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To explore the functional significance of cGMP-dependent protein
kinase type I (cGKI) in the regulation of erythrocyte survival,
gene-targeted mice lacking cGKI were compared with their control
littermates. By the age of 10 weeks, cGKI-deficient mice exhibited
pronounced anemia and splenomegaly. Compared with control
mice, the cGKI mutants had significantly lower red blood cell count,
packed cell volume, and hemoglobin concentration. Anemia was
associated with a higher reticulocyte number and an increase of
plasma erythropoietin concentration. The spleens of cGKI mutant
mice were massively enlarged and contained a higher fraction of
Ter119� erythroid cells, whereas the relative proportion of leuko-
cyte subpopulations was not changed. The Ter119� cGKI-deficient
splenocytes showed a marked increase in annexin V binding,
pointing to phosphatidylserine (PS) exposure at the outer mem-
brane leaflet, a hallmark of suicidal erythrocyte death or eryptosis.
Compared with control erythrocytes, cGKI-deficient erythrocytes
exhibited in vitro a higher cytosolic Ca2� concentration, a known
trigger of eryptosis, and showed increased PS exposure, which was
paralleled by a faster clearance in vivo. Together, these results
identify a role of cGKI as mediator of erythrocyte survival and
extend the emerging concept that cGMP/cGKI signaling has an
antiapoptotic/prosurvival function in a number of cell types in vivo.

apoptosis � Ca2� channels � phosphatidylserine � spleen

N itric oxide (NO) has been shown to be a powerful regulator
of cell survival (1, 2). Depending on the source or concen-

tration of NO and the influence of additional regulators, NO
may stimulate or inhibit apoptosis (3). NO exerts its effects in
part through S-nitrosylation of target proteins. However, the
effect of NO donors on Ca2�-induced phosphatidylserine (PS)
exposure, a hallmark of apoptosis, could be mimicked by cGMP
analogs (4), suggesting the involvement of soluble guanylyl
cyclase, cGMP, and cGMP-dependent protein kinase type I
(cGKI), a well known signaling cascade downstream of NO
(5, 6).

Recent studies indicated that erythroid cells possess a func-
tional NO/cGMP pathway (7–9), which may be involved in the
regulation of eryptosis, the suicidal death of erythrocytes (10).
Erythrocyte cGMP production might also be stimulated by NO
generated in the endothelium. The cGKI can also be activated
independent of cGMP in response to oxidative stress (11).
Eryptosis may follow osmotic shock, energy depletion, and
oxidative stress (10), which activate Ca2�-permeable cation
channels (12). Subsequent Ca2� entry leads to activation of
Ca2�-sensitive K� channels, exit of KCl with osmotically obliged
water, and thus cell shrinkage (13). In addition, Ca2� entry
triggers Ca2�-sensitive scrambling of the cell membrane (14, 15)
with subsequent exposure of PS at the erythrocyte surface (12).
Cell membrane scrambling may further be triggered by ceramide
(16) and activation of protein kinase C (17). PS-exposing eryth-
rocytes bind to PS receptors (18) and are recognized, engulfed,
and degraded by macrophages (19).

The present study was performed to explore the role of cGKI
in the survival of circulating erythrocytes. To this end, gene-
targeted mice lacking functional cGKI were compared with their
control littermates.

Results
The analysis of peripheral blood showed significant erythrocyte
abnormalities in conventional cGKI knockout (KO) mice as
compared to litter-matched control (ctr) mice. The red blood cell
(RBC) counts, hematocrit (HCT), and hemoglobin (HGB)
concentration were significantly smaller in 10-week-old cGKI
KO than in ctr mice (Fig. 1A). The difference was larger for
erythrocyte number (�52%) than for packed cell volume
(�33%) and HGB (�31%). Accordingly, mean corpuscular
volume (MCV) and mean corpuscular HGB content (MCH) of
erythrocytes were higher in 10-week-old cGKI KO than in ctr
mice, whereas the mean corpuscular HGB concentration
(MCHC) was not altered.

In theory, anemia could have resulted from decreased eryth-
rocyte formation, which should be reflected by a decreased
number of reticulocytes. However, the reticulocyte number was
higher in cGKI KO than in ctr mice (Fig. 1B). Consistent with
reticulocytosis, the RBC distribution width (RDW) was in-
creased in cGKI KO mice (Fig. 1 A). 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 eryth-
ropoietin. As illustrated in Fig. 1C, the plasma erythropoietin
concentration was indeed �2-fold 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 deter-
mined. The haptoglobin concentration in anemic cGKI KO mice
was similar to ctr mice (in mg/ml, cGKI KO 0.11 � 0.02, n � 8;
ctr 0.12 � 0.03, n � 11), excluding hemolytic anemia. Moreover,
iron deficiency due to chronic bleeding or impaired iron absorp-
tion is unlikely, because 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 (Fig. 1 A).

Anemia of cGKI-deficient mice was associated with severe
splenomegaly. Based on the organ/body weight (bw) ratio,
10-week-old cGKI KO mice had �3-fold larger spleens than ctr
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mice, whereas the size of the heart and kidneys was normal (Fig.
2 A and B). Analysis of individual animals revealed that spleno-
megaly was evident in most cGKI KO mice aged 8–10 weeks
(Fig. 2C). 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 (20, 21). In
line with their increased MCV (Fig. 1 A), 10-week-old cGKI KO
animals tended to have lower plasma levels of vitamin B12 (in
ng/dl, cGKI KO 1,770 � 318, n � 3; ctr 2,718 � 252, n � 5, P �
0.08) and folic acid (in ng/dl, cGKI KO 6,981 � 1,001, n � 3; ctr
9,373 � 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 cGKI KO mice, another cGKI-deficient mouse model, the
so-called cGKI SM rescue mouse (22), was analyzed. In cGKI
SM rescue mice, expression of cGKI has been restored selec-
tively in SM cells but not in other cell types, resulting in the
rescue of SM dysfunction and a dramatic extension of lifespan to
�1 year (22). Thus, cGKI SM rescue mice are a useful genetic
model to study the role of cGKI in non-SM cells of relatively
‘‘healthy’’ mice. Similar to conventional cGKI KO mice, 10-
week-old cGKI SM rescue mice suffered from anemia and
splenomegaly [supporting information (SI) Fig. S1]. Their he-
matological phenotype was similar to that of conventional cGKI
KO mice. However, as compared with litter-matched ctr mice
(referred to as ‘‘ctr SM rescue’’), their MCV and MCH were only
mildly increased, and their RDW was not altered (Fig. S1).
‘‘Older’’ cGKI SM rescue mice (16- to 45-week-old) were also
anemic (RBC in 106/�l, 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 analyzed (Fig. 2C). Their plasma levels
of vitamin B12 (in ng/dl, SM rescue 2,215 � 244, n � 4; ctr SM

rescue 2,573 � 101, n � 6) and folic acid (in ng/dl, SM rescue
15,826 � 2,477, n � 4; ctr SM rescue 15,620 � 1,341, 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 character-
istics 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 (23)
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 (Fig. 2D, Table 1).
When corrected for the increased spleen size in cGKI mutants,
this reflects a �6-fold increase in spleen erythroid cell mass.
Annexin V binding indicated that Ter119� splenocytes of cGKI-
deficient animals contained, proportionally, twice as many PS-
exposing cells than ctr mice (percentage of PS-exposing/total
erythroid cells, SM rescue �20%, ctr SM rescue �9%), whereas
nonerythroid cells showed no significant difference in the level
of annexin V-labeled cells between genotypes (Table 1). Immu-
nophenotyping for marker proteins revealed that the relative
proportion of splenic CD41� megakaryocytes (24), CD4� T
cells, CD8� T cells, and B220� B cells, and the proliferative
activity of the splenocytes in the absence and presence of LPS
were similar in ctr and cGKI SM rescue animals (Table 1).
Moreover, the analysis of splenocytes for intracellular and
secreted cytokines did not reveal altered levels of proinflamma-
tory (IL-2, IL-17, IFN-�, TNF) or antiinflammatory (IL-4,
IL-10) mediators in the spleens of cGKI mutants compared with
ctrs (data not shown). Similar results were obtained with spleens

Fig. 1. Anemia in cGKI-deficient mice. Circulating blood of 10-week-old ctr
(ctr, open bars) and cGKI KO (ko, black bars) mice was analyzed. (A) Counts of
RBC, HCT, and HGB concentration and MCV, MCH, MCHC, and RDW. The data
shown were obtained from a litter-matched group of mice (n � 3–4) and are
representative of at least three experiments with independent groups of
animals. (B) Representative histogram of Retic count fluorescence (Left) and
reticulocyte number (Right, n � 8). The first and the second peaks 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�.

Fig. 2. Splenomegaly associated with increased erythroid cell mass in cGKI-
deficient mice. (A) Spleens and (B) organ/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 of 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) and cGKI SM
rescue mice (black triangles) and their ctrs (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 ctr mouse. The
first and the second peaks 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-I��/� or
cGKI�/L�;SM-I��/�.
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of 10-week-old conventional cGKI KO mice; they contained
approximately twice as many eryptotic erythroid cells as their
litter-matched ctrs (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 1 (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.

The accumulation of erythrocytes in the spleens of cGKI-
deficient animals could be linked to their higher sensitivity to
eryptosis. Therefore, we 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
and in peripheral erythrocytes (Fig. 3). To exclude a potential
contamination of the erythroid cells with platelets containing
high levels of cGKI (6, 25), the same membranes were stained for
the platelet marker thrombospondin-1 (TSP-1). Although 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 (Fig. 3). Further evi-
dence for cGKI activity in erythrocytes came from functional
analysis of erythrocytes isolated from ctr and cGKI KO mice.
Eryptosis was monitored by flow cytometry via annexin V-

binding to PS-exposing cells. The membrane-permeable 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 pathway protects from erythrocyte
death (Fig. 4A). Accordingly, erythrocytes from cGKI KO mice
showed a significantly higher percentage of PS-exposing eryth-
rocytes than ctr mice after a 48-h incubation in Ringer solution
at 37°C (Fig. 4B). Externalization of PS is stimulated by increased
cytosolic Ca2� concentration (12). Ca2� imaging with Fluo-3
showed that the cytosolic Ca2� concentration was indeed sig-
nificantly higher in cGKI KO erythrocytes than in ctr cells (Fig.
4C). 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

Table 1. Cellular makeup of spleens from cGKI SM rescue mice

Parameter Ctr SM rescue SM rescue

Erythroid cells, %
(Ter119�/total splenocytes)

28 � 3.6 55 � 6.5*

Apoptotic erythroid cells, %
(Ter119� and annexin V�/total
splenocytes)

2.5 � 0.4 11 � 0.7*

Apoptotic nonerythroid cells, %
(Ter119- and annexin
V�/total splenocytes)

27 � 6.5 20 � 3.5

CD41� megakaryocytes, % 10 � 4.0 7.9 � 2.0
CD4� T cells, % 31 � 5.8 24 � 4.9
CD8� T cells, % 9.1 � 1.4 6.1 � 1.4
B220� B cells, % 35 � 4.1 30 � 6.1
3H-thymidine incorporation

Basal, cpm 448 � 95 377 � 109
LPS (1 �g/ml), cpm 6,563 � 1688 4,781 � 1,854

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-I� �/�, or cGKI�/

L�;SM-I� �/�) were analysed. Statistical test results are reported as P value by
t test. *, P � 0.05 vs. ctr SM rescue.

Fig. 3. Expression of cGKI in murine erythroid cells. Western blot analysis of
cGKI expression in erythroid cells from a 26-week-old wild-type mouse. Pro-
tein extracts of platelet-rich plasma (5 �g) and of Ter119� erythroid cells
isolated from peripheral blood (30 �g) or bone marrow (30 �g) were stained
with an antiserum raised against cGKI (Lower) or thrombospondin-1 (TSP-1,
Upper).

Fig. 4. Inrceased eryptosis and intracellular Ca2� level in cGKI-deficient (ko,
black bars) erythrocytes as compared to ctr (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 �M) at 37°C. Before addition of ionomycin, cells
were preincubated for 30 min with the guanylyl cyclase inhibitor methylene
blue (20 �M) followed by additional 60 min in the absence (�) or presence (�)
of 1 mM 8-bromo-cGMP (n � 11–12; *, P � 0.05). (B) Surface exposure of PS as
determined by annexin V binding and (C) measurement of intracellular Ca2�

by Fluo-3 fluorescence in ctr and KO erythrocytes after incubation in Ringer
solution at 37°C for 48 h. Left shows a representative flow-cytometric histo-
gram, and Right shows the statistical analysis (n � 12; ***, P � 0.001). The first
and the second peaks correspond to cell populations with low and high
staining intensity, respectively. Erythrocytes were isolated from 10-week-old
cGKI KO mice and their litter-matched ctrs. The genotypes of the ctr mice were
cGKI�/� or cGKI�/L�.
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with the respective ctr erythrocytes (Fig. S2). These data sug-
gested 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 erythro-
cytes, cGKI KO and ctr erythrocytes were exposed to shear
stress, and the resulting cell elongation as a measure of eryth-
rocyte flexibility was determined by using laser defractometry.
The cGKI KO erythrocytes were slightly but significantly more
flexible than ctr cells. For instance, the percentage elongation at
a shear stress of 3.1 Pa in a high-viscosity solution (24.4 mPa �
sec) was 24 � 0.4 in cGKI KO and 19 � 0.3 in ctr erythrocytes
(P � 0.05), and the percentage elongation at a shear stress of 2.6
Pa in a low viscosity solution (10.4 mPa � sec) was 17 � 0.2 in
cGKI KO and 14 � 0.4 in ctr erythrocytes (P � 0.05). Because
deformability of cGKI-deficient erythrocytes was slightly im-
proved, their mechanical properties could not account for their
accumulation in the spleens of cGKI mutant mice. Furthermore,
the osmotic resistance of cGKI-deficient erythrocytes was not
altered (Fig. S3).

The above experiments suggested that cGKI deficiency pro-
motes 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 carboxyfluorescein
diacetate succinimidyl ester (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 2 days after
reinjection. In line with the accelerated in vitro eryptosis of
cGKI-deficient erythrocytes, �14% of cGKI-deficient erythro-
cytes disappeared from the peripheral blood of ctr mice as
compared with only �5% of ctr erythrocytes (Fig. 5). CFSE-
labeled ctr erythrocytes were cleared more rapidly in KO than
in ctr mice, most likely because of their retention in the enlarged
spleens of the recipient mice (�34% of the initial cells were
cleared 2 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 2 days after injection)
(Fig. 5). 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 spleno-

megaly was detectable in 3- to 4-week-old cGKI KO mice (Fig.
6A), whereas 10-week-old KO mice were both anemic and had
enlarged spleens (Figs. 1 A and 2 A–C). Note that MCV was not
increased in 3- to 4-week-old 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 ctr
mice. Animals were monitored from 4 to 10 weeks of age for
RBC count and by MRI for spleen volume. As shown in Fig. 6B,
by 5 weeks of age, the cGKI SM rescue mice became anemic but
still had a normal spleen size. Thus, anemia appeared to precede
splenomegaly in cGKI-deficient mice.

Discussion
The present study shows that cGKI-deficient mice develop
anemia and splenomegaly. The anemia is most likely not due to
impaired formation but rather to shortened survival of eryth-
rocytes. Increased levels of plasma erythropoietin and reticulo-

Fig. 5. In vivo clearance of CFSE-labeled erythrocytes. Erythrocytes were
isolated from and injected into 10-week-old cGKI KO mice or their litter-
matched ctrs. 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 2 days after
injection (*, P � 0.05 vs. ctr; ***, P � 0.001 vs. ctr). The genotypes of the ctr mice
were cGKI�/� or cGKI�/L�.

Fig. 6. Anemia precedes splenomegaly in cGKI-deficient mice. (A) The
number of RBC (n � 5) and the spleen/bw ratio (n � 10) were determined in
3- to 4-week-old ctr (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 noninvasive MRI. RBC count (black boxes), and
spleen volume (open boxes) were longitudinally monitored from 4 to 10
weeks of age in four cGKI SM rescue mice and five litter-matched ctr mice (ctr
SM rescue). For each experimental day, RBC counts and spleen volumes of the
SM rescue mice were normalized to the respective mean value of the ctr
animals, which was set to 100%. Note that 5-week-old SM rescue mice had
already a significantly lower RBC count than ctr mice (P � 0.05) but a normal
spleen volume. Lower shows representative MR images (coronal sections, top
view) of individual ctr 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-I��/� or cGKI�/L�;SM-I��/�.
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cytes 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 intracel-
lular 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 as compared with ctr mice. It
is well known that the NO/cGMP/cGKI pathway inhibits agonist-
induced increases in cytosolic Ca2� in vascular SM cells (20, 26).
Many studies have suggested 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
(27–29) or stimulation of the Ca2�-ATPase (30, 31). In line with
their increased cytosolic Ca2� concentration, a well known
trigger of phospholipid scrambling (12), cGKI-deficient eryth-
rocytes show increased surface exposure of PS, a hallmark of
eryptosis (14, 15). The exposure of PS at the erythrocyte surface
mediates binding to PS receptors of macrophages (18) followed
by engulfment (19) and clearance from circulating blood (32).
Indeed, cGKI-deficient erythrocytes disappear faster from the
circulation than ctr erythrocytes. The mechanical properties of
cGKI-deficient erythrocytes are not affected adversely and,
therefore, cannot contribute to their accumulation in the spleen.

Erythrocytes from cGKI KO animals are more rapidly cleared
from circulating blood than erythrocytes from ctr mice after
injection into either KO or ctr animals. These results disclose
that the anemia is, at least in part, due to a property of KO
erythrocytes. The accelerated death of the erythrocytes presum-
ably leads to enlargement of the spleen, which in turn is expected
to enhance the sequestration of circulating erythrocytes. Ac-
cordingly, erythrocytes from both KO and ctr animals are more
rapidly cleared after injection into KO animals than into ctr
animals. It is important to note that anemia is observed in cGKI
mutant mice before development of splenomegaly (Fig. 6). 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. Interest-
ingly, the cGKI SM rescue mice also develop anemia and
splenomegaly but have normal vitamin B12 levels and only
slightly increased cell volumes, which could result from de-
creased activation of KCl symport in the absence of cGKI. KCl
symport is normally stimulated by cGK leading to cellular KCl
loss and cell shrinkage (33).

The present results disclose a role of cGKI in the regulation
of erythrocyte survival. cGMP and cGKI have been shown to
counteract apoptosis of nucleated cells (4). 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 from altered erythropoiesis or defects in noner-
ythroid 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 KO erythrocytes
are cleared faster from the circulation than ctr cells. Second,
anemia and splenomegaly are similarly present in ’’sick‘‘ con-

ventional cGKI KO 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 pri-
mary cause of anemia. Thus, we propose that the primary defect
leading to anemia in cGKI-deficient mice is a higher suscepti-
bility 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 spleno-
megaly potentiate each other to reach the level observed in the
adult cGKI mouse mutants. Clearly, to unequivocally establish a
causal relationship between erythrocyte cGKI, anemia, and spleno-
megaly, an erythrocyte-specific cGKI KO would be needed.

A major stimulator of cGKI is NO (4, 34, 35), which can be
released or removed by erythrocytes (36–39). Oxygenated HGB
takes up NO, whereas deoxygenated HGB releases NO (37, 40,
41). Most recently, NO donors have been shown to counteract
eryptosis, an effect partially mimicked by dibutyryl-cGMP (42).
Similar to what has been shown in nucleated cells (43, 44), NO
may further be effective in erythrocytes through nitrosylation of
enzymes necessary for induction of cell membrane scrambling
(42). Because NO is released from deoxygenated erythrocytes
(45–47), the antieryptotic effect of NO would be particularly
important in hypoxic tissue. Impaired NO formation in eryth-
rocytes has been implicated in the vasoconstriction and ischemia
after transfusion (46, 47), pulmonary hypertension (39), and
deranged microcirculation in sickle cell anemia (48). A decrease
of NO-dependent activation of cGKI could participate in the
pathophysiology of those conditions. Moreover, accelerated
eryptosis participates in the pathophysiology of iron deficiency
(32), hemolytic uremic syndrome (49), sepsis (50), malaria (51),
Wilson’s disease (52), thalassemia (53), glucose-phosphate de-
hydrogenase deficiency (53), and diabetes (54). 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 counterregula-
tion by erythropoietin release. These observations identify a
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 (55–58).

Materials and Methods
Experimental Animals and Cells. Experiments were performed with 3- to
10-week-old conventional cGKI KO mice (21) carrying the L-null allele (cGKI KO
mice, genotype: cGKIL�/L�) and with 4- to 45-week-old cGKI SM rescue mice
(22), in which the expression of the cGKI� or cGKI� isozyme was selectively
restored in SM but not in other cell types of cGKIL�/L� mice (SM-I� or SM-I�
rescue mice, genotype: cGKIL�/L�;SM-I��/� or cGKIL�/L�;SM-I��/�). As ctrs,
litter- and gender-matched mice with the following genotypes were used: For
cGKI KO mice, wild-type (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 and the respective SM-I� or
SM-I� transgene (SM-I� or SM-I� ctr mice, genotype: cGKI�/L�;SM-I��/� or
cGKI�/L�;SM-I��/�) were used as ctrs, 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-I� and -I� rescue mice, between
cGKI�/� and cGKI�/L� ctr mice, and between SM-I� and -I� ctr mice. Therefore,
data were pooled from both sexes, from SM-I� and -I� rescue mice, from
cGKI�/� and cGKI�/L� ctr mice, and from SM-I� and -I� ctr mice. All mice were
on a 129/Sv genetic background. The targeted alleles were established in the
R1 embryonic stem cell line (59), which was derived from a (129�1/SvJ �
129S1) F1 3.5-day blastocyst.

Blood was retrieved either by puncture of the retroorbital venous plexus or,
in case of killed mice, by puncture of the heart, and collected in heparin- or
EDTA-coated tubes. Bone marrow was obtained by rinsing femur and tibia
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with PBS. Cells from the bone marrow and spleen were separated with
Netwells (Corning) before further analysis.

Other detailed methods are provided in SI Materials and Methods.

Statistics. Data are expressed as mean � SEM, and statistical analysis was made
by two-tailed unpaired t test. Significance was determined at P � 0.05.
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