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Abstract
The cyclic nucleotides cyclic adenosine monophosphate (cAMP) and cyclic guanosine
monophosphate (cGMP) regulate the activity of protein kinase A (PKA) and protein kinase G
(PKG), respectively. This process helps maintain circulating platelets in a resting state. Here we
studied the role of cAMP and cGMP in the regulation of megakaryocyte (MK) differentiation and
platelet formation. Cultured, platelet-producing MKs were differentiated from fetal livers
harvested from 13.5 days postcoital mouse embryos. MK development was accompanied by a
dramatic increase in cAMP production and expression of soluble guanylate cyclase, PKG, and
PKA as well as their downstream targets vasodilator-stimulated phosphoprotein (VASP) and
MENA. Stimulation of prostaglandin E1 receptor/adenylyl cyclase or soluble guanylate cyclase/
PKG in cultured MKs increased VASP phosphorylation, indicating that these components share a
common signaling pathway. To dissect out the role of cyclic nucleotides in MK differentiation,
cAMP/PKA and cGMP/PKG signaling were alternately blocked in cultured MKs. Down-
regulation of cAMP pathway effectors decreased MK numbers and ploidy. Notably, cGMP levels
increased at the beginning of MK development and returned to basal levels in parallel with MK
maturation. However, inhibition of cGMP pathway effectors had no effect on MK development. In
addition, platelet release from mature MKs was enhanced by cGMP and inhibited by cAMP. Our
data suggest that cAMP plays an important role in MK differentiation, while cAMP and cGMP
have opposite effects on platelet production. Identifying the signaling pathways that underpin MK
development and proplatelet formation will provide greater insights into thrombopoiesis and may
potentially yield useful therapeutic targets.

To maintain normal hemostasis, approximately one trillion (~1012) platelets circulate in an
adult human. Platelets derive from the cytoplasm of megakaryocytes (MKs), large cells that
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develop from pluripotent hematopoietic stem cells in the bone marrow (BM). Platelets
assemble and release from long, intermediate cytoplasmic extensions called proplatelets,
which are made by MKs, that have multiple platelet-sized swellings along their length [1].
Proplatelet formation is characterized by extensive MK morphological changes and
cytoskeletal reorganization. Microtubules, each of which is a linear polymer assembled from
thousands of α- and β-tubulin dimers in concert with associated motor proteins, drive
proplatelet elongation [2,3]. By contrast, actin-based forces repeatedly bend and bifurcate
the proplatelet shafts, amplifying proplatelet ends, sites of platelet maturation and release
[2]. Although the cytoskeletal changes that accompany platelet biogenesis have been studied
extensively, little is known about the corresponding signals that regulate cytoskeletal
reorganization and platelet production. Signaling pathways implicated in MK development
include protein kinase C [4], the Rho-Rock/myosin-IIa pathway [5], and PIP2 signaling [6].

The majority of mature MKs localize near the sinusoids in the vascular niche in the BM, and
extend their proplatelets through sinusoid endothelial cells [7,8], indicating that extra-
cellular signals can contribute to MK and platelet development. Enhancing the movement of
MK progenitors to vascular sinusoids is sufficient to induce their differentiation and platelet
production [9]. Although the molecular mechanisms that regulate these processes are
unknown, it has been shown that the presence of BM endothelial cells is essential for
stromal cell-derived factor-1–induced proplatelet formation [9]. Furthermore, the inhibition
of vascular recovery in the BM results in impaired MK regeneration after myelosuppression
[10], suggesting that endothelium-derived factors such as nitric oxide (NO) and
prostaglandin I2 (PGI2) can play an important role in thrombopoiesis.

In the absence of injury, NO and PGI2 produced by vascular endothelial cells help maintain
circulating platelets in a resting state by increasing platelet intracellular levels of the cyclic
nucleotides, cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate
(cGMP). While cAMP is synthesized by a membrane adenylyl cyclase, which is activated by
Gs-coupled prostaglandin receptors, cGMP is produced by soluble guanylyl cyclase (sGC)
in the cytoplasm. Protein kinase A (PKA) and protein kinase G (PKG), which are activated
by cAMP and cGMP, respectively, are the major effectors of platelet inhibitory pathways
[11]. Vasodilator-stimulated phosphoprotein (VASP) and MENA are well-characterized
substrates of PKA and PKG. PKA preferentially phosphorylates VASP at Ser157, while
PKG favorably targets Ser239. Hence, phospho-VASP has been used as a marker of platelet
inhibition [12].

Here we report that differentiation of MKs derived from mouse fetal liver cells (FLC) is
accompanied by dramatic increases in cAMP levels and augmented expression of proteins
involved in cAMP/cGMP signaling. Interestingly, we show that cAMP/PKA signaling
promotes MK development, but suppresses platelet production. By contrast, cGMP/PKG
signaling has no effect on MK development, but strongly stimulates platelet production.

Materials and methods
Detailed information on reagents, antibodies, and suppliers can be found in Supplementary
Methods (online only, available at www.exphem.org).

Isolation of mouse FLC and differentiation of MKs
Pregnant C57/BL6 mice at 13.5 days postcoital were anesthetized and sacrificed by CO2
asphyxiation. Mouse fetal livers were explanted and processed as described previously [13].
A portion of the FLC harvested (day 0) were analyzed by Western blot or fluorescence-
activated cell sorting (FACS) analysis before culturing. FLC initially consisted of small cells
of 2N to 4N ploidy (Supplementary Figure E1B, C; online only, available at
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www.exphem.org). A two-step bovine serum albumin (BSA) density gradient was used at
culture day 2 or 4 to separate MKs (pellet) from non-MKs (top fraction after gradient). The
purity of the different fractions was analyzed by phase-contrast microscopy and flow
cytometry. Approximately 13% of FLC expressed CD41 at day 0, while CD61 gradually
increased in parallel with MK differentiation (Supplementary Figure E1A; online only,
available at www.exphem.org). Therefore, CD61 was used as a MK marker. The portion of
MKs (CD61-positive cells) in the enriched gradient population was estimated to be 70% to
80% at day 2, and 80% to 90% at day 4, while only 4% to 6% of the non-MK fractions were
CD61-positive (Supplementary Figure E1B; online only, available at www.exphem.org).
The ploidy of MKs increased from 32N to 64N between days 2 and 4 (Supplementary
Figure E1C; online only, available at www.exphem.org).

Preparation of washed mouse platelets
Washed mouse platelets were prepared as described previously [14]. Platelet concentrations
were adjusted to 4 × 108 platelets/mL.

Flow cytometry and Western blotting
Cell cultures were stained with an anti-CD41 (Becton Dickinson, Heidelberg, Germany), an
anti-CD61 (Emfret, Wüurzburg, Germany) antibody, or an isotype control and analyzed on a
Becton Dickinson FACSCalibur using CellQuest software, version 3.1f (Heidelberg,
Germany). For protein analysis, MK and platelet lysates were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and Western blotting was performed as described
previously [15], using antibodies against VASP (generated in our laboratory), phospho-
VASP Ser157, phospho-VASP Ser239 (Nanotools, Teningen, Germany), β-sGC (Sigma-
Aldrich, Steinheim, Germany), PKG-I (generated in our laboratory), PKA-C (catalytic
subunit), phospho-JAK2 Tyr1007/1008, JAK2 (Cell Signaling, Frankfurt, Germany),
MENA (generously provided by T. Renne, Stockholm, Sweden), glyceraldehyde phosphate
dehydrogenase (GAPDH; Chemicon, Munich, Germany), phosphodiesterase 2A (PDE2A),
PDE3A (GeneTex, Hiddenhausen, Germany), or PDE5 (generously provided by S.
Rybalkin, Seattle, WA, USA). Digitized Western blots from three independent experiments
were quantified by densitometry (ImageJ software, National Institutes of Health, Bethesda,
MD, USA), and the data were expressed as relative density compared with freshly isolated
FLC.

MK ploidy measurements
MKs were resuspended in citrate buffer (40 mM sodium citrate [pH 7.4], 0.25 M sucrose),
stained with 15 μg/mL propidium iodide (0.4% NP-40, 0.4 mM EDTA, 0.4 mg/mL RNase)
and analyzed by FACS.

cAMP and cGMP measurements
Levels of cAMP and cGMP were measured using an enzyme immunoassay according to
manufacturer’s recommendations (Sigma-Aldrich, Steinheim, Germany). Results were
normalized to the protein concentration of samples.

Platelet formation counts
At day 3 post-explant, MKs were separated using a BSA gradient and seeded in a 24-well
plate (105/mL) in the presence or absence of compounds, as indicated. Released platelets
were collected by centrifugation after 24 hours. The morphology of platelets stained for β-
tubulin was analyzed by fluorescent microscopy and platelet-sized particles positive for the
CD61 marker were counted with beads in the gate adjusted for mouse platelets by FACS, as
described previously [16,17].
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Data analysis
All experiments were performed at least in triplicate and data are expressed as means ±
standard deviation. Data were analyzed using either a t test or an analysis of variance
followed by Bonferroni post hoc tests. Differences were considered significant when p <
0.05.

Results
Increased expression of sGC, PKG, PKA, VASP, and MENA during MK differentiation

Mouse MKs developed from fetal livers enlarge and become increasingly polyploid as they
grow in culture, until the onset of proplatelet formation on day 4 (Supplementary Figure E1;
online only, available at www.exphem.org). To investigate the roles of the NO and PGI2
pathways in MK maturation and platelet generation, we analyzed the expression levels of
endothelial NO synthase (eNOS), sGC, PKG, PKA, VASP, and MENA at the different
stages of MK development and compared these expression levels to those in mouse
platelets. In all experiments, a BSA gradient was used to enrich for the MK fraction, which
was then compared to the non-MK fraction.

We found that the levels of sGC, PKG-I, PKA-C, VASP, and MENA expressed at low
levels in the progenitor cells (FLC) increased dramatically as MKs differentiated (Fig. 1A,
Table 1). The expression levels of sGC, PKG-I, PKA-C and VASP in mature MKs at day 4
were comparable to those found in platelets. Only MENA expression was down-regulated in
platelets. Increased expression of PKA and PKG correlates with increased kinase activity in
the MK fraction, as determined by VASP phosphorylation. Levels of VASP phosphorylated
at Ser157 and Ser239 were below the detection threshold in the initial cell cultures.
However, VASP phosphorylation at Ser157 was enhanced in MKs on day 2, while the
phosphorylation of both Ser157 and Ser239 increased on day 4. These results suggest a
major role for the PKA and PKG signaling pathways in MK differentiation. Endothelial
NOS became undetectable as the MKs matured (Fig. 1A, Table 1), in agreement with
published observations that mouse and human platelets do not express functional NOS
proteins[14,18]. Other NOS isoforms (inducible NOS and neuronal NOS) were not
expressed in the initial cultures or in mature MKs or platelets (data not shown).

Localization of PKG, VASP, and MENA in proplatelet-producing MKs was evaluated by
immunofluorescence staining. Both the MK cell bodies and elaborated proplatelets
contained PKG, VASP, and MENA (Fig. 1B). Staining of all proteins was cytoplasmic and
present along the shafts and platelet-like swellings (proplatelets were stained for β-tubulin to
highlight their morphology). Because phosphorylation of VASP at Ser239 occurs at the
height of proplatelet formation on day 4, we examined the localization of the two phospho-
VASP isoforms in proplatelet-producing MKs. Proplatelets were stained similarly for both
phospho-VASP Ser157 and phospho-VASP Ser239 (Fig. 1C), indicating no spatial
separation of the different phospho-VASP isoforms.

Differential regulation of cAMP and cGMP levels during MK development
To address the roles of PKA and PKG in MK maturation and platelet formation, we
measured cAMP and cGMP levels in FLC, non-MK cells, and MKs on 2 and 4 days post-
explant. Compared to the initial FLC, the levels of cAMP in MKs increased by fivefold on
day 2 (from 1.8 pmol/mg protein in FLC to 10 pmol/mg protein in MKs, n = 3; p < 0.05, t
test) and 25-fold on day 4 (to 48 ± 17 pmol/mg protein, n = 3; p < 0.05, t test). The levels of
cAMP in MKs were double those found in mature mouse platelets (Fig. 2A). This
augmentation of cellular cAMP levels explains the sequential phosphorylation of VASP at
the Ser157, followed by Ser239 site. We did not observe an increase in cAMP levels in the
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non-MK cell fraction, which had cAMP levels that were similar to those in the initial FLC
culture (4.5 ± 1.5 pmol/mg protein in non-MK vs 1.8 ± 0.2 in FLC pmol/mg protein, n ± 3; p
> 0.05), indicating that the rise of cAMP levels was MK-specific. Similarly, levels of cGMP
(Fig. 2B) increased threefold in MKs (1.8 ± 0.4 pmol/mg protein, n = 3; p < 0.05, t test) on
day 2 compared to the initial FLC (0.58 ± 0.29 pmol of cGMP/mg protein), but subsequently
decreased to near basal levels (0.75 ± 0.07 pmol/mg protein, n = 3; p > 0.05). In addition,
cGMP levels in MKs at day 4 were lower than those found in platelets (1.2 ± 0.2 pmol/mg
protein, n = 3; p > 0.05). The rise in cytoplasmic cGMP levels at day 2 paralleled the
increased expression of sGC (Fig. 1A).

The cytoplasmic levels of cyclic nucleotides are also regulated by PDE-mediated
degradation. Therefore, we evaluated the expression of the PDEs known to exist in platelets,
namely PDE2A, PDE3A, and PDE5. Only PDE3A and PDE5 increased with MK maturation
(Fig. 2C, Table 2). PDE5 is activated by cGMP and is highly specific for cGMP hydrolysis
[19]. Therefore, the fall of cGMP at day 4 in MKs may be due to increased PDE5
expression. PDE2A, an enzyme that hydrolyzes both cAMP and cGMP, was detectable in
the initial FLC (Fig. 2C, Table 2), but decreased below the detection threshold as MKs
matured. In addition, PDE2A was not found in mouse platelets, although it has been
identified in human platelets (data not shown). Cyclic AMP undergoes hydrolysis by
PDE1A and PDE4A, as well as by PDE2A and PDE3A. Although we failed to detect
PDE1A (data not shown), a down-regulated, 66-kDa PDE4A1 splice variant was detected in
maturing MKs. Therefore, a slight increase in PDE3A expression, coupled with a down-
regulation of PDE2A and PDE4A1 expression, results in increased cAMP levels in
developing MKs. Taken together, these results indicate that cAMP and cGMP are
differentially regulated during MK development.

To further explore the functions of the cAMP/PKA and cGMP/PKG pathways during MK
maturation, the extent of VASP Ser239 phosphorylation was analyzed after stimulating
adenylyl cyclase (forskolin), the prostaglandin receptor (PGE1), sGC (sodium nitroprusid),
or PKG (8-pCPT-cGMP). Stimulation of cAMP/PKA or cGMP/PKG signaling markedly
increased the levels of phospho-VASP in the cells (Fig. 2D). Phosphorylation of Ser157 on
VASP shifts its apparent molecular weight from 46 kDa to 50 kDa in sodium dodecyl sulfate
polyacrylamide gel electrophoresis [20]. Therefore, the detection of two bands, or a band
shifted to 50 kDa, reports phosphorylation of both sites when probing with an anti–phospho-
VASP (Ser239) antibody.

Although thrombopoietin (TPO) is required to induce MK maturation and platelet
formation, it does not directly signal to increase cAMP or cGMP (Supplementary Figure
E2A, B; online only, available at www.exphem.org). In addition, PKA or PKG activation
had no effect on TPO/c-Mpl signaling because phosphorylation of JAK2, a kinase that
initiates TPO/c-Mpl signaling in MKs, was unaffected by increased levels of cAMP or
cGMP (Supplementary Figure E2C; online only, available at www.exphem.org). These data
demonstrate that PKA/PKG signaling is not directly controlled by TPO in MKs, although
TPO is required to induce protein expression by activating critical upstream transcription
factors.

The cAMP/PKA pathway is important for MK differentiation
Because cyclic nucleotide levels increase during MK development, we sought to determine
whether cAMP/PKA or cGMP/PKG are essential for differentiation. A pharmacological
approach that is based on long-term stimulation was used to down-regulate either the cAMP/
PKA or cGMP/PKG systems. This approach has been described for PKC inhibition with
phorbol 12-myristate 13-acetate [21], and has also been shown for PKG [22]; the continuous
(each day during 4 days of culture) application of forskolin or PGE1 down-regulates proteins
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in the cAMP/PKA pathway, while 8-pCPT-cGMP and oxadiazolo- [4,3-a]quinoxalin-1-one
(ODQ) down-regulate protein effectors of the cGMP/PKG pathway. The MK cell cultures
were analyzed on day 4 for the following markers of MK differentiation: number of CD61-
positive cells (absolute number and percent of total), proliferation (total cell count), ploidy
of MKs, and MK expression levels of cAMP and cGMP pathway proteins.

Treatment of cultures with increasing concentrations of forskolin decreased expression of
PKA and VASP and attenuated VASP phosphorylation (Fig. 3B, Supplementary Figure
E3A; online only, available at www.exphem.org). PGE1 (1 μM) also decreased the amount
of total VASP and VASP phosphorylation, indicating that PGE1 inhibited PKA activity.
GAPDH, a housekeeping protein unaffected by pharmacological inhibition, was used as a
loading control. In addition, the drugs used did not affect cell viability, as assessed by trypan
blue staining. Critically, forskolin and PGE1 inhibited MK differentiation in a dose-
dependent manner, as determined by a decrease in the percentage and absolute number of
CD61-positive cells (Fig. 3Aii and iii). The impaired MK differentiation was not the result
of diminished proliferation, as there was no significant change in the total number of cells in
the culture (Fig. 3Ai).

The manipulation of cell cultures to induce deregulation of cGMP production failed to
impact either MK differentiation or proliferation (Fig. 3C). Cells treated with 8-pCPT-
cGMP showed reduced PKG expression, while ODQ treatment decreased β-sGC expression
(Fig. 3D, Supplementary Figure E3B; online only, available at www.exphem.org). VASP
expression and its phosphorylation at both sites (Ser157 and Ser239) remained intact after
ODQ treatment and were only slightly increased after 8-pCPT-cGMP treatment, due to the
cAMP/PKA system. Similarly, DEA/NO and NG nitro-L-arginine methyl ester (L-NAME;
NOS inhibitor) did not affect protein expression or MK differentiation (Fig. 3C, D).

The same pharmacological treatments were employed to study MK ploidy. Manipulation of
the cAMP pathway to induce PKA down-regulation/inhibition (Fig. 3B) resulted in
decreased MK ploidy. Most of the cells were locked at the 2N to 4N stages in the presence
of forskolin and PGE1 and the number of 16N to 32N MKs was markedly decreased (Fig.
4A, B; *p < 0.05 as compared to control, or the solvent delivery control, ethanol for PGE1, n
= 3). Conversely, when cultures were treated with DEA/NO or ODQ, the MKs matured in a
normal manner, as judged by ploidy (data not shown). Our results suggest an important role
for PKA/cAMP, but not for PKG/cGMP, in the process of MK maturation.

cGMP increases platelet production
MK maturation culminates in proplatelet elaboration and platelet release. We therefore
investigated the roles of the cAMP and cGMP pathways in determining these final events.
To examine platelet release, day 3 MKs were harvested using a BSA gradient and cultured
for an additional 24 hours in the presence/absence of indicated substances (Fig. 5). Platelets
released into culture were identified by their size and microtubular coil staining for β-tubulin
(Fig. 5A). Released platelets (CD61+) were counted by FACS and P-VASP was analyzed to
monitor the activity of the cAMP and cGMP pathways. Stimulation of PKG with 8-pCPT-
cGMP and sGC with BAY41-2272 increased platelet production by 37% (p < 0.05, n = 6)
and 20% (p < 0.05, n = 4), respectively (Fig. 5B). Both treatments induced VASP
phosphorylation as expected (Fig. 5C). Hence, platelet release was enhanced by the
continuous presence of the cGMP analogue (8-pCPT-cGMP) or the increased production of
cytosolic cGMP (BAY41-2272). By contrast, the NO donor DEA/NO has a short half-life in
solution (2 min) and had no effect on VASP phosphorylation or platelet production (Fig. 5B,
C). The opposite effect was observed after induction of cAMP/PKA signaling. Despite its
short half-life, PGE1 reduced platelet production by ~30% (p < 0.05, n = 6). Forskolin
treatment reduced platelet production by ~15% (p > 0.05, n = 6), although this was not
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statistically significant. These results suggest that cAMP and cGMP have distinct and
opposing roles in the regulation of platelet release from MKs.

Discussion
Platelet adenylyl cyclase and sGC initiate important inhibitory signaling cascades in
platelets by producing cAMP and cGMP, which activate PKA and PKG, respectively [23].
VASP is a protein that binds many actin-associated proteins and is a shared downstream
substrate for both PKA and PKG. VASP phosphorylation is believed to be critical for the
relaxation of the platelet’s actin cytoskeleton [24]. Hence, the loss of VASP expression in
knockout mice results in a prothrombotic state mediated by the circulation of hyperactive
platelets [25]. A clear role of cyclic nucleotides in thrombopoiesis, however, has not been
established.

In the present study, we examined the roles of cyclic nucleotide production systems in the
differentiation of mouse MKs and their subsequent ability to produce platelets. We found
that MK differentiation is accompanied by a marked increase in expressions of sGC, PKA-
C, PKG-I, VASP, and MENA (Fig. 1A, B). This was accompanied by 5- to 25-fold increase
of cAMP, and MKs had a much higher amount of VASP in its phosphorylated state (Figs.
1A, 2A). Furthermore, pharmacological manipulation of the cAMP-dependent pathways
influenced PKA expression, VASP phosphorylation, and MK differentiation (Fig. 3A, B).
cGMP, on the other hand, was increased early in MKs, and then decreased to basal levels
(Fig. 2B). Drug-induced down-regulation of sGC and PKG levels had no effect on MK
differentiation (Fig. 3C, D). Platelet release was increased by cGMP/PKG stimulation, while
cAMP/ PKA stimulation caused the opposite effect (Fig. 5B). From these results, we
hypothesize a new role for the cyclic nucleotides in relaxing the MK actin system. This
relaxation would prevent unwanted MK spreading and secretion, while permitting the
microtubule system to form proplatelets without interference.

Cyclic AMP and its principal target, PKA, modulate numerous cell physiological processes,
such as metabolism, growth, differentiation, gene transcription, and synaptic release of
neurotransmitters [26]. Increased expression of the PKA regulatory subunit RII has been
reported in human CD34+-derived MKs [27]. Increased cAMP has been found to delay
apoptosis of CD34+ stem cells and MKs [28,29]. cAMP also increases expression of the
chemokine receptor CXCR4, which augments the ability of CD34+ cells to transmigrate to
the endothelium and to adhere to stroma [30]. In agreement with our results, over-expression
of pituitary adenylate cyclase-activating polypeptide, which increases cAMP formation via
Gs-coupled VPAC1 receptor, inhibits MK differentiation in both humans and mice [31].
PKA is required for maximal activation of NF-E2, a critical transcription factor in
erythrocytes and MKs [32]. Therefore, PKA may also participate upstream of NF-E2 by up-
regulating specific genes that promote MK differentiation.

Cyclic GMP regulates gene expression, and the loss of PKG expression is associated with
the dedifferentiation of vascular smooth muscle cells [33]. NO induces apoptosis in Meg-01
cells and platelet counts are decreased by ~50% in inducible NOS knockout mice [34].
Moreover, rats treated with the NOS inhibitors L-nitro-arginine and L-NAME exhibit
decreased platelet counts [35]. Our data show that the cGMP/PKG pathway is not required
for MK differentiation, but does enhance the final step of platelet production. By contrast,
cAMP/PKA stimulation led to a decline in platelet release. Interestingly, anagrelide, a PDE3
inhibitor that increases cAMP in cells, has been found to be helpful in the treatment of
essential thrombocythemia by reducing the peripheral platelet count [36].
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Movement of MKs to the BM vascular niche is necessary for their final maturation and
subsequent release of platelets, a process mediated by the chemokines, fibroblast growth
factor–4 and stromal cell-derived factor–1 (CXCR4 ligand), even in the absence of TPO [9].
MKs localize in vivo to sinusoidal BM endothelial cells, elaborating their proplatelets into
microvessels, and releasing platelets into the intravascular sinusoidal space [7,8]. MKs in the
vascular microenvironment are in intimate contact with the endothelium, whose production
of NO and prostaglandins could influence MK differentiation and platelet release. It has
been suggested that proplatelets are sheared by blood flow in BM sinusoids [8].
Conceivably, increased levels of cyclic nucleotides in MKs and proplatelets could prevent
shear stress-induced activation of the released platelets or on the proplatelet’s endothelial
transmigration, where the released platelets are exposed to matrix proteins.

Conclusions
The present data elucidate a role for the cyclic nucleotides cAMP and cGMP in
thrombopoiesis. MK development is associated with increased expression of proteins
essential for the function of inhibitory platelet pathways. Our results demonstrate the
involvement of cAMP/PKA in the maturation of MKs from MK precursors, while the
cGMP/PKG pathway stimulates platelet release, the final step in MK maturation. These data
should prompt future investigations to define the mechanisms by which cAMP regulates
differentiation processes in MKs, as well as the involvement of cGMP in platelet release.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Increased expression of β-sGC, PKG-I, PKA-C, VASP, and MENA during differentiation of
mouse FLC into MKs. (A) FLC and MKs separated from non-MK cells after 2 and 4 days in
culture and mouse platelets (Plt) were analyzed for expression levels of endothelial NOS
(eNOS), β-sGC, PKG-I, PKA-C (catalytic subunit), MENA, VASP, and phospho-VASP
(Ser157, Ser239) by Western blotting. Human umbilical vein endothelial cells were used as
a control for eNOS and mouse brain lysate as a control for MENA expression. GAPDH was
used as a loading control. Blots representative of four independent experiments are shown.
(B) Proplatelets contain PKG-I, VASP, and MENA. Immunofluorescence images of MKs
with proplatelets stained for PKG-I, VASP, MENA, or β-tubulin. The images are
representative of four independent experiments. (C) Colocalization of VASP phosphoforms
in proplatelets. Immunofluorescence images of proplatelets stained with mouse anti–
phospho-VASP Ser157 and rabbit anti–phospho-VASP Ser239 representative of three
independent experiments are shown. Scale bar: 5 μm.
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Figure 2.
cAMP and cGMP levels and PDEs expression changes during MK development. (A) cAMP
and (B) cGMP levels were measured in FLC, day 2 and 4 MK, non-MK cells, and mouse
platelets (Plt) by electroimmunoassay. The results, normalized to cell proteins, are
representative of three independent experiments and are means ± standard deviation. *A t
test significance of p < 0.05 compared to FLC at day 0, n = 3. (C) Expression levels of
PDE2A, PDE3A, PDE4A1, and PDE5 were analyzed by Western blotting in FLC, MK, non-
MK cells after 2 and 4 days in culture, and mouse platelets. Representative blots from three
independent experiments are shown. (D) PKG and PKA stimulation in MK cultures.
Gradient purified MKs were preincubated for 1 hour in serum-free Dulbecco’s modified
Eagle medium without TPO and then treated for 5 min with sodium nitroprusid (SNP; 10
μM), 8-pCPT-cGMP (25 μM), forskolin (5 μM), or PGE1 (1 μM). Anti–phospho VASP
Ser239 antibody was used to analyze PKG and PKA activation. Ser157 is a PKA
preferential phosphorylation site that shifts VASP mobility from 46 to 50 kDa. Therefore
two bands, or a shifted band, indicate phosphorylation of both sites. PKG-I was used as a
loading control. Blots representative of three independent experiments are shown.
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Figure 3.
The cAMP, but not cGMP, enhances MK development. (A) To modulate the cAMP
pathway, FLC were cultured with TPO and treated daily with forskolin (1 and 5 μM) and
PGE1 (1 μM). Cultures were analyzed on day 4 for proliferation (total cell count [i]),
percent CD61 expressed (ii), and for counts of CD61+ cells (iii). (B) Expression of PKA-C,
VASP, phospho-VASP 157Ser, phospho-VASP 239Ser, and GAPDH (loading control) in
MKs. (C) To modulate the cGMP pathway, FLC were cultured with TPO, stimulated daily
with ODQ (10 μM), DEA/NO (5 μM), L-NAME (100 μM), and 8-pCPT-cGMP (100 μM),
and analyzed on day 4 for total cell counts (i), percent CD61 expressed (ii), and counts of
CD61+ cells (iii). (D) Expression of β-sGC, PKG-I, VASP, phospho-VASP 157Ser,
phospho-VASP 239Ser, and GAPDH, as loading controls, were evaluated in MKs.
*Statistically significant differences compared to control; p < 0.05, n = 6.
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Figure 4.
PGE1 and forskolin inhibit MK polyploidization. FLC were cultured with TPO, stimulated
daily with forskolin (5 μM), PGE1 (1 μM), or 0.01% ethanol, as a solvent delivery control.
The ploidy of MKs on day 4 was assessed by propidium iodide staining. (A) Histograms
representative of three experiments are presented. (B) Ploidy is expressed as fold increase
relative to control 2N, mean ± standard deviation of three experiments. *Significance of p <
0.05 compared to the ploidy of the control, n = 4.
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Figure 5.
Opposite effects of PKG and PKA on platelet formation. (A) Platelets released from the MK
cultures (i) were identified by the presence of microtubular coils, the defining characteristic
of peripheral blood platelets (ii, β-tubulin staining). (B) Gradient purified day 3 MKs were
cultured overnight in the absence or presence of DEA/NO (5 μM), 8-pCPT-cGMP (100
μM), BAY 41-2272 (1 μM), forskolin (5 μM), or PGE1 (1 μM). Platelet production was
analyzed by flow cytometry, gating platelet-sized CD61+ particles. Data are presented as the
fold increase in platelets released from the untreated MKs (defined as 1). *Significance of p
< 0.05 as compared to the control, n = 4. (C) VASP phosphorylation at Ser239 after 24
hours incubation with indicated substances.
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Table 1

Increased expression of β-sGC, PKG-I, PKA-C, VASP, and MENA during MK differentiation

Day 0 Day 2 Day 4

FLC non-MK MK non-MK MK Plt

eNOS 1 0.31 (0.02)a 0.41 (0.12)a 0.03 (0.01)a 0.07 (0.02)a

β sGC 1 0.23 (0.11) 26.88 (5.33)a 8.28 (2.29) 52.15 (2.94)a 63.56 (2.35)

PKG I 1 1.65 (0.87) 26.42 (10.03) 13.89 (3.92) 66.62 (16.62)a 127.8 (27.8)

PKA C 1 1.69 (0.16) 2.65 (0.21)a 1.83 (0.32) 3.56 (0.64)a 4.87 (0.34)

MENA 1 3.17 (0.21) 21.98 (4.03)a 11.59 (1.91)a 26.03 (2.05)a 10.91 (2.52)

VASP 1 3.07 (0.25) 3.52 (0.60) 2.51 (0.49) 7.45 (1.50)a 12.22 (2.69)

P-VASP Ser157 1 0.08 (0.01) 9.62 (2.75) 37.37 (8.99)a 73.12 (2.7)a 24.23 (2.95)

P-VASP Ser239 1 1.14 (0.11) 3.31 (2.30) 2.53 (0.19) 43.41 (1.76)a 37.15 (1.97)

Digitized bands as from Figure 1A were quantified using ImageJ (National Institutes of Health) software. Each value represents the relative
expression level in four independent experiments and are mean ± standard deviation. The value from FLC at day 0 is 1. Plt = platelets.

a
Statistical significance of p<0.05 compared to FLC. Values for positive control cells were: human umbilical vein endothelial cells, 1.91 (0.22);

brain, 30.76 (0.54).
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Table 2

Expression of PDE2A, PDE3A, PDE4A1, and PDE5 during MK differentiation

Day 0 Day 2 Day 4

FLC Non-MK MK Non-MK MK Plt

PDE2A 1 2.31 (0.28)a 0.54 (0.14) 3.12 (0.41)a 0.12 (0.03)a 0.023 (0.01)

PDE3A 1 0.18 (0.03) 1.66 (0.16) 0.70 (0.08) 3.26 (0.44)a 6.34 (0.73)

PDE4A1 1 0.93 (0.04) 0.79 (0.07) 0.66 (0.05)a 0.41 (0.10)a 0.19 (0.07)

PDE5 1 0.47 (0.18) 13.31 (2.55)a 4.72 (1.85) 44.3 (4.36)a 56.5 (3.63)

Digitized bands as in Figure 2C were quantified using ImageJ (National Institutes of Health) software. Each value represents the relative expression
of the protein from four independent experiments, expressed as mean ± standard deviation, setting the value from FLC at day 0 as 1. Plt = platelets.

a
Statistical significance of p < 0.05 compared to FLC.
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