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Increased expression of the cGMP-inhibited cAMP-specific

(PDE3) and ¢cGMP binding cGMP-specific (PDES)
phosphodiesterases in models of pulmonary hypertension
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1 Chronic hypoxic treatment of rats (to induce pulmonary hypertension, PHT) for 14 days
increased ¢cGMP-inhibited cAMP specific phosphodiesterase (PDE3) and ¢cGMP binding cGMP
specific phosphodiesterase (PDES) activities in pulmonary arteries. The objective of this study was to
establish the molecular basis for these changes in both animal and cell models of PHT. In this
regard, RT-PCR and quantitative Western blotting analysis was applied to rat pulmonary artery
homogenates and human pulmonary ‘artery’ smooth muscle cell (HPASMC) lysates.

2 PDE3A/B gene transcript levels were increased in the main, first, intrapulmonary and resistance
pulmonary arteries by chronic hypoxia. mRNA transcript and protein levels of PDE5A?2 in the main
and first branch pulmonary arteries were also increased by chronic hypoxia, with no effect on
PDESA1/A2 in the intra-pulmonary and resistance vessels.

3 The expression of PDE3A was increased in HPASMCs maintained under chronic hypoxic
conditions for 14 days. This may be mediated via a protein kinase A-dependent mechanism, as
treatment of cells with Br-cAMP (100 uM) mimicked chronic hypoxia in increasing PDE3A
expression, while the PKA inhibitor, H8 peptide (50 uM) abolished the hypoxic-dependent increase
in PDE3A transcript.

4 We also found that the treatment of HPASMCs with the inhibitor of xB degradation Tosyl-
Leucyl-Chloro-Ketone (TLCK, 50 uM) reduced PDES transcript levels, suggesting a role for this
transcription factor in the regulation of PDES gene expression.

5 Our results show that increased expression of PDE3 and PDES might explain some changes in
vascular reactivity of pulmonary vessels from rats with PHT. We also report that NF-xB might
regulate basal PDES expression.
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Introduction

The pulmonary vascular bed is a low-pressure system with a
resistance approximately one-tenth of the systemic circula-
tion. In the normal lung, pulmonary vascular tone is
regulated by a balance between the effects of vasodilators/
anti-proliferative agents, such as prostacyclin and isoprena-
line and vasoconstrictors/co-mitogens, such as serotonin and
endothelin-1 (Fishman, 1998; MacLean, 1999a; Channick &
Rubin, 2000). Acute hypoxia causes pulmonary arteriolar
vasoconstriction and increased pulmonary arterial pressure
(Ward & Aaronson, 1999). Chronic hypoxia induces a
sustained increase in pulmonary arterial pressure and
pulmonary vascular smooth muscle cell proliferation and
the chronic hypoxic rat is widely used as a model for the
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study of chronic hypoxia-induced pulmonary hypertension
(PHT) (Hunter et al., 1974; Rabinovitch et al., 1979).

Phosphodiesterase (PDE) catalyses the hydrolysis of cAMP
and ¢cGMP to inactive nucleotides (Beavo, 1995) and there
are at least 11 members of the PDE family (Soderling &
Beavo, 2000). We have shown that cAMP and cGMP PDE
activity is increased in pulmonary arteries from rats with
chronic hypoxia-induced PHT (MacLean et al., 1997) and
this is correlated with decreased intracellular cAMP and
cGMP levels (MacLean et al., 1996).

The cGMP-inhibited cAMP PDE (PDE3) is expressed as
two isoforms termed PDE3A and PDE3B. There are at least
two and possibly three isoforms of PDE3A. One is
exclusively membrane-bound, while another is recovered in
the cytosol and microsomes. PDE3B contains an N-terminal
membrane-targeting domain. The activity of PDE3 is
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increased in main, first branch and intrapulmonary arteries
from rats maintained under chronic hypoxic conditions
(MacLean et al., 1997). PDE3 inhibitors also reverse the
reduced responsiveness of pulmonary vessels to isoprenaline
and forskolin in rats with PHT (Wagner et al., 1997).

The cGMP binding cGMP specific PDE (PDEY) is expressed
as two isoforms termed PDESA1 and PDESA2. PDES activity
is increased in the first branch and intrapulmonary artery from
rats maintained under chronic hypoxic conditions (MacLean et
al., 1997). PDES activity is also elevated in an ovine model of
perinatal PHT (Hanson et al., 1998) and cGMP PDE inhibitors
cause vasodilation of ovine pulmonary vessels (Ziegler et al.,
1995). E4021, a new PDES inhibitor, inhibits hypoxic-induced
vasoconstriction in isolated perfused lung from rats (Cohen et
al., 1996). We have also found that decreased cGMP levels
contribute to pharmacological synergy resulting in enhanced
pulmonary vasoconstriction (MacLean, 1999b).

Therefore, the aim of the current study was to establish the
molecular mechanism underlying the hypoxic-dependent
changes in PDE3 and PDES activity. Furthermore, others have
shown that chronic hypoxia can induce activation of the
nuclear factor kappaB (NF-xB) pathway (Chiarugi et al., 1999).
We have therefore investigated whether the PDE3 and PDES
genes are under the control of the NF-«xB pathway in cultured
human pulmonary artery smooth muscle cells (HPASMCs).

Methods
Animal studies

Male Wistar rats of 28—30 days (at start of experiment) were
placed in a specially designed perspex hypobaric chamber
(Royal Hallamshire Hospital, Sheffield). This was depres-
surised, over 2 days, to 550 mbar (equivalent PO, of
110 mmHg). The temperature of the chamber was maintained
at 21-22°C and the chamber was ventilated with air at
approximately 45 1 min~'. Animals were maintained in these
hypoxic/hypobaric conditions for 2 weeks. Aged-matched
controls were maintained in room air under normal atmos-
pheric pressures. The right ventricle of the heart was carefully
dissected free of the septum and left ventricle and these were
blotted lightly and weighed. Pulmonary hypertension was
assessed by measuring the ratio of right ventricular (RV)/total
ventricular (TV) weight. This is a well-established index of the
degree of pulmonary hypertension in rats (Hunter et al., 1974).

Cell culture

HPASMC (Clontech) were maintained in SmGM-2 and
grown to confluence. After this time, cells were maintained
under normoxic and hypoxic (550 bar, 10% O,, 5% CO,,
balance N,) conditions for 14 days.

Homogenate|lysate preparation

Arteries were combined and homogenized with buffer
containing 0.25 M-sucrose, 10 mM-Tris/HCI, pH 7.4, 1 mM-
EDTA, 0.1 mM phenylmethylsulphonyl fluoride (PMSF) and
2 mM-benzamidine. Cells were re-suspended in the same
buffer and lysates prepared by passing them through a
0.24 mm gauge syringe at least five times.

PCR

The PCR reaction was carried out using cDNA prepared
using reverse transcriptase. The following protocol was used
for the PCR: 95°C for 5 min and 15-35 cycles of 95°C for
30 s 50°C for 30 s and 72°C for 1 min and 40 s. This was
followed by a final extension of 10 min at 65°C. PCR with
specific forward and reverse regular or restriction tagged
primers was used to amplify PDE transcripts. The PDE3A
forward primer was CTG GCC AAC CTT CAG GAA TC
and the reverse primer was GCC TCT TGG TTT
CCC TTT CTC. The PDE3B forward primer was
AAT CTT GGT CTG CCC ATC AGT CC and the reverse
primer was TTC AGT GAG GTG GTG CAT TAG CTG.
The PDES forward primer was CGA TGC TGA TGA
CAG CTT GTG ATC and the reverse primer was CAA
GAG CTT GCC ATT TCT GCC. The PDE3A and PDE3B
primers were designed to amplify regions corresponding to
3011-3415 and 2902-3201 in human PDE3A and B
respectively. The PDES primers were designed to amplify
2338-2637 in bovine PDES. Results obtained for all the gene
transcripts studied were obtained using RT—PCR conditions
that yielded linear amplification rates.

PDE assay

The assay of PDE activity was by the two-step radiotracer
method using 0.5 uM [*H] cAMP or [*'H] cGMP according to
Thompson & Appleman (1971).

Western blotting

Nitrocellulose membranes were blocked for 1h at 4°C
in 10 mM-phosphate buffered saline (PBS) and 0.1%
(vv™") Tween-20 containing 5% (w v~') non-fat dried
milk and 0.001% (w v~') thimerisol. The nitrocellulose

sheets were incubated overnight at 4°C in blocking
solution containing anti-PDES5 antibodies (Calbiochem,
U.K.). The sheets were washed with PBS and 0.1%

(vv'") Tween-20 prior to incubation with HRP-linked
anti-rabbit antibodies in blocking solution for 2h at
room temperature. After washing the blots as above, the
immunoreactive bands were detected using an enhanced
chemiluminescence Kkit.

Quantification and analysis

RT-PCR and Western blotting results were quantified by
densitometry using a Bio RAD imaging densitometer (Model
G.S.-690) in conjunction with Molecular Analyst Software,
Version 2.1 (Bio Rad laboratories (U.S.A.). Optical densities
were expressed as arbitary units. Statistical comparisons were
by unpaired Student z-test with significance set at P<0.05.

Results
Pulmonary hypertension
Right ventricular/total ventricular ratios were 0.202+0.013

and 0.336+0.053 for normobaric-treated versus hypobaric-
treated animals (n=40).

British Journal of Pharmacology vol 137 (8)



F. Murray et al

Pulmonary hypertension and phosphodiesterases 1189

PDE3A|B transcript levels

Two products of 405 and 300 base pairs were amplified by
RT-PCR from main, first branch, intrapulmonary and small
resistance vessel total RNA (Figure 1). The amplicons were
not obtained when reverse transcriptase was omitted from the
first strand DNA synthesis step (data not shown). The
alignment of the 405 and 300 base pair products with the
corresponding regions in the human PDE3A and PDE3B
revealed 90 and 92% similarity in their nucleotide sequences
respectively (data not shown).

PDE3A/B transcript levels were elevated by chronic
hypoxia in all the vessels (Figure 1). As a control for the
RT-PCR, we amplified G3PDH transcript with specific
primers as a method for ensuring equal amounts of total
RNA had been used for the amplification of the PDE3A/B
and PDES5 transcripts. Identical amounts of G3PDH
transcript were amplified under normoxic and hypoxic
conditions from each individual vessel (Figure 1). The
PDE3A/G3PDH transcript ratio in normobaric-treated and
hypobaric-treated animals respectively were: main branch,
1.034+0.02; 1.4740.08; first branch, 1.01+0.04; 1.924+0.11;
intrapulmonary, 1.03+0.05; 2.07+0.2, resistance vessels,
0.91+0.03; 1.9240.2 (n=4, P<0.05 versus normobaric-
treated animals, Student z-test). The PDE3B/G3PDH tran-
script ratio in normobaric-treated and hypobaric-treated
animals respectively were: main branch, 1.02+0.04;
1.6 +0.1; first branch, 1+0.08; 1.95+0.09; intrapulmonary,
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- +H - +H - +H
- +H - +H - +H
Intrapulmonary
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- +H - +H - +H
Resistance
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Figure 1 The detection of PDE3A/B transcripts by RT-PCR.
RT-PCR with specific PDE3A/B primers using total RNA (5 ug/
sample) from main, first, intrapulmonary and resistance pulmonary
vessels from rats maintained under normobaric (—) and chronic
hypobaric (+) conditions. RT—PCR was performed from the same
RNA samples with specific G3PDH primers using total RNA (5 ug/
sample) to ensure equal loading of samples. These are representative
results of an experiment performed four times. Abbreviations:
H =chronic hypoxia.

1.01+0.06; 1.5240.11, resistance vessels, 0.99+0.05;
1.240.02 (n=4, P<0.05 versus normobaric-treated animals,
Student ¢-test).

PDES5 transcript and protein levels

PDESA2 (M,=93 kDa) was expressed in the main branch
vessel (Figure 2a). Routinely, very low levels of PDES5SA2
were found in the first branch, although this was barely
detectable unless Western blots were over-exposed (Figure
2a). PDE5SA1 (M;=98 kDa) and PDES5SA2 were also detected
in the intrapulmonary and small resistance vessel homo-
genates (Figure 2a). The PDESA1 band co-migrated with a
recombinant bovine PDES5SA1 standard (data not shown).
Chronic hypoxia increased PDESA2 protein levels above
basal in the main branch and first branch pulmonary vessels.
The per cent increase in PDESA2 protein expression in the
main branch was 54+12% (n=4, P<0.05 versus normo-
baric-treated animals). Chronic hypoxia did not modulate
PDESA1/A2 protein levels in the intrapulmonary and
resistance vessels (Figure 2a).
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Figure 2 The detection of PDES transcript and protein. (a) Western
blot of homogenates from main, first, intrapulmonary and resistance
pulmonary vessels (10 ug protein/sample were loaded onto SDS-—
PAGE) with anti-PDES antibodies from rats maintained under
normobaric (—) and chronic hypobaric (+) conditions. (b) RT-
PCR with PDES primers using total RNA (5 pg/sample) from main
and first branch vessels from rats maintained under normobaric (—)
and chronic hypobaric (+) conditions. RT-PCR was performed
from the same RNA samples as with specific PDE3A/B and G3PDH
primers (see Figure 1). These are representative results of an
experiment performed four times. Abbreviations: H=chronic
hypoxia.
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A single PDES mRNA product of 300 base pairs (25
cycles) was amplified by RT-PCR from main and first
branch vessel total RNA (Figure 2b). The amplicon was not
obtained when reverse transcriptase was omitted from the
first strand DNA synthesis step (data not shown). The
alignment of the 300 base pair product with the correspond-
ing region in human PDES revealed 92% similarity in the
nucleotide sequence (data not shown). Significantly, PDES5
transcript levels were increased in the main and first branch
vessels by chronic hypoxia and were therefore correlated with
a similar increase in PDES protein expression in these vessels
(Figure 2b). The PDESA/G3PDH transcript ratio in
normobaric-treated and hypobaric-treated animals respect-
ively were: main branch, 1+0.02; 1.440.04; first branch,
1.014+0.05; 1.65+0.05;  intrapulmonary, 1.0240.04;
1.014+0.05, resistance vessels, 0.97+0.04; 0.98+0.11 (n=4,
P <0.05 versus normobaric-treated animals for main and first
branch pulmonary arteries, Student ¢-test).

Cultured HPASMCs

We next investigated whether similar changes in the
expression of PDE3 and PDES could be induced by chronic
hypoxia in a cultured HPASMC model. PDE3A, PDE3B and
PDES transcripts were expressed in these cells (Figure 3a).
The alignment of the 405 and 300 base pair products
obtained using PDE3 primers with the corresponding regions
in the human PDE3A and PDE3B revealed 100% and 99%
similarity in their nucleotide sequences respectively (data not
shown). The alignment of the 300 base pair product from the
PCR using PDES primers with the corresponding region in
human PDES revealed 100% similarity in the nucleotide
sequence (data not shown).

PDE3A, but neither PDE5 nor PDE3B nor G3PDH
transcript levels, was increased after 14 days of chronic
hypoxia (Figure 3a). The PDE3A/G3PDH transcript ratios in
normoxic-treated and hypoxic-treated cells respectively were:
1.01+£0.06 and 2+0.1 (=3, P<0.05 versus normoxic). For
PDE3B and PDES5A, the ratios were 1.0140.05 and 1+0.07
and 1+0.03 and 0.99+0.05 respectively (n=3-4). The
increase in PDE3A transcript levels was correlated with an
~ 1.5 fold increase in total cAMP PDE activity, measured at
0.5 uM cAMP. There was a 2.57 fold increase in SKF94836-
sensitive PDE3A activity in response to chronic hypoxia
(control versus hypoxic: 7.9+2.5 pmol min mg~' protein
versus 20.34+ 1.4 pmol min mg~' protein, n=3, Figure 3b).
Data showing that chronic hypoxia has no effect on PDE3B
transcript levels, suggests that the increase in PDE activity
can be attributed exclusively to PDE3A, since it was
substantially reduced by addition of the type-selective PDE3
inhibitor, SKF94836 (10 uM) to the PDE assay. The Ki for
PDES3 inhibition is approximately 2 uM (Murray et al., 1990)
10 um SKF94836 was used to ensure complete inhibition of
PDES3. It is well accepted that SKF94836 is highly selective
for PDE3 inhibition at the concentration used in this study.

Western blotting with anti-PDES5 antibodies showed that
the PDESA2 isoform was expressed in cultured HPASMCs
(Figure 3c). However, chronic hypoxia had no effect on
protein expression (Figure 3c) or cGMP PDE activity,
measured at 0.5 uM ¢cGMP (data not shown).

We next investigated the mechanism underlying the
hypoxic-dependent increase in PDE3A expression in the
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Figure 3 The effect of chronic hypoxia on PDE expression. (a)
RT-PCR of PDE3A, PDE3B, PDES and G3PDH transcripts using
5 ug total RNA/sample from HPASMCs maintained under normoxic
and hypoxic conditions for 14 days. (b) Histogram showing the
chronic hypoxic-dependent increase in SKF94836-sensitive PDE3
activity (SKF94836, 10 um) after 14 days. Results are means +s.d. for
n=3 separate cell preparations. (c) Western blot showing the
presence of PDESA2 (93 kDa) in lysates (10 ug protein/sample were
loaded onto SDS—PAGE) from cells maintained under normoxic
(—) and chronic hypoxic (+) conditions for 14 days. (a) and (c) are
representative results of an experiment performed at least 3—4 times.
Abbreviations: H=chronic hypoxia.

HPASMCs. Treatment of cultured cells with Br-cAMP
(100 pMm, 24 h) mimicked chronic hypoxia by inducing an
increase in PDE3A transcript levels (Figure 4a). There was no
significant effect of Br-cAMP on PDE3B, PDE5 or G3PDH
transcript levels versus control (Figure 4a). The PDE3A/

British Journal of Pharmacology vol 137 (8)
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Figure 4 Hypoxic-induced expression of PDE3A is mediated via a
cAMP-dependent mechanism. (a) RT-PCR of PDE3A, PDE3B,
PDES and G3PDH transcripts using 5 ug total RNA/sample from
HPASMC:s treated with and without Br-cAMP (100 um) for 24 h. (b)
Histogram showing the increase in SKF94836-sensitive PDE3 activity
(SKF94836, 10 um) in cells treated with Br-cAMP (100 um) for 24 h.
Results are means +s.d. for n=3 separate cell preparations. (c) RT—
PCR of PDE3A and G3PDH transcripts using 5 pg total RNA/
sample from cells maintained under normoxic and hypoxic conditions
in the presence and absence of H8 peptide (50 um) for 14 days. (a)
and (c) are representative results of an experiment performed three
times. Abbreviations: H = chronic hypoxia.

G3PDH transcript ratios in control and Br-cAMP-treated
cells respectively were: 0.99+0.03 and 1.54+0.06 (n=3,
P <0.05 versus control). For PDE3B and PDESA, the ratios

were 0.99+0.04 and 1+0.02 and 0.98+0.07 and 0.98+0.11
respectively (n=3). The increase in PDE3A transcript was
correlated with a 1.8 fold increase in total cAMP PDE
activity measured at 0.5 uM cAMP, which was completely
ablated by addition of the type-selective PDE3 inhibitor,
SKF94836 (10 um) to the PDE assay. There was a 2.41 fold
increase in SKF94836-sensitive PDE3A activity in response
to Br-cAMP (control versus Br-cAMP-treated, 9.8+0.3
pmol min mg~' protein versus 23.6+1 pmol min mg~',
n=3, Figure 4b). The fact that Br-cAMP has no effect on
PDE3B transcript levels and that SKF94836 abolishes the
increase in PDE activity suggests that the increase in response
to Br-cAMP can be attributed exclusively to PDE3A.

Treatment with the PKA/PKG inhibitor, H8 peptide
reduced the hypoxic-dependent increase in PDE3A transcript
level (Figure 4c). The PDE3A/G3PDH transcript ratios were:
Control, 14+0.09; Hypoxic 1.84+0.12; Control/H8 peptide,
1.1140.15; Hypoxic/H8 peptide, 0.92+0.1 (n=3, P<0.05 for
hypoxic versus normoxic-treated cells).

The effect of TLCK on PDE expression

TLCK inhibits trypsin-like serine proteinases and blocks
interferon- and LPS-induced NF-xB-dependent nitric oxide
synthase induction with an ICs5q=80 uM (Schini-Kerth et al.,
1997). The treatment of HPASMCs with TLCK (100 uMm, 14
days), an inhibitor of 1kB degradation, substantially reduced
basal PDES transcript levels (Figure 5a). TLCK had no effect
on the chronic hypoxic-dependent increase in PDE3A
transcript levels (Figure 5a). The PDESA/G3PDH transcript
ratios were Control, 1.02+0.03; Hypoxic 0.98+0.05; Con-
trol/TLCK, 0.58+0.05; Hypoxic/TLCK, 0.59+0.1 (n=3,
P<0.05 for TLCK/normoxic and TLCK/hypoxic vs nor-
moxic-treated cells). A similar TLCK-induced reduction in
PDESA2 protein expression was demonstrated in cell lysates
(Figure 5b).

Discussion

Endothelial NO synthase (eNOS) is increased in both large
and small pulmonary arteries from chronic hypoxic rats (Le
Cras et al., 1996). However, acetylcholine-induced vasodila-
tion is decreased in the large arteries (MacLean er al., 1995),
but actually increased in the resistance arteries (MacLean &
McCulloch, 1998). Consistent with this, cGMP levels are
decreased in the large pulmonary arteries but unchanged in
the resistance arteries (MacLean et al., 1996). Here we
provide a molecular mechanism to explain these previous
observations in that we have shown that PDES activity is
increased in the large pulmonary arteries through synthesis of
PDESA2 protein, accounting for the decreased cGMP levels
and subsequent decrease in acetylcholine-induced vasodila-
tion. This might occur either via new synthesis of PDE5A2
mRNA or stabilization of pre-existing mRNA. These findings
are consistent with previous reports showing that PDES
protein expression is increased in lambs with PHT, induced
by aorta-pulmonary vascular graft placement (Black et al.,
2001). In our current study, PDES5 levels are unchanged in
the resistance arteries. This will preserve the ability of
acetylcholine to induce vasodilation, which may actually be
enhanced due to increased levels of guanylyl cyclase (Li et al.,

British Journal of Pharmacology vol 137 (8)
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Figure 5 The effect of TLCK on PDE3A and PDES expression. (a)
RT-PCR of PDE5 and PDE3A transcripts using 5 ug total RNA/
sample from HPASMC:s treated with and without TLCK (100 um, 14
days) under normoxic (—) and chronic (+) hypoxic conditions for 14
days. (b) Western blot (with anti-PDES antibodies) of lysates from
cells treated with and without TLCK (100 pum, 14 days) under
normoxic (—) and chronic (+) hypoxic conditions for 14 days. These
are representative results of an experiment performed three times.
The TLCK data shown for PDES is taken from the same gel as the
experiment on PDE3A expression. Abbreviations: H = chronic
hypoxia.

1999). This is consistent with the observations of Oka (2001)
who showed that sildenafil selectively vasodilates the large
pulmonary arteries but not the resistance arteries. Sildenafil
also has a protective effect against the development of PHT
in micc (Zhao et al., 2001). We previously demonstrated that
there was an increase in total cGMP PDE activity in the
main, first branch- and intra-pulmonary arteries. Further
analysis indicated that calcium/calmodulin stimulated PDE
was increased in the main pulmonary artery, indicating an
increase in PDEIl activity and zaprinast-inhibited PDE
activity was increased in the first branch and intra-pulmonary
artery (MacLean et al., 1997). We chose to investigate the
mechanisms behind increased PDES activity due to the
current interest in the use of sildenafil for PHT (Sanjay et
al., 2000; Ghofrani et al., 2002). There is an apparent
discrepancy in the results from our previous study and the
current one in that zaprinast-inhibited activity was not
increased in the main pulmonary artery whilst we now show
that there is an increase in PDE5SA2 mRNA transcript and
protein. It is possible that PDE1 and PDES5 are subject to
additional regulatory factors under chronic hypoxic condi-
tions (independent of changes in protein expression) that
might explain the discrepancy. For example, phosphorylation
of PDE5 by PKA markedly increases activity, but also

reduces the sensitivity of PDES to inhibition by zaprinast
(Burns et al., 1992). Therefore, it is possible that PDES in the
main branch is refractory to inhibition by zaprinast. In this
regard, Hanson er al. (1998) have shown that PDES is
aberrantly phosphorylated in lambs with PHT.

PDE3 activity is increased in main, first branch and
intrapulmonary vessels from rats maintained under chronic
hypoxic conditions (MacLean et al., 1997). In light of these
previous studies, the results described here suggest that this
may in part be accounted for by the increase in PDE3A and
PDE3B transcript levels. Therefore, the increase in PDE3A/B
transcript is correlated with similar changes in activity. A
hypoxic-dependent increase in PDE3A/B transcript was also
detected in the resistance arteries. This was surprising because
we did not detect a corresponding increase in PDE3 activity
in this vessel in our previous study (MacLean et al., 1997). It
is possible that the transcripts are not translated into protein
in this vessel, or that PDE3 represents only a small fraction
of the total cAMP hydrolysing activity.

PDE3A expression may also be increased via a cAMP-
dependent mechanism in HPASMCs as evidenced by the data
showing that the hypoxic-dependent increase in PDE3A
expression was mimicked by treating cells with Br-cAMP
and was ablated with the PKA inhibitor, H8 peptide. This
data provides evidence that chronic hypoxia may induce the
synthesis of PDE3A via a mechanism that might involve
protein kinase A and/or CREB transcription factors.
However, we cannot exclude possible effects via protein
kinase G (PKG), which is also inhibited by HS peptide. Since
cAMP increased PDE3A expression, while HS peptide
reduces the hypoxic-dependent increase, we believe that there
is a role for either PKA or PKG or both in the up-regulation
of PDE3A. HS peptide also inhibits myosin light chain kinase
(MLCK) and PKC. However, we can exclude MLCK,
because elevation in cAMP inhibits this enzyme (via PKA;
Higashi et al., 1983). Under conditions of elevated cAMP,
PDE3A expression is increased. Thus, if MLCK were
involved, inhibition by H8 peptide should increase PDE3A
expression, and not reduce it as observed here with HS
peptide. We can exclude PKC, because there is no evidence
that PKA directly modulates PKC activity.

The PASMCs cells were derived from human main
pulmonary arteries. There is heterogenity of PAVSMC types
within the pulmonary circulation, some having a contractile
phenotype and some a proliferative phenotype (Frid et al.,
1997). Although the cultured cells used in this study may not
be identical in phenotype to native cell phenotypes, cCAMP
and cGMP are anti-proliferative and also facilitate vasodila-
tion, hence the mechanism for the preservation of cAMP and
¢GMP we have described is clinically relevant to both the
potential vasodilator effects of sildenafil and its potential
action as an anti-proliferative agent.

In contrast with main and first branch vessels, PDE5A2
expression was not modulated by chronic hypoxia in cultured
human PASMCs. The reason for this difference is not known.
However, one possibility may be the relative PKG content in
the two systems. In this regard, it is conceivable that
PDESA2 expression may be regulated by cGMP and PKG
under chronic hypoxic conditions. This would be analogous
with our findings showing that cAMP/PKA may regulate
PDE3A expression. Indeed, others have shown that elevated
¢GMP/PKG can induce PDES protein expression (Lin et al.,
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2000). It is also well established that PKG expression is
markedly reduced when vascular smooth muscle cells are
cultured. Thus, the inability of chronic hypoxia to modulate
the expression of PDESA2 in cultured human PASMCs
maybe due to the absence of PKG.

We have also shown that treating cells with the inhibitor
of IxkB degradation, TLCK, reduced the basal expression of
PDES. While, TLCK does inhibit other proteases, these do
not have specificity against transcription factors, such as
NF-xB that could result in changes in PDES5 expression.
Our finding is interesting as NF-xB is a transcription factor
that regulates induction of enzymes involved in cellular
stress responses (e.g. chronic hypoxia) that might affect
vascular tone in PHT. For instance, NF-xkB regulates
expression of inducible NOS (iNOS) which in turn regulates
vascular tone through the action of NO and cGMP. iNOS
expression has been proposed to have a significant role in
PHT (Le Cras et al, 1996). iNOS expression is also
increased in the aorta of spontaneously hypertensive rats
versus age-matched Wistar-Kyoto rats (Hong et al., 2000).
Moreover, treatment of SHR with an NF-xB inhibitor,
pyrrolidinedithiocarbamate and the inducible NOS inhibitor,
aminoguanidine significantly reduced the development of
hypertension and improved the diminished vascular re-
sponses to acetylcholine (Hong e al., 2000). With respect
to a role for NF-«xB in PHT, there is an inverse relationship
between airway NO levels and NF-xB activation (Ray-
chaudhuri et al., 1999) and NF-xkB activation has been
associated with the stimulated cellular oxidative stress
associated with monocrotaline-induced PHT (Aziz et al.,
1997). The possible inter-relationship between NF-xB and
the induction of enzymes that regulate cGMP signalling
(NOS and PDES5) is intriguing. Thus, the inhibitory effect of
TLCK on basal PDES expression is important as it suggests
that NF-xB inhibition might be useful in terms of
suppressing PDES5 activity in PHT. This could represent
an alternative approach in the treatment of PHT.

Our studies also provide a molecular mechanism to explain
the beneficial effects of PDE3 and PDES inhibitors in
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