littermates (pdk1wt) following a 6 h incubation in the presence or
absence of extracellular Cl- (Cl- replaced by gluconate). (B) Arithmetic means ± SEM (n = 4-13) of the Ca2+sensitive fluorescence of fluo3-loaded pdk1hm (white bars) and pdk1wt (black bars) erythrocytes incubated in the
presence (control) or absence (-Cl-) of chloride ** indicates significant difference (p< 0.01) between the presence
and absence of Cl-, #, ## indicate significant difference (p< 0.05, p< 0.01) between genotypes.

To quantify the intracellular Ca2+ concentrations of pdk1hm and pdk1wt
erythrocytes, the dependence of fluo3 fluorescence on the intracellular Ca2+ concentration
was analysed. To this end, fluo3 fluorescence of erythrocytes in solutions of defined free
Ca2+ concentrations was measured after exposure to the Ca2+ ionophore ionomycin
adjusting the intracellular Ca2+ concentrations to the levels of the respective solutions
(data not shown). By graphical deduction from the linear fits (pdk1hm : R2 =0.98; pdk1wt:
R2 =0.98) of the graphs illustrating the dependence of fluo3 fluorescence on intracellular
Ca2+ concentration, the intracellular Ca2+ concentrations of pdk1hm and pdk1wt
erythrocytes were estimated to be approximately 29 nM (pdk1hm; n=4) and 54 nM (pdk1wt;
n=4) after 6 hours of incubation in Ringer solution at 37°C.
If the decreased sensitivity of PDK1-deficient erythrocytes to oxidative stress,
osmotic shock, and Cl- removal was exclusively due to blunted Ca2+ entry, then treatment
with the Ca2+ ionophore ionomycin should have similar effects on forward scatter and
phosphatidylserine exposure. To explore whether PDK1 deficiency affects the sensitivity
of erythrocytes to enhanced cytosolic Ca2+ activity, pdk1hm and pdk1wt erythrocytes were
exposed to 1 µM ionomycin for 30 min. As illustrated in Figure 22, ionomycin decreased
forward scatter in both, pdk1hm and pdk1wt erythrocytes to a similar extent.
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Figure 22. Effect of the Ca2+ ionophore ionomycin on forward scatter of pdk1hm and pdk1wt erythrocytes.
Forward scatter determined by FACS analysis of erythrocytes from PDK1 hypomorphic mice (pdk1hm) and their wild
type littermates (pdk1wt) following a 30 minute incubation in the absence and presence of 1 µM Ca2+ ionophore
ionomycin. (A) Original histograms of forward scatter. (B) Arithmetic means ± SEM (n =3-9) of forward scatter of
pdk1hm (white bars) and pdk1wt (black bars) erythrocytes incubated in the absence (control) or presence (ionomycin)
of ionomycin. *** indicates significant difference (p< 0.001) between control and ionomycin treatment.

Most importantly, ionomycin increased the percentage of annexin V-binding
erythrocytes in both genotypes to the same levels (Figure 23). Thus, Ca2+ sensitivity of
erythrocyte phospholipids scrambling is not different in pdk1hm and pdk1wt erythrocytes.

Figure 23. Effect of the Ca2+ ionophore ionomycin on annexin V-binding of pdk1hm and pdk1wt erythrocytes.
Annexin V-binding determined by FACS analysis of erythrocytes from PDK1 hypomorphic mice (pdk1hm) and their
wild type littermates (pdk1wt) following a 30 minute incubation in the absence and presence of 1 µM Ca2+-ionophore
ionomycin (Ionomycin). (A) Original histograms of annexin V-binding. (B) Arithmetic means ± SEM (n = 3-8) of the
percentage of annexin V-binding pdk1hm (white bars) and pdk1wt (black bars) erythrocytes incubated in the absence
(control) or presence (ionomycin) of ionomycin. *** indicates significant difference (p< 0.001) between control and
ionomycin treatment.
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Additional experiments were performed to explore the in vivo significance of the
reduced susceptibility of pdk1hm erythrocytes to triggers of eryptosis. To this end,
erythrocytes were drawn and labeled with CSFE and subsequently reinjected into the mice.
As illustrated in Figure 24, the clearance of labeled erythrocytes was significantly
enhanced by treatment with 0.4 mM tBOOH for 30 minutes. A comparison between
pdk1hm and pdk1wt erythrocytes revealed that partial lack of PDK1 significantly blunted the
clearance of oxidized erythrocytes.

Figure 24. Clearance of erythrocytes from pdk1hm and pdk1wt mice. Time-dependent decay of CFSE-labeled
circulating erythrocytes originally taken from PDK1 hypomorphic mice (pdk1hm, closed symbols) and their wild type
littermates (pdk1wt, open symbols) and reinjected into the same mouse. The erythrocytes were left untreated (squares)
or treated for 30 minutes with 0.4 mM tBOOH (circles). The percentage of CFSE-labeled cells is plotted against time
after injection. Values are arithmetic means ± SEM (n=5-10). **, *** indicate significant difference between
genotypes in case of oxidized erythrocytes (p< 0.01, p< 0.001).

83

4.4 Bacterial peptidoglycan induces cell death of erythrocytes
Phosphatidylserine exposure at the surface of erythrocytes was determined from binding of
fluorescent annexin V. As demonstrated by fluorescence microscopy, erythrocytes bathed
in Ringer solution did not expose appreciable amounts of annexin V at their surface
(Figure 25B). In contrast, treatment with S. aureus soluble PGN (100 µg/ml for 48 hours)
increased annexin V-binding of otherwise intact erythrocytes thus pointing to stimulation
of phosphatidylserine exposure (Figure 25B).

Figure 25. Purity of soluble peptidoglycans. Light transmission and fluorescence microphotographs of
erythrocytes exposed to peptidoglycans. (A) Soluble peptidoglycan (PGN) was used in this study. 1 µg of the
preparation was loaded on a 10% SDS-PAGE and subsequently stained with Coomassie Blue to examine for purity of
the sample used. (B) The left panels depict transmission microphotographs and the right panels show fluorescence
microphotographs of erythrocytes stained with fluorescent annexin V. Prior to microscopy, the erythrocytes were
exposed for 48 h to Ringer (upper panels), or for 48 h to 100 µg/ml PGN in Ringer solution (lower panels).

After 48 hours of incubation at 37°C, no appreciable rate of hemolysis was
determined. More importantly, the rate of hemolysis did not differ between samples of
erythrocytes treated without or with PGN at concentrations of 50 µg/ml or 100 µg/ml (data
not shown).
FACS analysis was subsequently performed to quantify annexin V-binding
following PGN treatment. Incubation of erythrocytes in Ringer solution for 48 hours
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(control) resulted in an average percentage of annexin V-exposing erythrocytes of 7.4 ±
1.0% (n = 16). The addition of soluble PGN from S. aureus at concentrations of 50 µg/ml
and 100 µg/ml significantly increased the percentage of annexin V-binding cells to 25.2 ±
2.3% (n = 12) and 48.0 ± 2.6% (n = 16), respectively (Figure 26A,B). Since the control
values were dependent on the erythrocytes used, annexin V-binding of erythrocytes
exposed to 5 µg/ml PGN was normalized to the respective control values in addition. As
illustrated in Figure 26C, upon normalisation, the increase in the percentage of annexin Vbinding erythrocytes reached statistical significance even at exposure to 5 µg/ml PGN. The
results revealed that peptidoglycan led to breakdown of phosphatidylserine asymmetry of
the erythrocyte cell membrane.

Figure 26. Stimulation of phosphatidylserine exposure by peptidoglycans. (A) Histogram of annexin V-binding
in a representative experiment of erythrocytes from healthy volunteers exposed for 48 hours to Ringer solution
without (black line) or with 50 µg/ml pure soluble peptidoglycan (red line). (B) Dose dependence of the
peptidoglycan effect on phosphatidylserine exposure. Arithmetic means ± SEM (n = 8-16) of the percentage of
annexin V-binding erythrocytes exposed for 48 hours to Ringer solution without (white bar) or with (black bars)
peptidoglycan at the indicated concentrations. *** (p < 0.001) indicates significant difference from values in control
Ringer solution (ANOVA). (C) Arithmetic means ± SEM (n = 8) of the normalized percentage of annexin V-binding
erythrocytes exposed for 48 hours to Ringer solution without (white bar) or with (black bar) 5 µg/ml peptidoglycan. *
(p < 0.05) indicates significant difference from values in control Ringer solution (t-test).

To test for specificity of the effect of soluble PGN, erythrocytes were exposed to
muramyl dipeptide (MDP), a component of PGN, and lipopolysaccharides (LPS), the
major endotoxin of gram-negative bacteria, for 48 hours. Subsequently, annexin V-binding
of these erythrocytes was determined. As shown in Figure 27A,B, neither MDP nor LPS
significantly influenced erythrocyte annexin V-binding pointing to a PGN-specific process.
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Figure 27. Effects of muramyl dipeptide (MDP) and lipopolysaccharide (LPS) on erythrocyte
phosphatidylserine exposure. (A) Arithmetic means ± SEM (n = 8) of the percentage of annexin V-binding
erythrocytes exposed for 48 hours to Ringer solution without (white bar) or with (black bar) 50 µg/ml MDP (B)
Arithmetic means ± SEM (n = 4) of the percentage of annexin V-binding erythrocytes exposed for 48 hours to Ringer
solution without (white bar) or with (black bar) 1 µg/ml LPS.

A further hallmark of eryptosis is cell shrinkage (Lang et al., 2003b), which is
reflected by a decrease of the forward scatter in FACS analysis. Thus, the effect of PGN on
erythrocyte forward scatter was determined. Incubation of erythrocytes in Ringer solution
containing PGN for 48 hours resulted in a significant decrease of the forward scatter
(Figure 28A,B). Thus, peptidoglycan decreased erythrocyte volume.

Figure 28. Effects of peptidoglycans on erythrocyte forward scatter. (A) Histogram of forward scatter in a
representative experiment of erythrocytes from healthy volunteers exposed for 48 hours to Ringer solution without
(black line) or with 50 µg/ml pure soluble peptidoglycan (red line). (B) Dose dependence of the peptidoglycan effect
on forward scatter. Arithmetic means ± SEM (n = 7-12) of the normalized forward scatter of erythrocytes exposed for
48 hours to Ringer solution without (white bar) or with (black bars) peptidoglycan at the indicated concentrations.
*** (p < 0.001) indicates significant difference from values in control Ringer solution (ANOVA).
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Additional experiments were performed to elucidate the underlying mechanisms.
Both, phosphatidylserine scrambling and cell shrinkage could be triggered by an increase
in the cytosolic Ca2+ concentration (Lang et al., 2003b). Thus, fluo3 fluorescence was
employed to determine whether PGN affected cytosolic Ca2+ activity in erythrocytes. As
illustrated in Figure 29, PGN indeed increased fluo3 fluorescence pointing to an increase
in the cytosolic Ca2+ concentration. As a positive control, the samples were incubated for 2
minutes with the Ca2+ ionophore ionomycin (1 µM). Exposure to ionomycin led to the
expected increase in fluo3 fluorescence to similar values in the absence and presence of 50
µg/ml PGN (Figure 29A, right panel).

Figure 29. Effects of peptidoglycans on cytosolic Ca2+ activity. (A) Histogram of fluo3 fluorescence in a
representative experiment of erythrocytes from healthy volunteers exposed for 48 hours to Ringer solution without
(black line) or with 50 µg/ml pure soluble peptidoglycan (red line; left panel). As a positive control, the erythrocytes
were exposed subsequently to 1 µM ionomycin for 2 min (IONO, right panel). (B) Dose dependence of the
peptidoglycan effect on fluo3 fluorescence. Arithmetic means ± SEM (n = 9-15) of the normalized fluo3 fluorescence
of erythrocytes exposed for 48 hours to Ringer solution without (white bar) or with (black bars) peptidoglycan at the
indicated concentrations. ** (p < 0.01), *** (p < 0.001) indicate significant difference from values in control Ringer
solution (ANOVA).

To determine the significance of cytosolic Ca2+ for the increase in phospholipid
scrambling, experiments were performed in the presence and absence of extracellular Ca2+.
Removal of extracellular Ca2+ indeed significantly blunted the stimulation of annexin Vbinding (Figure 30).
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Figure 30. Role of Ca2+ in the stimulation of phosphatidylserine exposure by peptidoglycans. (A) Histogram of
annexin V-binding in a representative experiment of erythrocytes from healthy volunteers exposed for 48 hours to 50
µg/ml peptidoglycan in Ringer solution in the absence (red line) and presence (black line) of 1 mM Ca2+. (B)
Arithmetic means ± SEM (n = 8-12) of the normalized percentage of annexin V-binding erythrocytes exposed for 48
hours to 0 µg/ml (white bars) or 50 µg/ml (black bars) peptidoglycan in Ringer solution in the presence (left bars) and
absence (right bars) of Ca2+ in extracellular fluid. *** (p < 0.001) indicates significant difference from values in
control Ringer solution, ## (p < 0.01) indicates significant difference from respective values in the presence of Ca2+
(ANOVA).

Nevertheless, annexin V-binding tended to be slightly enhanced following
exposure to 50 µg/ml PGN even in the absence of extracellular Ca2+. Thus, Ca2+ entry
largely but not fully accounted for the stimulation of phospholipid scrambling following
exposure to PGN.
Phospholipid scrambling is further stimulated by ceramide (Lang et al., 2004a).
Therefore, additional experiments were performed to elucidate the effect of PGN on
ceramide formation. As illustrated in Figure 31A,B, a 48 hours exposure to 50 µg/ml
PGN led to a slight but significant increase in ceramide formation. Thus, ceramide may
contribute to the stimulation of phospholipid scrambling by PGN.
In a further series of experiments, ATP concentrations were determined to
explore, whether PGN affects the energy status of the erythrocytes. As illustrated in
Figure 31C, 100 µg/ml PGN within 48 h indeed significantly decreased the ATP content
of the erythrocytes.
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Figure 31. Stimulation of ceramide formation and lowering of the erythrocyte ATP concentration by
peptidoglycans. (A) Histogram of ceramide abundance in a representative experiment of erythrocytes from healthy
volunteers exposed for 48 hours to Ringer solution without (black line) or with (red line) 50 µg/ml peptidoglycan. (B)
Arithmetic means ± SEM (n = 4) of ceramide abundance in erythrocytes exposed for 48 hours to Ringer solution
without (white bar) or with 50 µg/ml (black bar) peptidoglycan. * (p < 0.05) indicates significant difference from
values in control Ringer solution (t-test). (C) Arithmetic means ± SEM (n = 4) of the ATP concentration in
erythrocytes from healthy volunteers incubated for 48 h in Ringer solution without (open bar) or with 100 µg/ml
peptidoglycan (closed bar). * (p < 0.05) indicates significant difference from values in control Ringer solution (t-test).

Additional experiments were performed to elucidate the in vivo significance of
PGN-induced eryptosis. To this end, erythrocytes were drawn, labeled with the fluorescent
dye CSFE, and subsequently reinjected into the mice. As illustrated in Figure 32, the
disappearance of labeled erythrocytes was significantly more rapid following treatment
with 100 µg/ml PGN for 24 hours compared to nontreated erythrocytes. Therefore,
exposure to PGN accelerates the clearance of erythrocytes from circulating blood in vivo.
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Figure 32. Clearance of erythrocytes treated with peptidoglycans. Time-dependent decay of CFSE-labeled
circulating erythrocytes originally taken from wildtype mice and reinjected into the same mouse. Before injection, the
erythrocytes had been incubated for 24 hours in the absence (squares) or presence of 100 µg/ml peptidoglycan
(circles). The percentage of CFSE-labeled cells is plotted against time after injection. Values are arithmetic means ±
SEM (n=4). *** (P < 0.001) indicates significant difference from values in control Ringer solution (t-test).
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5 Discussion
5.1 Investigation of the impact of the Gardos channel on
survival of erythrocytes
The present study demonstrates that KCa3.1 represents the Gardos channel in murine
erythrocytes. Since KCa3.1-deficient erythrocytes lacked Ca2+-activated K+ channel
activity and erythrocyte shrinkage, KCa3.1 seems to be the only Ca2+-activated K+
channel type in murine erythrocytes. This is consistent with a previous study
demonstrating almost absent Ca2+-stimulated clotrimazole-sensitive
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Rb uptake by

erythrocytes from KCa3.1-deficient mice (Begenisich et al., 2004). Similarly, human
reticulocytes as well as those differentiated in vitro from erythroid progenitor cells
contain KCa3.1 mRNA, but not the mRNA of small conductance Ca2+-activated K+
channels (Hoffman et al., 2003). Ca2+-permeabilized human erythrocytes reportedly
exhibit a mean open probability of the Gardos channel of nPo = 3 (Lew et al., 2005). In
the present study, nPo of the Gardos channel in Ca2+-permeabilized mouse erythrocytes
was highly variable between individual cells. On average, however, nPo was very
similar to that reported in human erythrocytes suggesting similar Gardos channel
expression in human and mouse erythrocytes.
The present observations further reveal that blood parameters do not differ
between wildtype and KCa3.1-/- mice. Since KCa3.1-deficient erythrocytes apparently do
not up-regulate other Ca2+-activated K+ channel types, this observation strongly
suggests that under unstressed conditions mature murine erythrocytes do not require
Gardos K+ channel activity. Mature erythrocytes of other species such as sheep or
donkey even completely lack Ca2+-activated K+ channels (Brown et al., 1978)
indicating that function of mature mammalian erythrocytes does not depend on Gardos
channel activity.
Mature human erythrocytes maintain high intracellular K+ concentrations.
Unlike many nucleated cells, the membrane potential of un-stimulated human
erythrocytes, however, is not close to the electrochemical equilibrium of K+. Instead, it
ranges between -5 mV and -8 mV (Hoffman & Laris, 1974). In contrast to human
erythrocytes, sheep erythrocytes owing the L-antigen have low (15 mM) K+ and high
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Na+ (84 mM) concentrations (Dunham & Blostein, 1997). Taken together, this suggests
that high chemical gradients across the erythrocyte membrane are not required for
mature erythrocyte function and survival. Why do then human erythrocytes afford the
costly luxury of maintaining high intracellular K+ concentrations throughout most of
their 120 days of life (only a very small fraction of human erythrocytes belonging to the
oldest population has low cytosolic K+ concentrations (Lew et al., 2007))? One
possibility is that the Gardos effect confers some protection against hemolysis and
subsequent release of hemoglobin into the extracellular fluid leading to organ damage.
Such a protection has been demonstrated against spherocystosis-associated hemolytic
anemia in protein 4.1R-, 4.2-, or band 3-deficient mice (de Franceschi et al., 2005).
The present study suggests a further protective role of the Gardos effect, namely
against blood infections with hemolytic bacteria. S. aureus is one of the most common
causes of bacterial infections in humans, producing a broad spectrum of diseases.
Among those are life-threatening septicemias. α-toxin from S. aureus belongs to the
cytolysins which similarly to hemolysins of other bacteria perforate the plasma
membrane of erythrocytes and other cells. It is widely used as biological tool to study
the controlled permeabilization of cell membranes due to advantages over most other
permeabilizing agents (Grant et al., 1987;de Franceschi et al., 2005;Bhakdi & TranumJensen, 1991;Bader et al., 1986). Besides its valuable role in vitro, α-toxin is known to
be a major pathogenetic factor during S. aureus infections (Bhakdi & Tranum-Jensen,
1991). In intraperitoneal abscesses of mice infected with S. aureus, a hemolytic activity
of about 100 to 1,000 HU/ml of α-toxin was determined (Kapral et al., 1980). Target
cells vary in their susceptibility to α-toxin (Bhakdi & Tranum-Jensen, 1991).
Particularly highly sensitive to α-toxin are rabbit erythrocytes while human erythrocytes
are less susceptible. Murine erythrocytes have intermediate sensitivity towards α-toxin
(Bhakdi & Tranum-Jensen, 1991). Since effects of α-toxin observed at concentrations
below 50 HU/ml are considered to be due to high-affinity binding sites on target cells
(Bhakdi & Tranum-Jensen, 1991), the concentrations applied in this study (10 HU/ml)
are well in the range to have in vivo relevance.
Cells permeabilized by α-toxin swell and lyse colloid osmotically (Bhakdi &
Tranum-Jensen, 1991). In the present study, α-toxin-treated KCa3.1-/- mice showed
typical features of acute renal failure, a frequent complication of septicemias, while
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wildtype mice did not. Because of the hemolytic activity of α-toxin it is suggestive that
glomerularly filtrated hemoglobin caused a form of acute renal failure in KCa3.1-/- mice
by precipitating within the acid lumen of the renal tubular system (Sillix & McDonald,
1987).
The Gardos effect transiently delays hemolysis of α-toxin-perforated
erythrocytes as evident from in vitro hemolysis (Figure 5) of the present study.
Moreover, Gardos K+ channel-mediated hyperpolarization of the erythrocyte membrane
increases the intracellularly directed driving force for Ca2+. In parallel, increased
intracellular cytosolic [Ca2+]i (Lew et al., 2007) and erythrocyte shrinkage (Huber et al.,
2001;Lang et al., 2003a) reportedly increase the cation conductance of the erythrocyte
membrane resulting in an elevated Ca2+ leak and elevated [Ca2+]i. In the present study,
oxidized wildtype erythrocytes indeed exhibited a higher [Ca2+]i than KCa3.1-/erythrocytes (Figure 4). Elevated [Ca2+]i together with erythrocyte shrinkage stimulate
break-down of the phospholipid asymmetry and exposure of phosphatidylserine
exposure at the erythrocyte surface (Lang et al., 2006c). The functional significance of
the Gardos effect for this process is clearly shown by almost absent phosphatidylserine
exposure in oxidized KCa3.1-/- erythrocytes (Figure 4). Phosphatidylserine exposure has
been demonstrated to be an “eat-me” signal and to foster recognition and clearance of
injured erythrocytes by macrophages (Tanaka & Schroit, 1983;Schroit et al.,
1985;Bratosin et al., 2001;Boas et al., 1998). Therefore, the present results strongly
suggest that Gardos-mediated short extension of erythrocyte survival in concert with
Gardos-dependent exposure of phosphatiylserine facilitated the in vivo clearance of αtoxin-perforated erythrocytes prior to their hemolysis.
Activation of the Gardos channel is detrimental in sickle cell disease (Lew &
Bookchin, 2005) or beta thalassemia (de Franceschi et al., 1996) where it promotes
erythrocyte deformation and limits erythrocyte survival, respectively. However,
activation of the Gardos channel may be advantageous in several conditions affecting
the integrity of erythrocytes, such as Hemolytic Uremic Syndrome (Lang et al., 2006b),
sepsis (Kempe et al., 2007) and exposure to hemolysin (Lang et al., 2004b), listeriolysin
(Foller et al., 2007b), lead (Kempe et al., 2005) or certain drugs such as paclitaxel (Lang
et al., 2006c), or cyclosporine (Niemoeller et al., 2006b). Most importantly, in view of
the high incidence and mortality of septicemias (Sessler et al., 2004) and their
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frequently occurring complication of acute renal failure, advantages appear to prevail
the disadvantages of Gardos channel expression in human erythrocytes.
In conclusion, KCa3.1 is expressed in murine erythrocytes and mediates Ca2+stimulated shrinkage and phosphatidylserine exposure. In normal un-stressed
erythrocyte life, KCa3.1 remains inactive. Under pathophysiological conditions,
however, KCa3.1 activity delays hemolysis and promotes recognition and clearance of
the dying erythrocyte.

5.2 Regulation of erythrocyte survival by cGKI signaling
The experiments on the cGKI-deficient mouse model reveal that lack of functional
cGKI results in anemia and splenomegaly. Most likely, the anemia is not due to
impaired formation but rather due to shortened survival of erythrocytes. Increased levels
of plasma erythropoietin and reticulocytes indicate that erythropoiesis is indeed activated
in cGKI-deficient mice, but eventually cannot compensate for the loss of erythrocytes
resulting in anemia. Ter119+ erythroid cells with an increased level of PS-exposure
accumulate in the spleens of the mutant animals explaining the enlarged spleens and
supporting a role of cGKI signaling in erythrocyte survival. Indeed, cGKI-deficient
erythrocytes show a decreased survival both in vitro and in vivo. Mechanistically, the
decreased survival of cGKI-deficient erythrocytes might result from an increased
intracellular Ca2+ concentration triggering the exposure of PS at the erythrocyte surface
followed by engulfment by splenic macrophages.
The cytosolic Ca2+ concentration is higher in circulating erythrocytes from
cGKI-deficient mice as compared to control mice. It is well known that the
NO/cGMP/cGKI pathway inhibits agonist-induced increases in cytosolic Ca2+ in
vascular smooth muscle cells (Pfeifer et al., 1998;Feil et al., 2002). Many studies have
suggested that this pathway decreases the cytosolic Ca2+ concentration also in a variety
of other cell types and that the Ca2+-lowering effect might, at least in part, be due to
inhibition of Ca2+ entry through Ca2+-permeable channels (Ay et al., 2006;Kwan et al.,
2006;Gomes et al., 2006) or stimulation of the Ca2+-ATPase (Dedkova & Blatter,
2002;Rashatwar et al., 1987). In line with their increased cytosolic Ca2+ concentration, a
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well-known trigger of phospholipid scrambling (Lang et al., 2003b), cGKI-deficient
erythrocytes show increased surface exposure of PS, a hallmark of eryptosis (Woon et
al., 1999;Bratosin et al., 2001). The exposure of PS at the erythrocyte surface mediates
binding to PS receptors of macrophages (Fadok et al., 2000) followed by engulfment
(Boas et al., 1998) and clearance from circulating blood (Kempe et al., 2007). Indeed,
cGKI-deficient erythrocytes disappear faster from the circulation than control erythrocytes.
The mechanical properties of cGKI-deficient erythrocytes are not affected adversely and,
therefore, can not contribute to their accumulation in the spleen.
Erythrocytes from cGKI knockout animals are more rapidly cleared from
circulating blood than erythrocytes from control mice following injection into either
knockout or control animals. These results disclose that the anemia is at least in part due
to a property of knockout erythrocytes. The accelerated death of the erythrocytes
presumably leads to enlargement of the spleen, which in turn is expected to enhance the
sequestration of circulating erythrocytes. Accordingly, erythrocytes from both knockout
and control animals are more rapidly cleared after injection into knockout animals than
into control animals. It is important to note that anemia is observed in cGKI mutant
mice prior to development of splenomegaly (Figure 14). Thus, anemia cannot be
explained by splenomegaly alone, even though it presumably contributes to anemia in
older animals. Beyond enhanced susceptibility to eryptosis and splenomegaly, vitamin
B12 insufficiency could also contribute to the development of anemia in conventional
cGKI ko mice. Their vitamin B12 deficiency most likely results from deranged
intestinal motility and contributes to their increased erythrocyte volume. Interestingly,
the cGKI SM rescue mice do also develop anemia and splenomegaly, but have normal
vitamin B12 levels and only slightly increased cell volumes, which could result from
decreased activation of KCl symport in the absence of cGKI. KCl symport is normally
stimulated by cGK leading to cellular KCl loss and cell shrinkage (Adragna et al.,
2002).
The present results disclose a novel role of cGKI in the regulation of erythrocyte
survival. Cyclic GMP and cGKI have previously been shown to counteract apoptosis of
nucleated cells (Nagai-Kusuhara et al., 2007). The mechanism that suppresses eryptosis
via cGKI and lowering of the cytosolic Ca2+ concentration may be similarly effective in
the regulation of apoptotic death of nucleated cells. Although indirect effects, e.g. resulting
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from altered erythropoiesis or defects in nonerythroid cells of the cGKI mutants, cannot be
completely ruled out, several findings suggest a direct effect of cGKI on the survival of
mature erythrocytes. First, the eryptotic phenotype is observed in isolated mature
erythrocytes, and knockout erythrocytes are cleared faster from the circulation than control
cells. Second, anemia and splenomegaly are similarly present in “sick” conventional cGKI
knockout mice and in relatively “healthy” cGKI SM rescue mice. Third, anemia appears to
precede splenomegaly excluding the possibility that development of a large spleen and the
associated increased clearance of erythrocytes are the primary cause of anemia. Thus, we
propose that the primary defect leading to anemia in cGKI-deficient mice is a higher
susceptibility of mature erythrocytes to eryptosis, which results in accumulation of the
apoptotic cells in the spleen and, thereby, in its enlargement and further retention of
erythrocytes. In this way, a vicious cycle is generated in which anemia and splenomegaly
potentiate each other to reach the level observed in the adult cGKI mouse mutants.
Clearly, to unequivocally establish a causal relationship between erythrocytic cGKI,
anemia, and splenomegaly, an erythrocyte-specific cGKI knockout would be needed.
A major stimulator of cGKI is NO (Nagai-Kusuhara et al., 2007;Das et al.,
2006;Li & Billiar, 1999), which can be released or removed by erythrocytes (Crawford
et al., 2006;Grubina et al., 2007;McMahon et al., 2002). Oxygenated hemoglobin takes
up NO, whereas desoxygenated hemoglobin releases NO (Power et al., 2007). Most
recently, NO donors have been shown to counteract eryptosis, an effect partially
mimicked by dibutyryl-cGMP (Nicolay et al., 2007). Similar to what has been shown in
nucleated cells (Benhar & Stamler, 2005;Diesen & Stamler, 2007), NO may further be
effective in erythrocytes through nitrosylation of enzymes necessary for the induction of
cell membrane scrambling (Nicolay et al., 2007). As NO is released from
desoxygenated erythrocytes (Angelo et al., 2006;Reynolds et al., 2007), the antieryptotic effect of NO would be particularly important in hypoxic tissue. Impaired NO
formation in erythrocytes has been implicated in the vasoconstriction and ischemia
following transfusion (Reynolds et al., 2007), pulmonary hypertension (McMahon et al.,
2002), and deranged microcirculation in sickle cell anemia (Pawloski et al., 2005). A
decrease of NO-dependent activation of cGKI could participate in the pathophysiology of
those conditions. Moreover, accelerated eryptotis participates in the pathophysiology of
several diseases such as iron deficiency, hemolytic uremic syndrome (Lang et al., 2006b),
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sepsis (Kempe et al., 2007) , malaria (Brand et al., 2003), Wilson’s disease (Lang et al.,
2007), thalassemia (Lang et al., 2002), glucose-phosphate dehydrogenase deficiency (Lang
et al., 2002), and diabetes (Nicolay et al., 2006). At least in theory, stimulation of cGKI
could reverse accelerated eryptosis in those diseases.
In conclusion, the present study demonstrates that lack of cGKI leads to an
increased cytosolic Ca2+ concentration with subsequent breakdown of PS asymmetry,
accelerated clearance of circulating erythrocytes, and anemia despite counterregulation by
erythropoietin release. These observations identify a novel function of cGKI signaling in
the regulation of erythrocyte survival and support the emerging concept that pathways via
NO, cGMP, and cGKI stimulate growth and survival in a number of cell types in vivo (Feil
et al., 2005a;Wolfsgruber et al., 2003;Guo et al., 2007).

5.3 Study of PDK1-mediated regulation of suicidal death of
erythrocytes
The present observations disclose that PDK1 deficiency confers partial protection
against suicidal erythrocyte death or eryptosis. Accordingly, phosphatidylserine
exposure is significantly smaller in PDK1 hypomorphic mice (pdk1hm) than in their wild
type littermates (pdk1wt). The difference holds for oxidative stress, osmotic shock, and Clremoval. The different susceptibility of pdk1hm and pdk1wt erythrocytes leads to
significantly different clearance of oxidized erythrocytes in vivo. Notably, in the absence of
oxidative stress, both, pdk1hm and pdk1wt erythrocytes are cleared very slowly from
circulating blood, indicating that the observed difference is of little relevance for the
survival of non-stressed erythrocytes. Small differences of erythrocyte clearance could
easily be compensated by increased erythrocyte formation. However, the difference may
become biologically significant under conditions of erythrocytic stress by oxidation or
gross cell volume changes.
As mentioned, oxidative stress, osmotic shock, and Cl- removal trigger eryptosis
by activating Ca2+-permeable cation channels with subsequent Ca2+ entry (Andrews et
al., 2002;Duranton et al., 2003;Duranton et al., 2002;Huber et al., 2001). The decreased
eryptosis of PDK1-deficient erythrocytes is at least in part due to decreased cytosolic Ca2+
concentration. Hitherto nothing is known about the regulation of Ca2+ channels by PDK1.
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PDK1 is, however, known to participate in the PI3-kinase dependent stimulation of SGK1
(Lang & Cohen, 2001), which in turn has been shown to stimulate the Ca2+ channel
TRPV5 (Palmada et al., 2005). The Ca2+-permeable cation channel in erythrocytes
presumably involves TRPC6 (Föller et al., 2007). Possibly, TRPC6 is similarly a target for
SGK1, its isoforms SGK2 and SGK3, and/or the related kinases PKB/Akt. However, the
effect of SGK1 and its related kinases on TRP channels other then TRPV5 has never been
tested.
PDK1 is known to activate voltage-gated K+ channels, thus mimicking the effect of
SGK1 (Gamper et al., 2002). Activation of K+ channels and/or subsequent K+ loss could
stimulate suicidal death of erythrocytes (Lang et al., 2003d) and contributes to apoptosis
of nucleated cells (Bortner & Cidlowski, 1999;Dallaporta et al., 1998;Okada et al.,
2001;Maeno et al., 2000;Wang, 2004;Yu et al., 1997) following treatment with TNFα
(Gantner et al., 1995), activating CD95 antibodies (Gomez-Angelats et al., 2000;Storey
et al., 2003), glucocorticoids (Benson et al., 1996;Yurinskaya et al., 2005a;Yurinskaya
et al., 2005b), GABA (Erdo et al., 1991), dopamine (Offen et al., 1995), sulfonylureas
(Bankers-Fulbright et al., 1998), etoposide (Salido et al., 2001), sphingosine (Dangel et
al., 2005), amyloid (Colom et al., 1998), staurosporine (Prehn et al., 1997), urea
(Michea et al., 2000), oxidative stress (Bergamo et al., 2004;Pal et al., 2004), hypoxia
(Liu et al., 2005), and radiation (Rosette & Karin, 1996). K+ loss may further participate
in the regulation of apoptosis by Cl- channel blockers (Takahashi et al., 2005), K+
channel blockers (Chin et al., 1997), growth factor depletion (Sturm et al., 2004),
thyroid status (Alisi et al., 2005), transformation (Wenzel & Daniel, 2004), choline
deficiency (Albright et al., 2005), and glutamine depletion (Rotoli et al., 2005).
However, under control conditions, K+ channel activity is low in erythrocytes and
presumably not decisive for the triggering of Ca2+ entry and eryptosis (Lang et al.,
2005a). Nevertheless, the Ca2+ and K+ channel-regulating capacity of PDK1 may well
impact on apoptosis of nucleated cells.
As described, erythrocytes exposing phosphatidylserine at their surface are rapidly
cleared from circulating blood (Kempe et al., 2006). Thus, enhanced eryptosis contributes
to the development of anemia (Lang et al., 2005a). Under unstressed conditions, the
difference between pdk1hm and pdk1wt erythrocytes is, however, presumably too small to
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appreciably affect the in vivo clearance of erythrocytes. Thus, no significant differences
were observed in blood parameters between pdk1hm and pdk1wt mice.
In conclusion, PDK1 deficient erythrocytes are more resistant to eryptosis than
erythrocytes from wild type animals. The effect is at least partially due to reduced Ca2+
entry into pdk1hm erythrocytes. The observations disclose a novel function of PDK1, i.e. an
influence on cellular Ca2+ entry, which may well influence the function and survival not
only of erythrocytes but as well of nucleated cells.

5.4 Bacterial peptidoglycan induces cell death of erythrocytes
The present study discloses a novel effect of peptidoglycan (PGN), i.e. the triggering of
eryptosis. The concentrations required are similar to those previously reported to be
effective on monocytes (Hadley et al., 2005), mononuclear cells (Weidemann et al.,
1994), B lymphocytes (Babu & Zeiger, 1983), muscle cells (Ishii et al., 2007), and
alveolar type II cells (Cheon et al., 2007). Whether or not those concentrations are
approached in vivo, remains, however, uncertain. To our knowledge, no local PGN
concentrations during sepsis with S. aureus have been reported so far.
The presented experiments further provide insight into the mechanisms
mediating the phospholipid scrambling-effect of PGN. As evident from fluo3
fluorescence, PGN stimulates Ca2+ entry. The channels are activated by prostaglandin
E2, which is formed from arachidonic acid (Lang et al., 2005b). In polymorphonuclear
leukocytes, PGN has been shown to trigger the arachidonic acid cascade with
subsequent formation of prostaglandin E2 (Valera et al., 2007). Removal of extracellular
Ca2+ blunts the effect of PGN (50 µg/ml).
As PGN increases the intracellular Ca2+ concentration, it indirectly activates the
Ca2+-dependent K+ channel (Gardos channel) thereby fostering cell shrinkage. In
macrophages, PGN has been shown to activate MaxiK K+ channels (Scheel et al.,
2006). The rather abrupt transition from normal to reduced forward scatter may reflect
steep Ca2+ sensitivity of the Ca2+-sensitive K+ channels.
The experiments further disclose a slight, but statistically significant effect of PGN
(50 µg/ml) on ceramide formation. Ceramide has previously been shown to sensitize the
cells to the scrambling effect of Ca2+ (Lang et al., 2004a). Thus, ceramide formation
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could contribute to the scrambling effect of PGN. Moreover, PGN led to a significant
decrease of the cytosolic ATP concentration. Thus, treatment with PGN compromises
the energy expenditure of erythrocytes. Previous experiments revealed that energy
depletion stimulates eryptosis (Klarl et al., 2006).
The present study did not attempt to define the PGN receptors involved. To our
knowledge, no PGN receptor has been identified in erythrocytes so far. Among the
known PGN receptors, PGRP-S has been shown to require an increase in the
intracellular Ca2+ concentration for its effect (Lee et al., 2004).
Phosphatidylserine-exposing cells are subjected to phagocytosis by phagocytes,
which are equipped with phosphatidylserine receptors (Fadok et al., 2000) and thus
eliminate phosphatidylserine-exposing cells (Boas et al., 1998). Accordingly, treatment of
erythrocytes with PGN indeed accelerated the elimination of circulating erythrocytes. At
least in theory, peptidoglycan induced eryptosis could contribute to the anemia of
sepsis. As reported earlier (Kempe et al., 2007), accelerated eryptosis is indeed
observed in sepsis, an effect, however, partially due to the release of sphingomyelinase
from the pathogen.
In conclusion, PGN stimulates Ca2+ entry into erythrocytes, which in turn triggers
phosphatidylserine exposure and cell shrinkage. The phosphatidylserine exposure is
expected to accelerate the clearance of affected erythrocytes and thus presumably
contributes to anemia during bacterial infection.
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