
INTRODUCTION
Nitric oxide (NO) increases intracellular levels of cyclic

guanosine monophosphate (cGMP) in vascular smooth muscle
cells. NO acts, in part, by stimulating soluble guanylate cyclase
(sGC) to synthesize cGMP leading to relaxation (1). Cyclic
GMP is inactivated by cyclic nucleotide phosphodiesterases
(PDEs), a complex family of enzymes which catalyze the
hydrolysis of 3’,5’-cyclic nucleotides to their corresponding
nucleoside 5’-monophosphates. PDEs are multi-domain proteins
with distinct catalytic and regulatory sites (2). Eleven classes of
PDEs are categorized on the basis of substrate specificity,
kinetics, regulatory and immunological properties, and selective
inhibition (3).

In vascular smooth muscle cells, PDEs limit vasodilation
induced by a variety of signaling cascades by decreasing
intracellular concentrations of cAMP and cGMP. Of the eleven
classes of PDE isozymes described, at least eight have been
identified in the pulmonary vasculature including PDEs 1, 2, 3,
4, 5, 7, 9, 11 (4-8). Expression of PDE6 is restricted to the eye
and the pineal gland (9). Some classes of phosphodiesterases can
metabolize both cAMP and cGMP, whereas PDEs 5, 6, and 9
selectively hydrolyze cGMP, and PDE4, PDE7 and PDE8
metabolize cAMP selectively (10).

PDE3 contributes most of total cAMP-specific PDE activity
in rat pulmonary artery smooth muscle cells (11) and bovine
pulmonary arteries (12). Since PDE3 has a higher affinity for
cGMP than for cAMP but hydrolyzes cAMP at a 10-fold greater
rate than cGMP, cGMP behaves as a competitive inhibitor of
PDE3 (13, 14). As a result, increasing intracellular cGMP can
subsequently alter the metabolism of intracellular cAMP by
inhibiting the activity of PDE3.

There are two PDE3 genes (PDE3A and PDE3B) (15, 16).
PDE3A and PDE3B are structurally similar, containing a
catalytic domain at the carboxy terminus and an amino-terminal
domain which is important for the intracellular localization of
the enzyme. PDE3A is expressed in vascular smooth muscle
cells (17), cardiomyocytes (15), lung parenchyma [18], and
platelets (19), whereas PDE3B is expressed in adipocytes,
hepatocytes, pancreatic cells, and vascular smooth muscle cells
(17). There are 3 isoforms of PDE3A that are generated by
transcription from alternative start sites in the PDE3A gene (14).

The aim of the current study was to characterize the influence
of NO on the expression of PDE3A in rat pulmonary arterial
smooth muscle cells (rPASMC). We hypothesized that NO
induces PDE3A via the NO-cGMP pathway and may therefore be
inhibitable by administration of ODQ. We observed that NO-
donor compounds markedly induced PDE3A gene and protein
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Phosphodiesterases (PDEs) limit vasodilation in response to a variety of signaling cascades by metabolizing the
cyclic nucleotides cAMP and cGMP. The objective of this study was to test the hypothesis that NO regulates
expression of PDE3A, a cGMP-inhibited PDE. Incubation of rat pulmonary artery smooth muscle cells (rPaSMCs)
with the NO-donor compound S-nitroso-glutathione (GSNO) increased PDE3A gene expression in a dose- and time-
dependent manner. NO-donors increased PDE3A protein levels. Total and milrinone inhibitable cAMP PDE activity
were increased 2.8±0.1- and 2.0±0.1-fold respectively in extracts of rPaSMCs exposed to GSNO. The effects of
GSNO on PDE3A gene expression were mimicked by the soluble guanylate cyclase (sGC) activators YC-1 and BAY
41-2272 and blocked by the sGC inhibitor ODQ. Incubation of rPaSMC with interleukin-1β and tumor necrosis
factor-α induced PDE3A gene expression, an effect which was inhibited by L-NIL, an antagonist of NO synthase 2,
or ODQ. Actinomycin D, an inhibitor of RNA polymerase, blocked the GSNO-induced increase of PDE3A mRNA
levels, whereas cycloheximide, an inhibitor of protein translation, did not. These observations suggest that NO
modulates PDE3A gene expression via mechanisms dependent upon cGMP synthesis and gene transcription.
Prolonged exposure to NO may alter the sensitivity of vascular smooth muscle to cGMP- or cAMP-dependent
vasodilators, as well as PDE isoform-selective inhibitors.
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expression, as well as milrinone-inhibitable cAMP hydrolysis via
mechanisms involving cGMP and gene transcription.

MATERIALS AND METHODS

Reagents
GSNO, DETA-NO, YC-1 and BAY 41-2272 were obtained

from Alexis Corp. (San Diego, CA). L-N6-(1-iminoethyl)lysine
(L-NIL) and 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
(ODQ) were obtained from Calbiochem-Novabiochem Corp.
(La Jolla, CA). The membrane-permeable analogues of cGMP
and cAMP, 8-Br-cGMP and 8-Br-cAMP, were purchased from
Biomol Research Laboratories Inc. (Plymouth Meeting, PA),
and actinomycin D and cycloheximide were obtained from
Sigma-Aldrich (St. Louis, MO). Interleukin-1β (IL-1β) and
tumor necrosis factor-α (TNF-α) were obtained from R&D
Systems Inc. (Minneapolis, MN).

Cell culture
Cultures of primary rPaSMC were prepared from explants of

endothelium- and adventitia-stripped pulmonary arteries of adult
Sprague-Dawley rats, as described previously (20). Cells were
maintained in RPMI 1640 medium supplemented with 10%
NuSerum (Collaborative Biomedical Products, Bedford, MA),
112 units/ml penicillin, and 112 units/ml streptomycin. Cells
passaged between 6 and 12 times were used for experiments.

Quantitative RT-PCR
RNA was isolated from rPaSMC using Trizol reagent, and

cDNA was generated with MMLV reverse transcriptase
(Promega Corp., Madison, WI) and random primers (Promega).
Quantitative PCR was performed with the ABI Prism 7000
Sequence Detection System (Applied Biosystems, Foster City,
CA) using primers for PDE3A (Applied Biosystems) and
SYBR® Green PCR Master Mix (Applied Biosystems). Post-
amplification dissociation curves were performed to verify the
presence of a single amplification product, cDNA corresponding
to ribosomal RNA (18S) was detected with 18S VIC MGB
primers (Applied Biosystems) and Taqman® Universal PCR
Master Mix (Applied Biosystems). Changes in PDE3A mRNA
levels normalized to 18S ribosomal RNA levels were determined
using the relative Ct method.

Immunoblotting
RPaSMC were harvested in Tris-buffered saline (TBS)

containing 10 µl/ml proteinase inhibitor cocktail (Sigma-
Aldrich). Samples were centrifuged at 8,000 g for 15 min at 4°C.
Supernatant proteins (120 µg) were fractionated using 8% SDS-
PAGE and transferred to nitrocellulose filters (Osmonics Inc.,
Minnetonka, MN). Filters were blocked at room temperature for
1 h in TBS (150 mM NaCl, 10 mM Tris, 0.05% NP40, 0.01%
NaN3, 50 mg/ml BSA, 10 mg/ml ovalbumin, pH 7.4) and then
incubated at room temperature for 1 h with a rabbit polyclonal
antibody directed against the PDE3A protein (1:500, mouse anti
PDE3A-CT, AA1024-1041; generously provided by Dr. V. C.
Manganiello, NHLBI, NIH, Bethesda). Bound antibody was
detected by incubation of the filters with horseradish peroxidase-
conjugated antibody against rabbit immunoglobin (1:5000 in
TBS, Cell Signaling, Beverly, MA) and visualized using
chemiluminescence (Western LightningTM Chemiluminescence
Kit; PerkinElmer Life Sciences, Boston, MA) and exposure to
X-ray film. Films were scanned using a Color Image Scanner

(Agfa, Mortsel, Belgium) and the National Institutes of Health
Image 1.6 software.

Phosphodiesterase activity
Cyclic AMP PDE activity was measured as previously

described (21). To assess the contribution of PDE3A to total
cAMP-PDE activity, PDE activity was measured in the presence
and absence of milrinone (10 µM), a specific inhibitor of PDE3.

Statistical analysis
Data are reported as means+S.D. After approving the

assumption of normality and equal variance across groups,
differences were assessed using ANOVA followed by a Dunnett
test. Values were considered significant if p<0.05. Statistics were
performed using the software package SigmaStat (Jandel
Corporation, San Rafael, CA).

RESULTS

Incubation of rat pulmonary artery smooth muscle cells with
GSNO increases PDE3A gene expression

To investigate the ability of NO to regulate PDE3A gene
expression, RNA was extracted from rPaSMCs following
incubation without and with 100 µM GSNO, a NO-donor
compound, for 1 hour to 24 hours. Maximal changes in PDE3A
gene expression were noted at 4 hour of incubation with GSNO
(Fig. 1A). Incubation of rPaSMCs with GSNO for 4 hours
increased PDE3A gene expression in a dose-dependent manner.
Maximal changes in gene expression were observed at the dose
of 10 and 100 µM (Fig. 1B).

Prolonged incubation of rat pulmonary artery smooth muscle
cells with GSNO increases PDE3A protein levels

To determine whether or not NO-mediated changes in PDE
gene expression were correlated with changes in protein levels,
PDE3A protein levels were measured in rPaSMCs exposed to
100 µM GSNO for 4, 8, and 16 hours and compared to
simultaneously-harvested untreated cells (Fig. 1C). Using
immunoblot techniques, we observed that levels of a 110 kDa
PDE3A-immunoreactive protein increased after 4 and 8 hours
exposure to GSNO and decreased after 16 hours. Incubation of
rPaSMC with DETA-NO (100 µM) for 16 hours increased
PDE3A protein levels 2.4±0.1-fold (p<0.05, data not shown).

Incubation of rat pulmonary artery smooth muscle cells with
GSNO for 8 hours increases cAMP PDE activity

To determine the effect of prolonged NO exposure of
rPaSMC on PDE3 activity, cAMP PDE enzyme activity was
measured in cell extracts taken from rPaSMCs following
incubation without and with 100 µM GSNO for 8 hours. Total
cytoplasmatic cAMP PDE activity increased 2.0±0.1-fold in
extracts of rPaSMCs exposed to GSNO for 8 h (p<0.05, Fig.
1D). Milrinone-inhibitable cAMP PDE activity, representing
PDE3 enzyme activity, was 2.8±0.1-fold greater in GSNO-
treated cells than in controls (p<0.05, Fig. 1D).

NO regulation of gene expression of PDEs 3A is mediated by a
sGC-dependent mechanism

To investigate the role of sGC in the regulation of PDE gene
expression by NO, studies were performed using ODQ, a
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selective inhibitor of sGC. RPaSMCs were pretreated with or
without 10 µM ODQ for 30 min followed by incubation with or
without 100 µM GSNO for 4 hours. Pretreatment with ODQ
blocked the effect of GSNO on PDE3A gene expression (Fig. 2).
Incubation with ODQ alone did not alter PDE3A gene
expression. Incubation with the sGC stimulator YC-1 (50 µM)
induced PDE3A gene expression 2.8±0.4-fold after 4 hours
(p<0.05, data not shown). Incubation with the sGC stimulator
BAY 41-2272 (50 µM) for 4 hours induced PDE3A gene
expression 13±1.6-fold (Fig. 3). These results suggest that the
effect of NO on gene expression of PDE3A is mediated by a

cGMP- and sGC-dependent mechanism. The PKA inhibitor H89
(50 µM) blocked the induction of PDE3A gene expression by
GSNO (Fig. 4).

To investigate the mechanisms involved in the regulation of
PDE gene expression by NO, rPaSMCs were incubated without
and with 8-Br-cGMP (1 mM) or 8-Br-cAMP (1 mM),
membrane-permeable analogues of cGMP and cAMP
respectively, for 2, 4 and 8 hours. We observed that incubation of
rPaSMCs with 8-Br-cAMP increased PDE3A mRNA after 4
hours (Fig. 5), whereas 8-Br-cGMP elevated PDE3A expression
beginning at 2 hours.

665

Fo
ld

-in
cr

ea
se

 in
 

PD
E3

A
 m

R
N

A
/1

8S
 rR

N
A

GSNO

0

1

2
3

4

5

6

control           24h8h   4h       2h1h          

*

A B

0

2

4

6

8

Fo
ld

-in
cr

ea
se

in
 

PD
E3

A
 m

R
N

A
/1

8S
 rR

N
A

GSNO 1 µM 10 µM 100 µM 

* *

C

0

100

200

300

In
cr

ea
se

of
 P

D
E3

A
 

pr
ot

ei
n

ex
pr

es
si

on
in

 %

GSNO 16h8h4h

- 150 kDa
- 100 kDa

GSNO

to
ta

l c
A

M
P

PD
E 

ac
tiv

ity
in

 [%
]

D

0

100

200

300

*

0

100

200

300 *

m
ilr

in
on

e
in

hi
bi

ta
bl

e
PD

E 
ac

tiv
ity

[%
]

+- GSNO +-

-
-

-

-

-

-

-

Fig. 1. A) Incubation with GSNO increases PDE3A gene expression in rPaSMC in a time-dependent manner. RNA was extracted from
untreated rPaSMCs and rPaSMCs incubated with 100 µM GSNO for 1 to 24 hours. Complementary DNA was generated and analyzed
for PDE3A gene expression using quantitative PCR; n=3, means±S.D., *p<0.05 vs. control. B) Incubation with GSNO increases
PDE3A gene expression in rPaSMC in a dose-dependent manner. RNA was extracted from untreated rPaSMCs and rPaSMCs
incubated with 1, 10, and 100 µM GSNO for 4 hours. Complementary DNA was generated and analyzed for PDE3A gene expression
using quantitative PCR; n=3; means±S.D.; *p<0.05 vs. control. C) Incubation of rPaSMC with GSNO increases PDE3A protein levels.
Immunoblots were prepared from extracts of untreated rPaSMCs and rPaSMCs incubated with 100 µM GSNO for 4, 8 and 16 hours.
Blots were reacted with an antibody directed against PDE3A. Incubation with GSNO led to increased expression of an approximately
120-kDa PDE3A-immunoreactive protein (upper panel). Densitometric measurement of the PDE3A-immunoreactive protein levels is
shown in the lower panel. D) GSNO induces cAMP dependent PDE activity in rPaSMC. Protein extracts were prepared from untreated
rPaSMC and rPaSMC exposed to 100 µM GSNO for 8 hours; n=3, means±S.D., *p<0.05 vs. control. Protein extracts were prepared
from untreated rPaSMC and rPaSMC exposed to 100 µM GSNO for 8 hours. Cyclic AMP-metabolizing PDE activity was measured
in the presence and absence of the PDE3 inhibitor milrinone (10 µM), and milrinone-inhibitable PDE activity is shown as a percent
of activity in untreated rPaSMC; n=3, means±S.D.; *p<0.05 vs. control.



Nitric oxide alters PDE gene expression via a transcription-
dependent mechanism

To determine whether or not transcription or translation of
mRNA contributed to the alterations in PDE gene expression

observed following prolonged exposure to NO, studies were
performed using actinomycin D (AD, 10 µM), an inhibitor of
RNA polymerase, and cycloheximide (CHX, 1 µM), an inhibitor
of protein translation. RNA was extracted from rPaSMCs
pretreated with or without AD or CHX for 30 min prior to the 
4 h incubation with GSNO. As shown in Fig. 6, pretreatment
with AD blocked the effect GSNO on PDE3A gene expression
whereas CHX had no effect. These results suggest that NO alters
PDE gene expression in rPaSMC via a transcription-dependent
mechanism.

Prolonged incubation of rat pulmonary artery smooth muscle
cells with interleukin-1β and tumor necrosis factor-α increases
PDE3A gene expression

To investigate the ability of endogenously-produced NO by
rPaSMC to alter PDE3A gene expression, RNA was extracted
from rPaSMCs incubated with or without interleukin-1β (IL-1β,
20 ng/ml) and tumor necrosis factor-α (TNF-α, 100 ng/ml) for 8
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Fig 2. ODQ blocks GSNO-inducible PDE3A gene expression.
After incubation with and without ODQ (10 µM) for 30 min,
rPaSMC were stimulated with and without 100 µM GSNO for 4
hours. RNA was extracted, and complementary DNA was
generated and analysed using quantitative PCR; n=3;
means±S.D.; *p<0.05 vs. control, †p<0.05 vs. GSNO.
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Fig. 6. Actinomycin D (AD) blocks and cycloheximide (CHX)
does not alter GSNO-inducible PDE3A gene expression. After
being incubated with and without AD (10 µM) or CHX (1 µM)
for 30 min, rPaSMC were stimulated with and without 100 µM
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hours. We observed that incubation with cytokines increased
PDE3A gene expression (Fig. 7). Pretreatment of rPaSMCs with
L-NIL (1 mM), an inhibitor of NOS2 markedly attenuated the
ability of TNF-α and IL-1β to induce PDE3A gene expression.
Similarly, ODQ (10 µM) inhibited the cytokine-mediated
induction of PDE3A gene expression. These results suggest that
inflammatory cytokines can increase PDE3A expression via
NO- and cGMP-dependent mechanisms.

DISCUSSION
In the present study, prolonged exposure of rPaSMC to the

NO-donor compound, GSNO, increased PDE3A gene
expression in a dose- and time-dependent manner. Increased
PDE3A gene expression was sGC-dependent. Exposure of
rPaSMC to GSNO induced PDE3A protein expression.
Increased PDE3A protein expression was accompanied by
increased total cAMP PDE enzyme activity and increased
milrinone-inhibitable cAMP PDE enzyme activity, representing
increased PDE3 enzyme activity.

In a previous study using a transcriptional profiling
approach, we found that incubation of rPaSMC with GSNO
increased PDE3B and PDE4B mRNA levels while decreasing
PDE7A gene expression. Some PDE genes were not included in
the gene chip that we used, such as PDE1A and PDE8 through
PDE11. Using the microarray approach we were not able to
detect PDE5, which had previously been found in pulmonary
vessels (22), or PDE4D gene expression, described previously in
rat aortic vascular smooth muscle cells (23). Although PDE3A
was represented on the microarray (Affymetrix rat U34A gene
chips), and PDE3A is known as one of the main cAMP-
hydrolyzing PDEs in the pulmonary artery (12), PDE3A gene
expression was not detected by the array. However, using RT-
PCR techniques we found that GSNO induces PDE3A gene
expression. Since the effect of NO on PDE3A has not been
examined in vascular smooth muscle cells, we further
investigated the mechanisms by which NO regulates PDE3A
expression in rPaSMC.

There are three isoforms of PDE3A (24). All of them have
been identified in the heart (PDE3A1, PDE3A2 and PDE3A3)
(15, 24). Only one of these has been detected in the cytosolic
fraction of vascular smooth muscle cells and has been described
as PDE3A2 with a molecular weight of 120 kDa (16, 17).
PDE3A induced by GSNO in rPaSMC has a molecular weight of
118 kDa and is therefore most likely PDE3A2.

Incubation of rPaSMC with GSNO increased PDE3A gene
expression consistently within 4 hours. The increase in PDE3A
gene expression varied between 2- and 8-fold. This variation in
the magnitude of the PDE3A gene response to GSNO exposure
is most likely attributable to small variations in PDE3A mRNA
levels in untreated cells of the control group.

Exposure of rPaSMC to TNF-α and IL-1β induces NOS2
gene expression and increases NO and cGMP levels (20).
Induction of PDE3A gene expression in rPASMC after
incubation with TNF-α and IL-1β was inhibited by L-NIL.
Taken together, these observations suggest that concentrations of
NO are sufficient to alter PDE3A mRNA levels in vivo.

Exposure of rPaSMCs to sGC activators YC-1 and BAY 41-
2272 increased PDE3A gene expression, whereas a selective
inhibitor of sGC enzyme activity, ODQ, blocked the effects of
GSNO on gene expression of PDE3A. These results suggest that
NO alters PDE3A gene expression, via a sGC-dependent
mechanism. Since inhibition of sGC with ODQ did not decrease
PDE3A gene expression after 8 hours, expression levels might
be already on a baseline level.

We observed that the cAMP-dependent protein kinase
(PKA) activator, 8-Br-cAMP, as well as 8-Br-cGMP, an activator
of the cGMP-dependent protein kinase (PKG), increased
PDE3A mRNA levels. Accumulation of cGMP induced by NO
might increase PDE3A gene expression by direct stimulation of
PKA, since inhibition of PKA with H89 blocked the effect of
GSNO, or via inhibition of PDE3 activity leading to activation
of PKA by rising cAMP levels.

Incubation with GSNO does not increase intracellular cAMP
levels in whole cell extracts of rPaSMC (20). These findings
support the hypothesis that cGMP directly activates PKA which
induces PDE3A gene expression (25, 26), but it is also possible
that inhibition of PDE3 by cGMP increases cAMP levels in
specific compartments which may sufficient to activate PDE3A
gene expression but are not detectable in whole cell extracts
(27). In murine aorta, high concentrations of 8-Br-cGMP
induced Ca2+-desensitization mainly via activation of PKA rather
than PKG (28). In a previous study investigating the effect of
NO on the cAMP-specific PDE4B (21), we found that PDE4B
expression and activity were induced upon exposure to an NO
donor compound via a mechanism dependent on sGC and PKA,
but not on PKG.

Since the induction of PDE3A gene expression by GSNO
was blocked by AD, PDE3A gene expression appears to be
regulated via a transcription-dependent mechanism. In contrast,
pre-incubation with CHX did not block increase in PDE3A gene
expression suggesting that induction of PDE3A gene expression
requires gene transcription but not new protein synthesis. One
molecule regulating PDE3A gene expression in rat
cardiomyocytes is ICER (inducible cAMP early repressor).
Stability of ICER is regulated by PKA and is not translation-
dependent (29). ICER protein elevation represses PDE3A gene
expression (29). Cycloheximide might have blocked ICER
protein expression interrupting the negative ICER-PDE3A
feedback loop.

The ability of NO to alter PDE3A gene expression in
PaSMCs may have important clinical implications. The
phenomenon of rebound pulmonary hypertension following
cessation of prolonged inhaled NO therapy is poorly understood
(30). Several investigators have suggested that altered NOS
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Fig. 7. Cytokines induce PDE3A gene expression. RNA was
extracted from rPaSMC after incubation with and without TNF-
α (100 ng/ml) and IL-1β (20 ng/ml) for 8 hours. Cytokine-
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L-NIL (1 mM) or ODQ (10 µM). RNA was extracted and
complementary DNA was generated and analyzed using
quantitative PCR; n=3; means±S.D.; *p<0.05 vs. control,
†p<0.05 vs. TNF/IL-1.



enzyme activity may play a role (31, 32). Studies using PDE
selective inhibitors suggest that PDEs may contribute to the
rebound pulmonary hypertension (33, 34) and airway reactivity
(35, 36). Schermuly et al. reported that combination of inhaled
prostacyclin with simultaneous inhibition of PDE5 and PDE3
induced elevated cAMP levels and prolonged decrease of
pulmonary artery pressure in rabbits with acute pulmonary
hypertension (37). Their study showed that simultaneous
inhibition of cAMP and cGMP hydrolyzing PDEs can result in
an augmented and prolonged biological effect.

The increase in PDE3 enzyme activity associated with
prolonged exposure to NO may represent a homeostatic
mechanism to balance intracellular cyclic nucleotide levels.
Chronic administration of NO-donor compounds, such as
nitroglycerin, impairs the ability of vascular smooth muscle to
respond to additional NO. The etiology of nitrate tolerance is
believed to be multifactorial (30) with decreased sGC enzyme
activity having an important role (38, 39, 40). Our results
suggest that an increased activity of PDE3A leads to
hydrolysation of cAMP and cGMP and decreases vascular
response to NO-donors as well.

In summary, incubation of rPaSMCs with NO increased
PDE3A gene expression, total cAMP PDE activity, and
milrinone-inhibitable cAMP PDE activity. These results were
mimicked by YC-1, as well as BAY 41-2272, and blocked by
ODQ. These observations suggest that NO induces, via a sGC-
and cGMP-dependent mechanism, PDE3A gene expression.
NO-induced modulation of cGMP- and cAMP-metabolizing
PDEs potentially alters the responsiveness to vasodilators and
the sensitivity to PDE-selective inhibitors. We speculate that
the increased cAMP PDE activity in rPaSMCs may have
important implications for the prevention and treatment of
rebound pulmonary hypertension after discontinuing NO
inhalation.
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