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Abstract

A patent ductus arteriosus is due in large part to increased sensitivity of the premature ductus to
PGE2. Following PGE2 stimulation, cCAMP concentrations are higher in the immature than in the
mature ductus. cAMP concentrations depend on the rates of adenyl cyclase production and
phosphodiesterase (PDE) mediated degradation. We used ductus from immature (n=25) and mature
(n=21) fetal sheep to investigate whether a developmental increase in PDE activity could explain the
diminished cAMP accumulation that follows PGE2 stimulation in the mature ductus. With advancing
gestation, mRNA expression of the smooth muscle PDE isoforms (PDE1A, 1B, 1C, 3A, 3B, 4D, and
5A) increased in the ductus as did their hydrolytic activities. Selective inhibitors of PDE1, PDES3,
and PDEA4 relaxed the mature and immature ductus in the presence of inhibitors of prostaglandin and
nitric oxide production. The mature ductus required higher concentrations of each of the PDE
inhibitors to inhibit its tension to the same extent as in the immature ductus. There were no
developmental changes in PDE expression in the fetal aorta. In conclusion, we observed a
developmental increase in cAMP and cGMP PDE activity that contributes to the decreased sensitivity
of the late gestation ductus arteriosus to vasodilators like PGE2.
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Preterm infants have a higher incidence of patent ductus arteriosus (PDA) than term infants.
In large part, this is due to the increased sensitivity of the premature ductus to Prostaglandin
(PG) E2 (1,2). In the lamb, pig, and baboon ductus arteriosus, PGE2 exerts its effects through
3 selective G-protein coupled receptors (EP2, EP3D and EP4) that activate adenyl cyclase
(3,4). The increased sensitivity of the immature ductus appears to be due to differences in
cAMP signaling: 1) EP receptor stimulation in the immature ductus produces higher
concentrations of CAMP and Protein Kinase A-mediated relaxation than are found in the mature
ductus, and, 2) the immature ductus loses its increased sensitivity to PGE2 and behaves like
the mature ductus in the presence of inhibitors of Protein Kinase A (3).
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Intracellular levels of cCAMP are regulated by adenyl cyclases and cyclic nucleotide
phosphodiesterases (PDE). We recently reported that the increased concentration of CAMP
that follows PGE2 stimulation of the immature ductus does not appear to be due to increased
EP receptor expression or increased adenyl cyclase activity (3). In the current study, we
investigated whether alterations in PDE-mediated cAMP breakdown might play a role in the
increased cCAMP concentrations that result from PGE2 stimulation of the immature ductus.

There are at least 11 distinct PDE families that encode more than 50 different PDE enzyme
variations (5,6). Depending on the species, the major PDESs present in vascular smooth muscle
are: PDE1A, 1B, and 1C, PDE3A and 3B, PDE4D, and PDE5A (7,8). These PDEs are
differentially controlled by cAMP, cGMP, and calcium/calmodulin (7,9). The PDEL1 isoforms
are stimulated by calcium/calmodulin; they include PDE1A and 1B (which selectively
hydrolyze cGMP), and PDE1C (which hydrolyzes cAMP and cGMP equally well). The PDE3
isoforms, 3A and 3B, preferentially hydrolyze cAMP; their hydrolytic activities are
competitively inhibited by cGMP since their catalytic sites have similar affinities for cAMP
and cGMP (5). This allows vasodilators like nitric oxide, that activate guanyl cyclase, to
synergize with adenyl cyclase activating agents like PGE2. PDE4D isoforms specifically
hydrolyze cAMP and are not regulated by cGMP. The PDE5A isoform selectively hydrolyzes
cGMP and effectively controls cGMP signaling under conditions of low calcium. Under
conditions of elevated calcium, PDE1A, 1B, and 1C are likely to play an increasingly important
role.

Previous studies have shown that PDE inhibition can relax the ductus areriosus in animals as
well as humans (Paradisis M, Evans N, Kluckow M, Osborn DA, unpublished observations),
both in vitro (10) and in vivo (11,12). In the following study, we used ductus from immature
(n=25) and mature (n=21) fetal sheep to investigate whether a developmental increase in PDE
activity could explain the diminished cAMP accumulation that follows PGE2 stimulation in
the mature ductus.

Twenty-one late-gestation sheep fetuses (mixed Western breed: 137 £ 5 d gestation,
term=145d, mean+SD) and 25 immature fetuses (105 + 3 d) were delivered by Cesarean section
and anesthetized with ketamine HCI (30 mg/kg 1V) before rapid exsanguination. These
procedures were approved by the Committee on Animal Research at the University of
California, San Francisco.

Preparation of total RNA, reverse transcription, and quantitative polymerase chain reaction

Total RNA was isolated from the frozen ductus and aorta of 7 immature and 7 mature fetuses
as described elsewhere (4). We used the TagMan Universal PCR master mix of PE Applied
Biosystems (Foster City, CA) to quantify the expression of the PDE isoforms (PDE1A, 1B,
3A, 3B, 4D, 5A). Tagman probes were designed using the Primer Express program and labeled
with fluorophores FAM (6-caboxy-fluorescein) and TAMRA (6 carboxy-tetramethyl-
rhodamine) as reporter and quencher dyes, respectively. An ABI PRISM 7500 Sequence
detection system was used to determine the cycle threshold (CT). Reactions were carried out
in triplicates. Data were analyzed using the Sequence Detector version 1.6.3 program. Malate
dehydrogenase (MDH) was used as an internal control to normalize the data (3).

Phophodiesterase activity measurements

Ductus from 5 immature and 5 mature fetuses were homogenized on ice in lysis buffer
containing 50 mM HEPES (pH7.4), 1% Triton X-100 and protease inhibitor cocktail from
Sigma (Catalog Number:P8340), and spun at 3000 x g for 10 min at 4 °C. The resulting
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supernatant was used for protein and PDE assays. Protein concentration was determined by
Bio-Rad Detergent Compatible Protein assay Kit.

Ten micrograms of protein from the supernatant were used for the cAMP PDE or cGMP PDE
assays. The assay mixture (100 micro liters volume containing 50x10~3 M HEPES (pH 7.4),
10x1073 M MgCl,, 1x1073 M EDTA, 0.1x103 M EGTA, and 1x10~% M 3H-cAMP (30,000
CPM) or 1x10°6 M 3H-cGMP (30,000 CPM)) was incubated at 30 °C for 20 min. The assays
were terminated by adding 50 micro liters of ice-cold, 0.5 M EDTA (pH 8.0). After diluting
the samples with 0.3 ml of buffer (0.1 M NaCl, 0.1 M HEPES (pH 8.5)), the reaction product,
either 5'-[3H] AMP or 5'-[3H] GMP, was purified by polyacrylamide-boronate gel
chromatography (affi-Gel 601, 1-ml bed volume) and quantified by liquid scintillation
counting.

PDE activity, for each of the PDE families, was determined as that portion of total CAMP or
cGMP hydrolysis that was inhibited by selective PDE inhibitors (1x10~6 M cilostamide for
PDES3 activity, 5x1078 M rolipram for PDE4 activity, and 5x10~6 M MY5445 (1-(3-
chlorophenylamino)-4-phenylphthalazine) for PDES5 activity) or activators (4x10-3 M CaCl,
and 10 units of calmodulin for PDE1 activity). No EGTA was added to the assay mixture when
calcium/calmodulin stimulated PDE1 activity was being measured.

In vitro isometric contractility studies

The ductus arteriosus from 13 immature (1062 days gestation) and 9 mature (139+3 days)
fetuses were divided into 1 mm-thick rings (2 — 3 rings per animal) and isometric tension was
measured in a Krebs-bicarbonate solution ([x10~3 M]: 118 NaCl, 4.7 KCI, 2.5 CaCl,, 0.9
MgSO,, 1 KH,POy, 11.1 glucose, 23 NaHCO3 (pH 7.4)) containing indomethacin (5 x 106
M) and No-nitro-arginine methyl ester (L-NAME, 104 M), to inhibit endogenous
prostaglandin and nitric oxide production, respectively (13). The bath solution was equilibrated
with 5% CO,/30% O balance N5 and was changed every 20 minutes. Rings were stretched to
initial lengths (preterm = 5.4 + 0.3 mm; late-gestation = 6.7 £ 0.6 mm) that produce maximal
contractile responses when exposed to potassium-(K*-Krebs)-Kreb’s solution (containing 0.1
M KCI substituted for an equimolar amount of NaCl), equilibrated with 95% O, (14). After
the rings reached a steady-state tension (approximately 100-120 min), K*-Krebs solution was
used to measure the maximal contraction that could be developed by the ductus (maximal
contraction).

Following the maximal contraction, the K*-Krebs solution was removed from the baths and
the rings relaxed to a steady-state tension (baseline tension). We measured the ability of the
PDE inhibitors to relax the ductus from the baseline tension. Cumulative dose response curves
were constructed for 8-methoxymethyl 3-isobutyl-1-methylxanthine (8-MM-IBMX, a PDE1
inhibitor), cilostamide (a PDE3 inhibitor), milrinone (a PDE3 inhibitor), rolipram (a PDE4
inhibitor), and MY5445 (a PDES5 inhibitor). The concentrations that produced 50% of maximal
relaxation (EC50 values) were determined from each dose-response curve. In all experiments,
we allowed the tension in the rings to reach a new steady-state plateau after addition of a drug
and before another concentration was added to the bath. Sodium nitroprusside (10~4 M) was
added to each ring at the end of the experiment to determine its minimal tension. After the
experiment, the tissues were removed from the baths and blotted dry and their wet weights
determined. The immature ductus rings had a similar wet weight (30£6 mg) as the mature rings
(34+10 mg).

The difference in tensions between the maximal tension (produced by K*-Krebs/95 % O,) and

the minimal tension (with sodium nitroprusside) was considered the maximal active tension
(MAT) that the rings were capable of developing. The immature ductus rings developed
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significantly lower amounts of MAT than the mature ductus rings (18.8+2.5 gm compared with
23.1+4.2 gm, respectively, p<0.01).

The difference in tensions between the baseline tension (prior to the PDE inhibitor dose
response curve) and the minimal tension (with sodium nitroprusside) was considered the
baseline Net Tension for the dose response curve. The baseline Net Tensions for the dose
response curves were similar in the immature and mature ductus (immature baseline Net
Tension = 75£10% of MAT; mature = 81+9% of MAT).

MY5445 and 8-MM-IBMX were obtained from Biomol International (Plymouth Meeting,
PA). All other chemicals were from Sigma Chemical (St Louis, MO).

Statistical analyses of unpaired and paired data were performed by the appropriate t-test and
by analysis of variance. Scheffe’s test was used for post hoc analysis. Values are expressed as
mean * standard deviation. Drug concentrations refer to their final molar concentration in the
bath.

The fetal ductus arteriosus expressed several PDE family isoforms (PDE1, PDE3, PDE4 and
PDEDS) (Figure 1). The expression of each isoform increased with advancing gestation. In
contrast, in the fetal aorta, there was no significant change in PDE expression with advancing
gestation. The expression of most PDE isoforms was lower in the near term aorta than in the
near term ductus (Fig 1).

Basal cAMP and cGMP PDE activities were measured in ductus homogenates in the presence
of 1x107% M cAMP and 1x1078 M cGMP, respectively. The nonselective PDE antagonist, 3-
isobutyl-1-methylxanthine (IBMX), inhibited more than 97% of the ductus’ basal PDE activity
(n=3, data not shown). Both the basal cAMP and basal cGMP PDE activities, as well as the
activities attributed to PDE3 (Acilostamide), PDE4 (Arolipram), and PDE5 (AMY5445) were
significantly increased in the mature ductus compared with the immature ductus (Figure 2).
To assess the presence of PDE1 in ductus homogenates, we tested the effect of calcium/
calmodulin on both cAMP and cGMP hydrolytic activities. Calcium/calmodulin produced a
greater stimulation of both cAMP and cGMP hydrolytic activities (ACa/CaM) in the mature
ductus than in the immature ductus (Figure 2).

Under normoxic conditions (30% O,), in the presence of inhibitors of prostaglandin and nitric
oxide production, the ductus arteriosus developed an active tension that was approximately 75
— 80% of its Maximal Active Tension (see Methods). Selective inhibitors of PDE1 (8-MM-
IBMX), PDE3 (cilostamide and milrinone), and PDEA4 (rolipram) relaxed the ductus in both
the mature and immature ductus (figure 3). The selective PDES5 inhibitor M'Y'5445 had no effect
on ductus tension. Higher concentrations of 8-MM-IBMX (PDEL), cilostamide, milrinone
(PDE3), and rolipram (PDE4) were needed to inhibit tensions in the mature ductus than in the
immature ductus (Figure 3).

Discussion

An increase in cCAMP or cGMP is generally associated with smooth muscle relaxation through
both calcium-dependent and calcium independent processes (15,16) (17). Consequently, an
increase in PDE activity should result in a blunted relaxation. Our findings support the
hypothesis that increasing PDE activity may contribute to the decreased ability of PGE2 to
relax the ductus with advancing gestation. In the mature ductus, there was both increased
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expression (Figure 1) and increased activity (Figure 2) of all of the PDE isoforms: PDE1, 3,
4,and 5. In parallel with the increase in PDE activity, higher concentrations of PDE inhibitors
were needed to produce the same degree of relaxation with advancing gestation (Figure 3).
Our observation that the mature ductus, in vitro, requires higher concentrations of PDE
inhibitors to produce a similar relaxation as in the immature ductus is consistent with a prior
report for PDE3 inhibition in the fetal rat, in vivo (11).

Several of our findings deserve further discussion. Although PDE1A and PDE1B, which
hydrolyze cGMP, have frequently been observed in adult and newborn vascular tissues, PDE1C
which hydrolyzes both cAMP and cGMP has not (18). In contrast, fetal vessels appear to
express PDELC (Figure 1) (19). With advancing gestation, we observed both increased
expression of PDE1C and increased calcium/calmodulin stimulation of cAMP hydrolysis in
the ductus. This is consistent with increased PDELC activity. Currently, it is difficult to assess
the relative role of PDE1C in ductus contractility since available inhibitors of PDE1, like 8-
MM-IBMX, have poor selectivity among the different PDE1 isoforms and are less potent
against the PDE1C enzyme than against PDE1A or PDE1B (20,21). However, the increased
expression of PDE1C in the ductus (compared with the aorta) may make it a useful target for
selective regulation of cyclic nucleotide signaling after birth.

PDE3 plays an important role in coordinating and amplifying the vasodilatory effects of agents
that increase cCAMP and cGMP. Uninhibited PDE3 activity has been found to promote
vasoconstriction and neointima accumulation (5,22-25). The increase in ductus arteriosus
PDES3 activity with advancing gestation (Figures 1 and 2) may contribute to the
vasoconstriction and neointima formation that occur as term approaches (26).

The results of our contractility studies differed significantly from those of previous reports
(10,12) with regard to the effects of inhibition of PDES on ductus tension. We found that even
though PDES was expressed in the wall of the fetal ductus (Figures 1 and 2), inhibition of
PDES5 had almost no effect on ductus contractility. Our contractility studies, however, were
performed under different conditions than the previous studies (10,12). We examined the
contractility of ductus rings in the presence of inhibitors of endogenous prostaglandin and nitric
oxide production (13). Both prostaglandin and nitric oxide production in the ductus increase
significantly with advancing gestation (13,27,28). Our intention was to examine the effects of
PDE inhibition on ductus contractility during development, without the confounding effects
of changes in prostaglandin or nitric oxide production. We found that, in the presence of an
inhibitor of nitric oxide production, PDES5 inhibition had no effect on ductus tension (Figure
3). Several endogenous vasodilators (e.g., nitric oxide, carbon monoxide, atrial natriuretic
peptide, etc) are capable of regulating smooth muscle tone in the ductus by activating guany!l
cyclase and increasing cGMP production (27,29,30). Our findings suggest that among these
cGMP-producing vasodilators, nitric oxide appears to be the most important, since in its
absence, inhibitors of cGMP degradation no longer have an effect on ductus tone (Figure 3).
Inhibition of nitric oxide (and cGMP production) may have a direct effect on PDE5 activity
itself. PDES5 inhibitors are most effective when the nitric oxide/cGMP signaling pathway has
been activated (31). cGMP binds to a regulatory GAF domain on PDES5; this produces a large
stimulatory effect on the PDE5 catalytic domain. Without this effect, PDE5 has only a low
intrinsic hydrolytic activity (32).

In conclusion, we observed a developmental increase in both cAMP and cGMP PDEs that
contribute to the decreased sensitivity of the late gestation ductus arteriosus to vasodilators.
We speculate that the developmental increase in PDEs may enable the ductus to constrict and
remodel itself more efficiently after birth.
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Figure 1.

Real Time PCR measurements of PDE isoforms (PDE1A, 1B, 3A, 3B, 4D, 5A) are greater in
the mature (m) than in the immature ductus (o) arteriosus. ACT(MDH-gene) represents the
difference in CT between the expression of the housekeeping gene MDH and the gene of
interest. Each unit of ACT(MDH-gene) represents a 2-fold increase in a gene’s mRNA. The
more negative the ACT(MDH-gene), the fewer the number of starting copies of a gene
(mRNA). N= number of separate animals used (immature = 7; mature = 7). (=): p<0.05,
immature compared with mature. (*): p<0.05, mature ductus compared with mature aorta.
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cAMP and cGMP PDE activities are greater in the mature (m) than in the immature ductus (o)
arteriosus. Ductus homogenates were incubated in assay buffer containing either 3H-cAMP
(panels A, B, and C) or 3H-cGMP (panels D and E). PDE activity was measured either in the
absence (basal) or presence of selective PDE inhibitors (cilostamide 1x107% M, for PDES3;
rolipram 5x1076 M, for PDE4; and MY5445 5x10°5 M, for PDES5); or activators (CaCl,/
calmodulin (4x1073 M)/10 units, respectively), for PDE1). We determined the PDE activity
for each PDE family (A) by subtracting the basal activity from the activity in the presence of
inhibitor or activator. Basall: no EGTA was added to the assay buffer in CaCl,/calmodulin
experiments (see Methods). N= number of separate animals used (immature = 5; mature = 5).
(*): p<0.05, immature compared with mature.
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Higher concentrations of PDE1, 3 and 4 inhibitors are required to inhibit isometric tension in
the mature ductus arteriosus (m) than in the immature ductus (o). Ductus rings were
precontracted with 30% oxygen, indomethacin and L-NAME (see Methods). Dose responses
for 8-MM-IBMX, cilostamide, milrinone, rolipram, and MY5445 were studied. Tension is
expressed as a percentage of baseline Net Tension (see Methods). (*): p<0.05, EC50
(immature) < EC50 (mature). n= number of separate animals used. 8-MM -IBMX: EC50
(immature) = 0.420.4 x 10~*M (n= 6); EC50 (mature) = 1.5+0.7 x 107*M (n= 5), p<0.05.
Cilostamide: EC50 (immature) = 2.9+0.8 x 10~'M (n= 4); EC50 (mature) = 8.4+1.5 x 10~'M
(n= 4), p<0.05. Milrinone: EC50 (immature) = 0.7+0.1 x 105M (n= 6); EC50 (mature) = 9.4
+2.2 x 107°5M (n= 7), p<0.05. Rolipram: EC50 (immature) = 0.7+0.1 x 107*M (n= 6); EC50
(mature) = 1.3+0.1 x 107*M (n=7), p<0.05. MY5445: EC50 (immature) = not measurable (n=
4); EC50 (mature) = not measurable (n=4).
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