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Summary

Within erythrocytes (RBCs), cAMP levels are regulated by phosphodiesterases (PDEs). Increases
in cAMP and ATP release associated with activation of f-adrenergic receptors (BARs) and prosta-
cyclin receptors (IPRs) are regulated by PDEs 2, 4 and PDE 3, respectively. Here we establish the
presence of cytosolic PDEs in RBCs and determine a role for PDE5 in regulating levels of cGMP.

Purified cytosolic proteins were obtained from isolated human RBCs and western analysis was per-
formed using antibodies against PDEs 3A, 4 and 5. Rabbit RBCs were incubated with dbcGMP, a
c¢GMP analog, to determine the effect of cGMP on cAMP levels. To determine if cGMP affects re-
ceptor-mediated increases in cAMP, rabbit RBCs were incubated with dbcGMP prior to addition
of isoproterenol (ISO), a BAR receptor agonist. To demonstrate that endogenous ¢cGMP produc-
es the same effect, rabbit and human RBCs were incubated with SpNONOate (SpNO), a nitric ox-
ide donor, and YCI, a direct activator of soluble guanylyl cyclase (sGC), in the absence and pres-
ence of a selective PDEb inhibitor, zaprinast (ZAP).

Western analysis identified PDEs 3A, 4D and 5A. dbcGMP produced a concentration dependent in-
crease in cAMP and ISO-induced increases in cAMP were potentiated by dbcGMP. In addition, in-
cubation with YCI and SpNO in the presence of ZAP potentiated PAR-induced increases in cAMP.

PDEs 2, 3A and 5 are present in the cytosol of human RBCs. PDED activity in RBCs regulates cGMP
levels. Increases in intracellular cGMP augment cAMP levels. These studies suggest a novel role for
PDED5 in erythrocytes.
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BACKGROUND

Activation of G-protein coupled receptors present on mam-
malian erythrocytes stimulates the synthesis of cAMP, a cy-
clic nucleotide involved in signaling pathways that culmi-
nate in the release of ATP [1]. It has been demonstrated
that, in human and rabbit erythrocytes, receptor-mediated
activation of either the prostacyclin receptor (IPR) or p-ad-
renergic receptor (BAR) stimulates adenylyl cyclase (AC) ac-
tivity resulting in increases in cAMP and subsequently ATP
release [1,2]. ATP is a stimulus for the synthesis and release
of endothelium-derived relaxing factors [3,4]. The regulat-
ed release of ATP allows the erythrocyte to participate in
the local control of vascular caliber [3,5,6].

The magnitude and duration of increases in cAMP, as well
as the localization of those increases to discrete signal-
ing pathways, requires local control of the rates of cAMP
synthesis by AC and its hydrolysis by phosphodiesterases
(PDEs) [7-9]. PDE enzymes include 11 families that dif-
fer in their genetic derivation, molecular structure, sub-
strate specificity, inhibitor sensitivity and mode of regula-
tion [10,11]. PDEs are the sole known physiological means
of inactivation of cyclic nucleotide activity in cells. It has
become clear that specific PDEs are associated with indi-
vidual signaling pathways. Importantly, this specificity per-
mits increases in cAMP to be compartmentalized, allowing
activation of individual receptors to produce discrete cel-
lular responses [7,12,13].

The activity of several PDEs that hydrolyze cAMP has been
demonstrated in both human and rabbit erythrocytes
[14-16]. In addition, the presence of PDE 2A and 3B pro-
tein has been identified in membranes of these cells [14,16].
It has been shown that PDE3, a cGMP-inhibited PDE, reg-
ulates cAMP increases associated with activation of the IPR
[14-16] while PDE2, a cGMP-activated PDE, as well as PDE4
are associated with regulation of increases in cAMP result-
ing from activation of the PAR in erythrocytes [15]. Here we
demonstrate the presence of two PDE isoforms that hydro-
lyze cAMP in the cytosol of human erythrocytes, PDEs 3A
and 4D. We also report for the first time that PDE5, a PDE
that hydrolyzes cGMP is present in the cytosol of these cells.
In addition, we examined the contribution of increases in
c¢GMP and the activity of PDE5 to the regulation of cAMP
levels under basal conditions as well as in response to re-
ceptor-mediated activation of the BAR. Finally, we show that
c¢GMP and PDEDb can participate in the regulation of cAMP
levels in these cells.

MATERIAL AND METHODS

Isolation of erythrocytes

Male New Zealand white rabbits were anesthetized with
ketamine (12.5 mg/kg) and xylazine (1.5 mg/kg) intra-
muscularly, followed by pentobarbital sodium (10 mg/kg)
administered via a cannula placed in an ear vein. A cath-
eter was subsequently placed in a carotid artery and hep-
arin (500 units) was administered. After 10 min, the an-
imals were exsanguinated. Human blood was obtained
by venipuncture using a syringe containing heparin (500
units). Immediately after collection of blood, erythrocytes
were isolated by centrifugation at 500 x g for 10 min at 4°C

with the supernatant and buffy coat removed by aspira-
tion. Packed erythrocytes were re-suspended and washed 3
times in a physiological salt solution containing (in mM);
4.7 KCl, 2.0 CaCl,, 1.2 MgSO,, 140.5 NaCl, 21.0 Tris-base
and 5.5 dextrose with 0.5% bovine serum albumin, pH ad-
justed to 7.4. Erythrocytes were prepared on the day of use.
The protocols for blood collection from rabbits and hu-
mans were approved by the Institutional Animal Care and
Use Committee and the Institutional Review Board of Saint
Louis University, respectively.

Isolation of protein from erythrocyte cytosol

Isolated packed human erythrocytes, 3 ml, were lysed in ice
cold hypotonic buffer (5mM NaPi, pH 7.5/ 0.5mM EGTA)
supplemented with protease inhibitors (Complete Protease
Inhibitor Cocktail Tablets, Roche) and centrifuged at 30,000
x g for 20 min to separate the cytosolic fraction from the
membrane fraction. The supernatant (cytosolic fraction) was
removed and the pellet (membrane fraction) was discarded.
To remove hemoglobin from the cytosol, a DE52 column
was equilibrated with binding buffer (200 mM Tris/HCI
[pH 7.5], 200mM NaCl, and 5 mM EGTA) diluted ten-fold
with H,O and supplemented with 5 mM MgCl, and 1 mM
DTT. The column was packed to 3—4 cm in height. The cy-
tosol was loaded onto the column (6 ml/1 ml DE52 matrix)
and cleared of hemoglobin with 3 washes of 1mL of binding
buffer. The remaining cytosolic bound proteins were elut-
ed with elution buffer containing (3 ml of 0.4M NaCl) in
binding buffer. The eluate was dialyzed overnight in 1L of
buffer containing (in mM); 21.0 tris(hydroxymethyl)ami-
nomethane, 4.7 KCl, 2.0 CaCl,, 140.5 NaCl, 1.2 MgSO,) and
concentrated on Centricon-10 spin concentrator (Amicon)
to a volume of 200-250 pl [17].

Western analysis

Purified cytosolic proteins were solubilized in SDS buffer
(0.277 M SDS, 60% glycerol, 0.25 M Tris-HCI (pH 6.8),
0.004% bromophenol blue, and 0.400 M dithiothreitol).
The sample was boiled and 40 pg of protein was loaded
onto a pre-cast gel (Pierce) and subjected to electropho-
resis. The proteins were transferred to a polyvinylidene
difluoride (PVDF) membrane in buffer containing 25 mM
Tris, 192 mM glycine, and 20% methanol. Membranes
were blocked overnight with 5% non-fat dry milk in PBS
containing 0.1% Tween-20. PDE4 isoforms were identified
by immunoblotting with an affinity purified PDE4D anti-
body directed against the C-terminus of all PDE4D variants
(Fabgennix). To identify PDE3A, PVDF membranes were
blocked overnight with starting block (Thermo Scientific)
containing 0.05% Tween-20 then immunoblotted with two
different goat polyclonal antibodies directed against either
the N-or C-terminus of PDE3A (Santa Cruz). Finally, PDESA
isoforms were identified by immunoblotting with an affinity
purified PDEBA antibody generated against peptides from
unique sequences of the PDESA gene (Fabgennix). The
PVDF membranes were then incubated with an appropri-
ate secondary antibody in 1% non-fat dry milk or starting
block and protein-antibody complexes were visualized us-
ing enhanced chemiluminesence (Pierce). These selected
antibodies have been used in other studies to identify the
resepective PDEs [18-22].
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Effect of cGMP on basal and receptor-mediated increases
in cAMP in rabbit erythrocytes

Isolated rabbit erythrocytes were diluted to a 50% hematocrit
(1 ml) and incubated with increasing concentrations of the
c¢GMP analog, dbcGMP (1, 10 or 30 pM, Biomol) or its vehi-
cle, saline for 30 min prior to determination of cAMP. In sep-
arate studies, rabbit erythrocytes were incubated absence and
presence of dbcGMP (10 pM) prior to stimulation with the
B-agonist, isoproterenol (ISO, 1 pM) for 30 min in order to
determine the effect of cGMP on receptor-mediated increas-
es in cAMP. Importantly, the cGMP analog does not interfere
with EIA determination of cAMP levels (GE Healthcare).

Effect of activators of soluble guanylyl cyclase (sGC) and
a PDE5 inhibitor on basal and ISO-induced increases in
cAMP in rabbit and human erythrocytes

Isolated rabbit and human erythrocytes (50% hematocrit)
were pretreated with YC1 (sGC activator, 100 pM) and the
nitric oxide donor spermine nonoate (SpNO, 100 nM)
in the presence and absence of either the selective PDE5S
inhibitor, zaprinast (ZAP, 10 pM) or the PDEI inhibitor,
vinpocetine (VIN, 30 pM) for 30 min prior to addition
of ISO (1 pM) for determination of cAMP. The vehicles
for the agonists used were saline (ISO, SpNO) or N’,N-
dimethylformamide (DMF) (YC1, ZAP, VIN). The vehicles
had no effect on basal cAMP levels. The concentrations of
zaprinast and vinpocetine were chosen based on published
IC,, values for inhibition of PDE5 in other cell types and
our previous experience with VIN [1,14,23,24]. At the con-
centrations chosen the inhibition of the respective PDE is
highly selective [10,25-29].

Measurement of cAMP

Reactions were stopped with the addition of 4 ml ice-cold
acidified ethanol containing 1 mM HCI per 1 ml of erythro-
cyte suspension. The erythrocyte-ethanol mixture was cen-
trifuged at 14,000 x g for 10 min at 4°C, to remove precip-
itated proteins. The supernatant was removed and stored
overnight at —20°C. Samples were centrifuged a second
time at 3,700 x g for 10 min at 4°C, to remove cryoprecipi-
tates. The supernatant was again removed and dried under
vacuum centrifugation. Concentrations of cAMP were de-
termined by EIA (GE Healthcare) according to the manu-
facturer’s instructions. Cell counts were obtained from the
erythrocyte suspension prior to addition of acidified ethanol
and cAMP values were corrected to 1x10'” erythrocytes,/ml.

Measurement of cGMP

Samples were prepared as described above for cAMP de-
termination and concentrations of cGMP were determined
by EIA acetylation procedure (GE Healthcare). Cell counts
were obtained from the erythrocyte suspension prior to ad-
dition of acifided ethanol and cAMP values were corrected
to 1x10" erythrocytes/ml.

Data analysis
Statistical significance was determined using an analysis of

variance (ANOVA). In the event that the Fratio indicated
a change had occurred, a Fisher’s LSD test was performed

A 148 KDa

e 98 KDa

Figure 1. Identification of PDE4D isoforms in human erythrocytes.
Erythrocyte cytosol preparations were incubated with
an affinity purified primary antibody generated against
the C-terminus of all PDE4D variants (representative of 5
individual samples, 40 pg protein per lane).

to identify individual differences. Results are reported as
means * the standard error of the mean (SEM).

RESuLTS

Identification of PDE4 in the cytosol of human
erythrocytes

PDE2 and PDE4 activity regulate increases in cAMP stim-
ulated by isoproterenol (ISO)-induced activation of the
BAR. PDE2 protein is present in human erythrocyte mem-
branes [14]. In other cell types, it has been demonstrated
that PDE4D splice variants 3, 4 or 5 are associated with this
receptor [13,30,31]. Using Western analysis, we determined
that PDE4D is present in human erythrocyte cytosol prep-
arations. A non-isoform selective PDE4D antibody identi-
fied three bands with predicted molecular weights of 119,
105 and 98 KDa corresponding to those of PDE4D4, 5 and
3, respectively (Figure 1), [17,32].

Identification of PDE3A in the cytosol of human
erythrocytes

PDE3B protein is present in human erythrocyte membranes
and inhibitors of PDE3 activity augment increases in cAMP
produced by activation of the prostacyclin receptor (IPR) in
these cells [14-16]. However, PDE3 inhibitors inactivate both
isoforms of PDE3, PDE3A and PDE3B, and it is the 3A iso-
form that has been associated with IPR signaling in human
platelets [33,34]. There are three splice variants of PDE3A
(3A1, A2, and A3) [35-37]. Using antibodies generated
against both the N-(Figure 2A) and C-terminus (Figure 2B)
of human PDE3A, we identified a band with a predicted
molecular weight of 74 KDa which corresponds to the mo-
lecular weight reported for the PDE3A3 isoform [36,38]

Identification of PDES5 in the cytosol of human
erythrocytes

Activation of the particulate or soluble form of guanyl-
yl cyclase increases cGMP in human erythrocytes [39,40].
However, the contribution of PDEs to the regulation of
c¢GMP levels in erythrocytes has not been fully character-
ized. Here, cytosol preparations were probed with an anti-
body against the N-terminus of human PDEbA. This anti-
body identified a band with a predicted molecular weight
of 105 KDa which corresponds to that of PDESA (Figure 3)
[27,41-43].
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Figure 2. (A) Identification of the PDE3A isoform in human
erythrocytes. Erythrocyte cytosol preparations were
incubated with a goat polyclonal primary antibody
directed against the N-terminus of PDE3A (representative
of 8 individual samples, 40 ug protein per lane). (B)
Identification of the PDE3A isoform in human erythrocytes.
Erythrocyte cytosol preparations were incubated with a
goat polyclonal primary antibody against the C-terminus
of PDE3A (representative of 8 individual samples, 40 ug
protein per lane).
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Figure 4. Effect of the dbcGMP (10 uM) on cAMP levels in rabbit
erythrocytes (n=4). Erythrocytes were incubated with
dbcGMP for 30 min. Values are means +SE. * different
from control (N;N-dimethylformamide, DMF), (p<0.01);
** different from all other values (P<0.01).
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Figure 3. Identification of the PDESA isoform in human erythrocytes.
Erythrocyte cytosol preparations were incubated with an
affinity purified primary antibody against the C-terminus
of PDE5A (representative of 5 individual samples, 40 ug
protein per lane).

Effect of a cGMP analog on cAMP levels in erythrocytes

It has been reported that cGMP can inhibit PDE3 and acti-
vate PDEs 2 and 5 [11,22]. To determine the effect of cGMP
on cAMP levels in rabbit erythrocytes, we incubated these
cells with a cell permeable cGMP analog, dbcGMP that is
hydrolyzed to cGMP in erythrocytes [40,44]. Incubation of
rabbit erythrocytes with dbcGMP (1 to 30 pM) resulted in
concentration-dependent increases in cAMP (Figure 4).

Effect of an activator of soluble guanylyl cyclase (sGC),
YC1, a nitric oxide donor, spermine NONOate (SpNO)
and selective inhibitors of either PDE5, zaprinast (ZAP),
or PDE1, vinpocetine (VIN), on cGMP levels in rabbit

erythrocytes

Since stimulation of sGC has been reported to generate
increases in cGMP in human erythrocytes, we determined
if: 1) stimulation of sGC with YC1 and SpNO would gen-
erate increases in cGMP in these cells and if 2) inhibitors
of cGMP-hydrolysing PDEs would potentiate that increase.
Rabbit erythrocytes were incubated with YC1 (100 pM)
and SpNO (100 nM) in the presence and absence of ei-
ther VIN (30 pM) or ZAP (10 pM). Stimulation of sGC in-
creased cGMP in these cells (Figure 5). The increases were
potentiated by the selective PDE5 inhibitor, ZAP whereas,
the selective PDEI inhibitor, VIN had no effect on cGMP
increases (Figure 5). At the concentration chosen neither

Figure 5. Effect of YC1 (100 pM) & spermine NONOate (NO, 100
nM) or the combination of YC1 and NO in the presence of
either zaprinast (ZAP, 10 uM) or vinpocetine (VIN, 30 uM)
on cGMP levels in rabbit erythrocytes (n=4). Erythrocytes
were incubated with either ZAP or VIN for 30 min prior to
stimulation with YC1 and spermine NONOQate for 20 min.
Values are means +SE. * different from control (N)N-
dimethylformamide, DMF), (p<0.01); ** different from all
other values (P<0.05).

VIN nor ZAP has an effect on baseline cGMP levels (data
not shown).

Effect of cGMP on ISO-induced increases in cAMP in
rabbit and human erythrocytes

In non-erythroid cells, cGMP has been shown to either
positively or negatively influence increases in cAMP pro-
duced by activation of the BAR depending on the profile
of PDEs present [23,45]. To determine the effect of cGMP
on ISO-induced increases in cAMP in erythrocytes, cells
were incubated with ISO (1 pM) in the absence and pres-
ence of dbcGMP (10 pM). The addition of dbcGMP poten-
tiated ISO-induced increases in cAMP in rabbit erythrocytes
(Figure 6). To determine if increases in endogenous cGMP
synthesis would have the same effect, erythrocytes were in-
cubated with the combination of (SpNO, 100 nM) and YC1
(100 pM) in the presence and absence of VIN (30 pM) or
ZAP (10 pM) prior to addition of ISO (1 pM). The combi-
nation of activation of sGC and inhibition of PDE5 (ZAP)
potentiated ISO-induced increases in cAMP in both rabbit
(Figure 7A) and human erythrocytes (Figure 7B), while in-
hibition of PDE1 had no effect.
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Figure 6. Effect of the dbcGMP (10 uM) on isoproterenol (ISO, 1
UM)-induced increases in CAMP levels in rabbit erythrocytes
(n=9). Erythrocytes were incubated with dbcGMP for 30
min prior to stimulation with 150 for 30 min. Values are
means £SE. * different from control (saline), (p<0.01).

DiscussION

Cyclic nucleotides are multifunctional second messenger
molecules that mediate diverse physiological functions in
cells [22,46]. To prevent cAMP or cGMP generated in one
signaling pathway from activating unwanted downstream
effectors of another pathway or to control interaction be-
tween pathways, local levels of these cyclic nucleotides must
be precisely regulated. It has been increasingly recognized
that such regulation is accomplished by PDEs that are lo-
calized to individual signaling pathways. Indeed, it has been
suggested that, rather than total expression of PDEs, it is
the compartmentalization of specific PDEs that is the impor-
tant factor in modulating localized cAMP levels [9,29]. Here
we report, for the first time, the presence of three cytosolic
PDEs in human erythrocytes and suggest a role for cGMP
and PDED in the regulation of cAMP levels in these cells.

Previously, using selective inhibitors, it was demonstrated
that the activity of PDE4 and PDE3 regulates cAMP levels as-
sociated with activation of the B-adrenergic receptor (BAR)
and prostacyclin receptor (IPR), respectively [14]. Here, us-
ing Western analysis, we determined that the PDE4D iso-
form known to be associated with the PAR pathway [47,48]
as well as PDE3A, the PDE3 isoform associated with hydro-
lysis of IPR-mediated increases in cAMP in platelets [33],
are present in erythrocytes (Figures 1, 2). We also demon-
strated the presence of PDES, a cGMP-specific PDE in the
cytosol of human erythrocytes (Figure 3).

In the work presented here, we demonstrate that, in hu-
man and rabbit erythrocytes, cGMP can inhibit hydroly-
sis of cAMP. When rabbit erythrocytes were incubated with
dbcGMP, a cell permeable cGMP analog that is converted
to cGMP within cells via hydrolyases [40,42-44], cAMP lev-
els were increased in a concentration-dependent manner
(Figure 4). In addition, we found that ISO-induced increas-
es in cAMP were augmented by dbcGMP (Figure 6) estab-
lishing that cGMP can regulate cAMP increases associat-
ed with a discrete signaling pathway in rabbit erythrocytes.

However, a more compelling argument for a physiological
role of cGMP in the regulation of cAMP levels in erythro-
cytes is derived from studies in which endogenous cGMP
synthesis is stimulated. In order to examine the effects of
c¢GMP in erythrocytes we activated soluble guanylyl cyclase
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Control YCT+NO  1SO IS0

ISO+VIN 1SO+ZAP
+NO &YC1
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Figure 7. Panel A: Effect of YC1 (100pM) and spermine NONOate
(NO, 100 nM) on un-stimulated (control) and isoproterenol
(IS0, 1 uM)-induced increases in cAMP in the absence
and presence of vinpocetine (VIN, 30 uM) or zaprinast
(10 uM) in rabbit erythrocytes (n=5). Erythrocytes were
incubated with YC1 and spermine NONOate alone or with
VIN or ZAP for 30 min prior to stimulation with 1SO for 30
min. Values are means +SE. * different from control (N’N-
dimethylformamide, DMF), (p<0.01); ** different from
all other values (P<0.071). Panel B: Effect of YC1 (100 uM)
and spermine NONOate (NO, 100 nM) as well as zaprinast
(10 uM) on isoproterenol (IS0, 1 puM)-induced increases in
human erythrocytes (n=7). Erythrocytes were incubated
with YC1 and spermine NONOate alone, ZAP alone or the
combination for 30 min prior to stimulation with 150 for 30
min. Values are means +SE. * different from control (N’N-
dimethylformamide, DMF), (p<0.01); ** different from all
other values (P<0.01).

(sGC) in both rabbit and human erythrocytes with the com-
bination of an NO donor (spermine NONOate, SpNO) and
adirect activator of sGC (YC1) in the presence and absence
of either a selective inhibitor of PDE1 (VIN) or PDE5 (ZAP).

YC1 is a compound that sensitizes the sGC to NO and en-
hances the ability of sGC to generate cGMP [24,48,49]. It
has also been reported that YCI can inhibit the activity of
some PDEs [49,50]. However, at the concentrations used in
our studies, YC1 and SpNO had no effect on cAMP levels
in the presence or absence of ISO (Figure 7). In contrast,
the selective PDES inhibitor, ZAP, significantly increased
cAMP levels in erythrocytes in both cases (figure 7). Thus,
the effects of YC1 in our studies are not the result of inhi-
bition of PDE activity.

Finally, we exposed erythrocytes to ISO in the absence and
presence of either the PDE1 inhibitor, VIN, or the PDE5
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inhibitor, ZAP, and measured receptor-mediated cAMP gen-
eration [1,10,19,31,35]. The combination of activation of
sGC and inhibition of PDE) potentiated ISO-induced in-
creases in cAMP in both rabbit (Figure 7A) and human
erythrocytes (Figure 7B), while inhibition of PDE1 had no
effect. These results do not negate the importance of PDE1
in hydrolyzing cGMP in erythrocytes but do support the
conclusion that this PDE is not involved in the AR signal-
ing pathway. Inhibitors of PDE5 are used in the treatment
of erectile dysfunction as well as pulmonary hypertension
[20,36,51]. These drugs have been associated with decreas-
es in systemic arterial blood pressure, especially when ad-
ministered in conjunction with nitrates and prostacyclin
(PGL,) analogs presumably due to the increases in cyclic
nucleotides leading to vasodilation [52,53]. Although not
addressed in the present study, it is possible that a compo-
nent of the vasodilation associated with the use of PDEb
inhibitors is the result of enhanced cAMP levels in eryth-
rocytes leading to increased ATP release. Such a finding
would make the erythrocyte a novel therapeutic target for
the development of drugs to lower blood pressure in both
the pulmonary and systemic circulations.

CONCLUSIONS

We demonstrate, for the first time, the presence of three cy-
tosolic PDEs, PDE4D, PDE3A and PDE5, in human eryth-
rocytes. In addition, we show that cGMP can increase basal
cAMP levels and augment increases in cAMP produced by
receptor-mediated activation of the BAR in rabbit and hu-
man erythrocytes. Finally, we demonstrate that the combi-
nation of endogenous activators of sGC (YCI and SpNO) in
combination with a selective inhibitor of PDE5 (zaprinast)
augments increases in cAMP produced by ISO. Taken to-
gether, these data suggest a heretofore unrecognized role
for cGMP and PDED in the regulation of agonist-induced
increases in cAMP in rabbit and human erythrocytes.

Statement of author contributions

All authors participated in the design, interpretation of the
studies and analysis of the data and review of the manuscript.

Acknowledgments
The authors thank J.L. Sprague for inspiration.

REFERENCES:

—

. Olearczyk JJ, Stephenson AH, Lonigro AJ, Sprague RS: Receptor-
mediated activation of the heterotrimeric G-protein Gs results in ATP
release from erythrocytes. Med Sci Monit, 2001; 7: 669-74

. Sprague RS, Bowles EA, Hanson MS et al: Prostacyclin analogs stim-
ulate receptor-mediated cAMP synthesis and ATP release from rabbit
and human erythrocytes. Microcirculation, 2008; 15: 461-71

. Ellsworth ML: Red blood cell-derived ATP as a regulator of skeletal mus-
cle perfusion. Med Sci Sports Exerc, 2004; 36: 35-41

. Sprague RS, Ellsworth ML, Stephenson AH, Lonigro AJ: ATP: the red
blood cell link to NO and local control of the pulmonary circulation.
Am ] Physiol, 1996; 271: H2717-22

. Ellsworth ML, Ellis CG, Goldman D et al: Erythrocytes: oxygen sen-
sors and modulators of vascular tone. Physiology (Bethesda), 2009; 24:
107-16

. Sprague RS, Hanson MS, Achilleus D et al: Rabbit erythrocytes release
ATP and dilate skeletal muscle arterioles in the presence of reduced
oxygen tension. Pharmacol Rep, 2009; 61: 183-90

)

©o

'S

ot

[=2)

~

ol

10.

1

—

13.

14.

15.

ot

16.

17.

18.

19.

20.

21.

23.

24.

25.

3

2

28.

Zaccolo M, Di Benedetto G, Lissandron V et al: Restricted diffusion of
a freely diffusible second messenger: mechanisms underlying compart-
mentalized cAMP signalling. Biochem Soc Trans, 2006; 34: 495-97

. Zaccolo M, Movsesian MA: cAMP and cGMP signaling cross-talk: role of

phosphodiesterases and implications for cardiac pathophysiology. Circ
Res, 2007; 100: 1569-78

. Zaccolo M, Pozzan T: Discrete microdomains with high concentration

of cAMP in stimulated rat neonatal cardiac myocytes. Science, 2002;
295: 1711-15

Bender AT, Beavo JA: Cyclic nucleotide phosphodiesterases: molecular
regulation to clinical use. Pharmacol Rev, 2006; 58: 488-520

. Conti M, Beavo J: Biochemistry and physiology of cyclic nucleotide

phosphodiesterases: essential components in cyclic nucleotide signal-
ing. Annu Rev Biochem, 2007; 76: 481-511

. Baillie GS: Compartmentalized signalling: spatial regulation of cAMP

by the action of compartmentalized phosphodiesterases. The FEBS
Journal, 2009; 276: 1790-99

Mongillo M, Zaccolo M: A complex phosphodiesterase system controls
beta-adrenoceptor signalling in cardiomyocytes. Biochem Soc Trans,
2006’ 34: 510-11

Adderley SP, Dufaux EA, Sridharan M et al: Iloprost- and isoprotere-
nol-induced increases in cAMP are regulated by different phosphodies-
terases in erythrocytes of both rabbits and humans. Am J Physiol Heart
Circ Physiol, 2009; 296: H1617-24

Adderley SP, Sridharan M, Bowles EA et al: Protein Kinase A and C
regualte receptor-mediated increases in cAMP in reabbit erythrocytyes.
Am J Physiol Heart Circ Physiol, 2009; 298: H587-93

Hanson MS, Stephenson AH, Bowles EA et al: Phosphodiesterase 3 is
present in rabbit and human erythrocytes and its inhibition potentiates
iloprost-induced increases in cAMP. Am | Physiol Heart Circ Physiol,
2008; 295: H786-93

Bolger GB, Erdogan S, Jones RE et al: Characterization of five differ-
ent proteins produced by alternatively spliced mRNAs from the human
cAMP-specific phosphodiesterase PDE4D gene. Biochem J, 1997; 328
(Pt 2): 539-48

Elbatarny HS, Maurice DH: Leptin-mediated activation of human
platelets: involvement of a leptin receptor and phosphodiesterase
3A-containing cellular signaling complex. Am ] Physiol Endocrinol
Metab, 2005; 289: E695-702

LiY, Li H, Liu X et al: Regulation of amygdalar PKA by beta-arrestin-2/
phosphodiesterase-4 complex is critical for fear conditioning. Proc Natl
Acad Sci USA, 2009; 106: 21918-23

Sasseville M, Cote N, Vigneault C et al: 3’5’-cyclic adenosine monophos-
phate-dependent up-regulation of phosphodiesterase type 3A in por-
cine cumulus cells. Endocrinology, 2007; 148: 1858-67

Whitaker CM, Beaumont E, Wells MJ et al: Rolipram attenuates acute
oligodendrocyte death in the adult rat ventrolateral funiculus follow-
ing contusive cervical spinal cord injury. Neuroscience letters, 2008;
438: 2004

. Zhang W, Colman RW: Thrombin regulates intracellular cyclic AMP

concentration in human platelets through phosphorylation/activation
of phosphodiesterase 3A. Blood, 2007; 110: 1475-82

Delpy E, Coste H, Gouville AC: Effects of cyclic GMP elevation on isopren-
aline-induced increase in cyclic AMP and relaxation in rat aortic smooth
muscle: role of phosphodiesterase 3. Br ] Pharmacol, 1996; 119: 471-78

Liu XM, Peyton K], Mendelev NN et al: YC-1 stimulates the expression
of gaseous monoxide-generating enzymes in vascular smooth muscle
cells. Mol Pharmacol, 2009; 75: 208-17

Dunkern TR, Hatzelmann A: The effect of Sildenafil on human platelet
secretory function is controlled by a complex interplay between phos-
phodiesterases 2, 3 and 5. Cell Signal, 2005; 17: 331-39

. Hagiwara M, Endo T, Hidaka H: Effects of vinpocetine on cyclic nu-

cleotide metabolism in vascular smooth muscle. Biochem Pharmacol,
1984; 33: 453-57

. Kotera J, Fujishige K, Akatsuka H et al: Novel alternative splice variants

of cGMP-binding cGMP-specific phosphodiesterase. ] Biol Chem, 1998;
273: 26982-90

Petrov'V, Fagard R, Lijnen P: Human erythrocytes contain Ca2+, calmod-
ulin-dependent cyclic nucleotide phosphodiesterase which is involved
in the hydrolysis of cGMP. Methods Find Exp Clin Pharmacol, 1998;
20: 387-93

. Ziolo MT, Lewandowski SJ, Smith JM et al: Inhibition of cyclic GMP hy-

drolysis with zaprinast reduces basal and cyclic AMP-elevated L-type cal-
cium current in guinea-pig ventricular myocytes. Br ] Pharmacol, 2003;
138: 986-94

CR246



Med Sci Monit, 2011; 17(5): CR241-247

Adderley SP et al - Cytosolic phosphodiesterase activity in erythrocytes

30,

31.

34.

35.

36.

37.

38.

39.

40.

41.

. Bruss MD, Richter W, Horner K et al: Critical role of PDE4D in beta2-
adrenoceptor-dependent cAMP signaling in mouse embryonic fibro-
blasts. ] Biol Chem, 2008; 283: 2243042

Xiang Y, Naro F, Zoudilova M et al: Phosphodiesterase 4D is required
for beta2 adrenoceptor subtype-specific signaling in cardiac myocytes.
Proc Natl Acad Sci USA, 2005; 102: 909-14

. D’Sa C, Tolbert LM, Conti M, Duman RS: Regulation of cAMP-specif-
ic phosphodiesterases type 4B and 4D (PDE4) splice variants by cAMP
signaling in primary cortical neurons. ] Neurochem, 2002; 81: 745-57

Hunter RW, Mackintosh C, Hers I: Protein kinase C-mediated phos-
phorylation and activation of PDE3A regulate cAMP levels in human
platelets. ] Biol Chem, 2009; 284: 1233948

Sun B, Li H, Shakur Y et al: Role of phosphodiesterase type 3A and
3B in regulating platelet and cardiac function using subtype-selective
knockout mice. Cell Signal, 2007; 19: 1765-71

Hambleton R, Krall J, Tikishvili E et al: Isoforms of cyclic nucleotide
phosphodiesterase PDE3 and their contribution to cAMP hydrolytic ac-
tivity in subcellular fractions of human myocardium. J Biol Chem, 2005;
280: 39168-74

Kasuya ], Goko H, Fujita-Yamaguchi Y: Multiple transcripts for the hu-
man cardiac form of the cGMP-inhibited cAMP phosphodiesterase. J
Biol Chem, 1995; 270: 14305-12

Wechsler ], Choi YH, Krall ] et al: Isoforms of cyclic nucleotide phospho-
diesterase PDE3A in cardiac myocytes. ] Biol Chem, 2002; 277: 38072-78

Degerman E, Moos M Jr, Rascon A et al: Single-step affinity purifica-
tion, partial structure and properties of human platelet cGMP inhibit-
ed cAMP phosphodiesterase. Biochim Biophys Acta, 1994; 1205: 189-98

Petrov V, Amery A, Lijnen P: Role of cyclic GMP in atrial-natriuretic-
peptide stimulation of erythrocyte Na+/H+ exchange. Eur | Biochem,
1994; 221: 195-99

PetrovV, Lijnen P: Regulation of human erythrocyte Na+/H+ exchange
by soluble and particulate guanylate cyclase. Am ] Physiol, 1996; 271:
C1556-64

Maurice DH: Dynamic regulation of cAMP signaling by cGMP in the
cardiovascular system: roles of phosphodiesterase 2 and phosphodies-
terase 3 enzymes. Proceedings of the Western Pharmacology Society,
2003; 46: 32-36

4

no

o~
oo

44.

45.

46.

47.

48.

49.

. Mullershausen F, Friebe A, Feil R et al: Direct activation of PDE5 by

cGMP: long-term effects within NO/cGMP signaling. ] Cell Biol, 2003;
160: 719-27

. Sebkhi A, Strange JW, Phillips SC et al: Phosphodiesterase type 5 as a

target for the treatment of hypoxia-induced pulmonary hypertension.
Circulation, 2003; 107: 3230-35

Sandner P, Hutter J, Tinel H et al: PDE5 inhibitors beyond erectile dys-
function. Int J Impot Res, 2007; 19: 533-43

Gustafsson AB, Brunton LL: Attenuation of cAMP accumulation in
adult rat cardiac fibroblasts by IL-1beta and NO: role of cGMP-stimu-
lated PDE2. Am J Physiol Cell Physiol, 2002; 283: C463-71

Meyer RB Jr, Miller JP: Analogs of cyclic AMP and cyclic GMP: general
methods of synthesis and the relationship of structure to enzymic ac-
tivity. Life Sci, 1974; 14: 1019-40

Castro LR, Verde I, Cooper DM, Fischmeister R: Cyclic guanosine mo-
nophosphate compartmentation in rat cardiac myocytes. Circulation,
2006; 113: 2221-28

Mulsch A, Bauersachs J, Schafer A et al: Effect of YC-1, an NO-
independent, superoxide-sensitive stimulator of soluble guanylyl cyclase,
on smooth muscle responsiveness to nitrovasodilators. Br | Pharmacol,
1997; 120: 681-89

Hwang TL, Hung HW, Kao SH et al: Soluble guanylyl cyclase activator

YC-1 inhibits human neutrophil functions through a cGMP-indepen-
dent but cAMP-dependent pathway. Mol Pharmacol, 2003; 64: 1419-27

. Galle J, Zabel U, Hubner U et al: Effects of the soluabel guanylyl cy-

clase activator, YC-1, on vascualr tone, cyclic GMP levels and phospho-
diesterase activity. Br ] Pharmacol, 1999; 127: 195-203

. Sane DC, Bielawska A, Greenberg CS, Hannun YA: Cyclic GMP analogs

inhibit gamma thrombin-induced arachidonic acid release in human
platelets. Biochem Biophys Res Commun, 1989; 165: 708-14

. Ghofrani HA, Wiedemann R, Rose F et al: Combination therapy with

oral sildenafil and inhaled iloprost for severe pulmonary hypertension.
Ann Intern Med, 2002; 136: 515-22

. Wilkens H, Guth A, Konig | et al: Effect of inhaled iloprost plus oral

sildenafil in patients with primary pulmonary hypertension. Circulation,
2001; 104: 1218-22

CR247



