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Abstract

We studied the relaxant effects of the cyclic nucleotide phosphodiesterase inhibitors theophylline (non-selective), rolipram (type IV,
3,5-cyclic monophosphate (CAMP)-specific) and zaprinast (type V, 3,5-cyclic monophosphate (cGMP)-specific) on the hypoxic
vasoconstriction in the isolated perfused rat lung and the involvement of K* channels and nitric oxide (NO) in these effects. K* channels
were inhibited by glibenclamide, charybdotoxin, apamin and 4-aminopyridine and nitric oxide synthase by L-N ©-nitroarginine methyl
ester (L-NAME). Hypoxic ventilation produced a significant pressure response. L-NAME and 4-aminopyridine increased this response.
Rolipram, zaprinast and theophylline shared the ability to oppose the hypoxic pulmonary vasoconstriction. The order of potency was
zaprinast > rolipram > theophylline. Glibenclamide partially inhibited the relaxant effects of rolipram and theophylline. Charybdotoxin
inhibited the dilator response to rolipram. Apamin inhibited partially the vasodilation induced by rolipram and zaprinast. 4-Aminopyridine
inhibited partially the relaxant effects of theophylline. L-NAME failed to block the effects of the three compounds. These data illustrate
different pharmacological profiles according to the phosphodiesterase inhibitors and support the potential interest of selective inhibitors as

relaxant agents in pulmonary vessels. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pulmonary hypertension may be secondary to hypoxic
vasoconstriction, resulting in complex changes in the pul-
monary vascular bed. Despite extensive research, the
mechanism underlying hypoxic pulmonary vasoconstric-
tion remains unclear. Suppression of endogenous vasodila-
tor substances such as endothelium-derived relaxing factor
(nitric oxide, NO) may be one mechanism mediating the
hypoxic vasoconstriction (Liu et al., 1991). In recent years,
a body of evidences has emerged indicating that oxygen
level per se can regulate ion channel activity (Weir and
Archer, 1995). Results from patch-clamp studies on iso-
lated pulmonary vascular myocytes have shown that acute
hypoxia inhibits outward K* currents, thereby causing
depolarization (Post et al., 1995). Most subsequent studies
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have indicated that the K* current inhibited by hypoxiais
voltage-gated and sensitive to 4-aminopyridine (Archer et
al., 1996; Osipenko et al., 1997).

Currently, medical treatment of hypoxic pulmonary
vasoconstriction remains unsatisfactory. The recent devel-
opment of inhaled therapy [nitric oxide, prostacyclin and
analogs] represents a significant advance in its manage-
ment (Olschewski et al., 1996; Manktelow et al., 1997).
However, the therapeutic effects of this approach are lim-
ited by the short haf-life of the drug effects. A new
pharmacological approach consists in prolonging the ef-
fects of inhaled prostacyclin or nitric oxide by combination
with dilator agents mediating their effects through inhibi-
tion of the hydrolysis of adenosine 3',5'-cyclic monophos-
phate (cAMP) and/or guanosine 3,5-cyclic monophos-
phate (cGMP) (Ghofrani et al., 1998; Ichinose et al.,
1998).

If numerous agents increase CAMP and cGMP levels
through stimulation of adenylate cyclase such as -adren-
oceptor agonists, prostacyclin receptor agonists, adenosine
A, receptor activators or guanylate cyclase such as nitric
oxide, the hydrolysis of cyclic nucleotides is catalyzed
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solely by phosphodiesterases. There are at least seven
isoforms of mammalian phosphodiesterases with varying
specificity for hydrolysis of cyclic nucleotides, for regula-
tion and for tissue localization (Beavo, 1995; Torphy,
1998). Four families (I, I11, 1V and V) have been identified
in the human pulmonary circulation (Rabe et al., 1994).
Phosphodiesterase type | and type V catalyze the break-
down of cGMP whereas phosphodiesterase type 1l and
type 1V that of CAMP. Isozyme-selective inhibitors are
available for most phosphodiesterase families (Torphy,
1998). The inhibition of cGMP and cAMP hydrolysis by
the phosphodiesterase inhibitors has been shown to pro-
mote vasodilation (De Witt et al., 2000) and to oppose
pulmonary vasoconstriction (Haynes et a., 1991; Cohen et
al., 1996; Ichinose et a., 1998). In this context, the
development of selective inhibitors of phosphodiesterase
isozymes may be of interest. For example, inhibition of
cGMP phosphodiesterase selectively vasodilates the pul-
monary circulation (Cohen et al., 1996). Recent evidence
suggests the involvement of K* channels in the relaxant
effects of phosphodiesterase inhibitors in coronary artery
(Chen et al., 1997) and small mesenteric artery (Taylor and
Benoit, 1999). To our knowledge, very few studies have
investigated these various mechanisms of action in the
pulmonary circulation (Barman, 1997; Crilley et al., 1998).

The purpose of this study was to investigate (1) the
relaxant effects of cyclic nucleotide phosphodiesterase in-
hibitors theophylline (non-selective), rolipram (type 1V,
CAMP specific, cGMP insensitive), zaprinast (type V,
cGMP-specific) on hypoxic vasoconstriction in rat lungs
perfused with salt solution and (2) the role of endogenous
nitric oxide, ATP-sensitive K* channels (K ,;p), small
conductance Ca*-activated K* channels (SK,), large
conductance Ca*-activated K* channels (BK ,) and 4-
aminopyridine-sensitive voltage-gated K* channels (K )
in these effects.

2. Materials and methods

2.1. Rat perfused isolated lung preparation

Twenty eight groups (n=5-10 per group) of male
Wistar rats (Dépré, St. Doulchard, France), weighing 270—
370 g, were anaesthetized with sodium pentobarbitone
(100 mg kg~?1) and tracheotomized. After thoracotomy, a
polyethylene cannula was inserted into the main pul-
monary artery and the lungs were removed quickly and
allowed to equilibrate in the perfusion circuit maintained at
38°C by a surrounding water bath and consisting of a
perfusion reservoir, aroller pump (Harvard 77, Ealing, Les
Ullis, France), connecting tubing and bubble trap. Mean
perfusion pressure which was measured from a side-arm of
the arterial line (Harvard transducer, —50 to 300 mm Hg),
was recorded continuously (Ankersmit WR 3701 recorder,

Graphtec, Japan) and reflected pulmonary vascular resis-
tances because the flow rate was constant (0.025 ml g~ *
min~1). The lungs were perfused with a salt solution
containing (mM): NaCl 116, KCl 5.4, NaH,PO, 1.04,
MgSO, 0.83, CaCl, 1.8, NaHCO; 19 and p-glucose 5.5.
Ficoll (1 g 100 mli~ %, type 70; Sigma, La Verpillére,
France) was included as a colloid (Hasunuma et a., 1991).
The lungs were ventilated with a Harvard rodent ventilator
a a tidal volume of 10 ml kg~! body weight and a
frequency of 55 breaths min~!. The end expiratory pres-
sure was set at 2.5 cm H,0. The pressure of airways was
measured with a Validyne DP45 (0 to 88 cm H,0) differ-
ential pressure transducer. A 20-min equilibration period
was alowed to establish a stable baseline for pulmonary
airway and vascular pressures before experiments were
started. During this period the lungs were ventilated with a
humid mixture of 21% O,, 5% CO,, 74% N, (normoxia).
Lungs of which the weight had increased in excess of 10%
(indicative of oedema) at the end of the experiments were
discarded.

2.2. Vasoconstrictor responses to hypoxia

After the equilibration period, the pulmonary vascula
ture was precontracted twice, using a bolus of 0.25-0.5 p.g
angiotensin Il to prime the otherwise low vascular reactiv-
ity seen in salt solution-perfused lungs. The lungs were
then challenged with a hypoxic gas mixture (5% CO,,
95% N,) as described previously (Dumas et al., 1997).
Each hypoxic challenge (4 min) was followed by the
addition of 0.25 g angiotensin Il in normoxic ventilation
(4 min) and the pressure was alowed to return to baseline
before the initiation of hypoxic ventilation. The perfusate
gas tensions were measured during hypoxic challenges, by
collecting perfusate anaerobically from the arterial cannula
and analyzing it immediately (Corning 170 pH /blood gas
analyzer). During hypoxic periods, Py, was maintained
below 35 mm Hg. After four hypoxic pulmonary vasocon-
strictions, the responses became reproducible (Dumas et
al., 1997). Drugs were tested after a stable response to
hypoxia was reached.

2.3. Effects of theophylline, rolipram and zaprinast on
pulmonary vasoreactivity: influence of K * channels and
NO synthase inhibitors

Concentration—response curves to the three phosphodi-
esterase inhibitors were obtained by perfusing lungs during
8—10 hypoxic periods with a salt solution containing theo-
phylline (0.1-1000 M), rolipram (0.01-30 M) or zapri-
nast (0.001-30 wM). In a second series of experiments,
concentration—response curves for the three phosphodi-
esterase inhibitors were obtained in the presence of gliben-
clamide (1 wM), a K 51p channel blocker. Charybdotoxin,
a BK, channel blocker and apamin, a SK., channel
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blocker, could not be administered for more than three
hypoxic periods because of subsequent lung injury devel-
opment (oedema). The hypoxic pressure response obtained
with 4-aminopyridine, the K, channel blocker was signifi-
cantly increased only during three periods of infusion of
this compound. The hypoxic pressure response obtained
with L-N G-nitroarginine methyl ester (L-NAME), the nitric
oxide-synthase inhibitor was reproducible and significantly
increased only during the second and third periods of
infusion of this compound (Dumas et al., 1997). Conse-
quently, in others series of experiments, charybdotoxin
(0.1 wM), apamin (0.05 wM), 4-aminopyridine (1 mMm),
and L-NAME (100 wM), were administered during the
fifth, sixth and seventh hypoxic periods (Dumas et a.,
1997) whereas phosphodiesterase inhibitors were used dur-
ing the sixth and seventh periods, at concentrations induc-
ing about 70% inhibition of the pressure response to
hypoxia (theophylline 100 wM, rolipram 10 wM and
zaprinast 1 wM). Because of the close correspondence
between theophylline concentration and phosphodiesterase
inhibition (Rabe et al., 1995), additional experiments were
made with theophylline 1 mM, to obtain a more potent
non-specific phosphodiesterase inhibition (Wu et al., 1982;
Landells et al., 2000).

2.4. Chemicals / drugs

The drugs used were as follows: theophylline sodium
anisate (Theophylline Bruneau, Laboratoires Delalande,
Dijon, France), glibenclamide (Laboratoire Hoechst, Paris
la Défense, France), 4-aminopyridine, angiotensin II, L-
N C-nitroarginine methyl ester, rolipram (4-[3-(cyclopen-
tyloxy)-4-methoxy-phenyl]-2-pyrrolidinone) (Sigma), za
prinast (2-o-propoxyphenyl-8-azapurin-6-one) (Rhone
Poulenc-Rohrer, France), charybdotoxin and apamin
(Latoxan, Rosans, France). Apamin, angiotensin Il, 4-
aminopyridine, L-N®-nitroarginine methyl ester and theo-
phylline were dissolved in distilled water, charybdotoxin in
sdline, glibenclamide in a mixture of dimethylsulf-
oxide/distilled water (1:1), rolipram and zaprinast in a
mixture of dimethylsulfoxide/ethanol /distilled water
(0.15:0.5:0.35); the stock solutions were then diluted in
digtilled water. All the stock solutions were kept frozen
until use and all the diluted solutions were prepared just
before administration. The maximal concentrations of
dimethylsulfoxide (0.45%) or ethanol (1.5%) added to the
bath did not by themselves exert any effect and did not
modify the reactivity of the preparation.

2.5. Data analysis

Hypoxic pressure response was measured at the time of
the peak increase and expressed as absolute changes from
baseline values. The maximal response was determined as
the relaxation reversing the hypoxic pressure response. The

relaxant effect obtained at the highest concentration of
drugs being lower than 50% of the maximal effect in
certain experiments, this potency was expressed in the
negative logarithm to base 10 form of the concentration
inducing 30% of the maximal effect (—logEC,,) deter-
mined from individual concentration—response curves. Be-
cause K* channels and NO synthase inhibitors modulate
by themselves the pressure response to hypoxia, their
influence on the relaxation induced by phosphodiesterase
inhibitors is expressed as percentage of inhibition of the
relaxation and calculated as:

(RI - RD+I)
1 R 100
- | X
(R—Rp)
R

were (8 (R, —R,,,)/R, is the relaxant effect elicited by
the phosphodiesterase inhibitor in presence of the K*
channel or NO synthase inhibitor. R,,, and R, are the
hypoxic pressure responses observed in presence of the
inhibitor with and without the phosphodiesterase inhibitor,
respectively, and (b) (R—R,)/R is the relaxant effect
elicited by the phosphodiesterase inhibitor in the control
experiments. R, and R are the corresponding hypoxic
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Fig. 1. Influence of normal saline and inhibitors: glibenclamide (1 wM),
charybdotoxin (0.1 M), apamin (0.05 wM), 4-aminopyridine (1000 M)
and L-NAME (100 w.M) on hypoxic pressure response (n= 6, 6, 6, 10, 6
and 9, respectively) in the isolated perfused lung. Values shown are
increases of perfusion pressure above basal values from the fourth to the
seventh hypoxic periods with infusion of the inhibitors from the fifth to
the seventh hypoxic periods (hypoxic pressure response: HPR). Data
represent mean+ S.E.M. Asterisks indicate responses that were different
from corresponding responses in control experiments (* *P < 0.01, “P <
0.05).
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pressure responses observed in control experiments with
and without the phosphodiesterase inhibitors, respectively.
Data are shown as mean + SE.M. Statistical signifi-
cance was assessed with the Mann—-Withney U-test for
simple comparisons and the Analysis of Variance
(ANOVA) Bonferroni multiple t-test for multiple compar-
isons; P values of < 0.05 were considered significant.

3. Results

In lung preparations, the mean baseline inflation pres-
sure was 11.38 + 0.07 cm H,O (n=195) and was not
significantly modified by hypoxic ventilation or addition
of the various drugs. After equilibration of the preparation,
the baseline perfusion pressure in normoxic ventilation
was similar in al series of rats (6.42+ 0.07 mm Hg,
n=195). Ventilation with a hypoxic mixture of gas pro-
duced a significant increase of the perfusion pressure
(+3.63+ 0.05 mm Hg, n= 181, +56.54% from baseline
vaues, P < 0.001), which, starting from the fourth period
of hypoxia, was reproducible for at least nine subsequent
periods.
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Fig. 2. Effects of infusions of (A) theophylline (0.1-1000 wM), (B)
rolipram (0.01-30 wM) and (C) zaprinast (0.001-30 wM) on hypoxic
pressure response (HPR) in the absence (O) (n=9, 9 and 8, respec-
tively) and in the presence of glibenclamide (1 .M) (@) (n=8, 7 and 5,
respectively), in the isolated perfused lung. Vaues shown are increases of
perfusion pressure above basal values. Influence of (D) glibenclamide (1
wM) on the relaxant effects of theophylline (Theo, 100 wM), rolipram
(Rol, 10 nM) and zaprinast (Zap, 1uM) (n=19, 9 and 8, respectively) in
the isolated perfused lung; values shown are percentages of inhibition of
the relaxation. Data represent the mean+ SE.M. Asterisks indicate re-
sponses with glibenclamide that were significantly different from corre-
sponding responses obtained without glibenclamide (A, B, C) or percent-
ages of inhibition that were statistically significant (D) (* * *P < 0.001,
“P <0.05).

Table 1

Potencies expressed as (—I0gEC,) values of theophylline, rolipram and
zaprinast in pulmonary vessels contracted by hypoxia Influence of
glibenclamide

Vaues are mean+ S.E.M. from five to nine separate experiments per

group.

—logECy,

Drugs Control Glibenclamide (1 M)
Theophylline 5.97+0.27 4.56+0.272

Rolipram 6.74+0.21° 6.15+0.21°

Zaprinast 7.76+0.13%¢ 6.89+0.3%

8P < 0.01 vs. theophylline alone.
PP < 0.05 vs. theophylline.

°P < 0.01 vs. theophylline.

9P < 0.001 vs. theophylline.

°P < 0.01 vs. rolipram.

P <005 vs. zaprinast alone.

3.1. Effects of K * channel and NO synthase inhibitors on
pulmonary reactivity

As shown in Fig. 1, glibenclamide at 1 w.M, charybdo-
toxin a 0.1 wM, and apamin at 0.05 wM did not by
themselves affect the hypoxic pressure response. In con-
trast, the hypoxic pressure response was significantly in-
creased by L-NAME at 100 uM (+8.42+ 0.9 vs. 4.08 +
0.27 mm Hg, P <0.01 at the sixth hypoxic period and
+8.69+ 124 vs. 421+ 0.28 mm Hg, P<0.01 at the
seventh hypoxic period) and by 4-aminopyridine at 1 mM
(+5.88+0.44 vs. 3.79+ 0.33 mm Hg, P<0.01 at the
fifth hypoxic period, +5.50+ 0.32 vs. 4.08 + 0.27 mm
Hg, P < 0.01 at the sixth hypoxic period and +5.13 + 0.29
vs. 4.21 + 0.28 mm Hg, P < 0.05 at the seventh hypoxic
period).

3.2. Effects of theophylline, rolipram and zaprinast on
pulmonary reactivity; influence of K* channel and NO
synthase inhibitors

As shown in Fig. 2, theophylline, rolipram and zapri-
nast concentration-dependently decreased the hypoxic
pressure response (P < 0.001). Percent inhibition of this
response was 74 + 3% with zaprinast 1 wM, 63 + 5% with
rolipram 10 wM and 70 + 5% with theophylline 100 M.
Table 1 shows that zaprinast was significantly more potent
than theophylline (P < 0.001) and rolipram (P < 0.05) at
decreasing the hypoxic pressure response, the decreasing
order of potency being: zaprinast > rolipram > theo-
phylline. During the hypoxic pressure response, the K ,p
channel inhibitor, glibenclamide produced a rightward shift
of the concentration—response curves to theophylline,
rolipram and zaprinast (P < 0.001, Fig. 2A, B, C), result-
ing in a significantly lower EC,, value of theophylline and
zaprinast (P < 0.01 and P < 0.05, respectively) than in the
control conditions (Table 1). Glibenclamide inhibited the
response to 100 wM theophylline, 10 wM rolipram and 1



F. Goirand et al. / European Journal of Pharmacology 417 (2001) 141-148 145

wM zaprinast by 67% (P < 0.001), 37% (P < 0.05) and
23% (NS) (Fig. 2D), respectively.
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Fig. 3. Influence of (A) charybdotoxin (0.1 wM), (B) apamin (0.05 wM)
and (C) 4-aminopyridine (1 mM) on the relaxant effects of theophylline
(Theo, 100 wM) (n= 6, 7, and 6, respectively), theophylline (Theo, 1000
wM) (n=4, 4, 5, respectively), rolipram (Rol, 10 uM) (n=7, 8 and 7,
respectively) and zaprinast (Zap, 1 wM) (n= 6, 6 and 8, respectively) in
the rat isolated perfused lung at the sixth (white columns) and the seventh
(cross-hatched columns) hypoxic periods. Vaues shown are percentages
of inhibition of the relaxation. Data represent the mean+ S.E.M. Aster-
isks indicate percentages of inhibition that were statistically significant
(*P <005 " "P <0.01.
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Fig. 4. Influence of L-NAME (100 wM) on the relaxant effects of
theophylline (Theo, 100 wM) (n=9), rolipram (Rol, 10 wM) (n=5) and
zaprinast (Zap, 1 uM) (n=9) in the rat isolated perfused lung at the
sixth (white columns) and the seventh (cross-hatched columns) hypoxic
periods. Vaues shown are percentages of inhibition of the relaxation.
Data represent the mean+ S.E.M.

The BK , channel inhibitor, charybdotoxin, was devoid
of any effect on the response to theophylline and zaprinast
but reduced that to rolipram by approximately 103% (P <
0.01, Fig. 3A). The SK ¢, channel inhibitor, apamin signif-
icantly decreased the relaxant effects of zaprinast by 78%
(P < 0.01, Fig. 3B) and that of rolipram at the 6th hypoxia
by 66% (P < 0.01, Fig. 3B) but showed no effect on the
response to theophylline (Fig. 3B). Relaxation induced by
theophylline 100 wM and 1 mM was partially inhibited by
4-aminopyridine by 38% and 26% (P < 0.01 and P < 0.05,
respectively, Fig. 3C), whereas that of rolipram and zapri-
nast remained unaffected. L-NAME did not significantly
affect the relaxant effects of theophylline, rolipram and
zaprinast (Fig. 4).

4, Discussion

In this study, we investigated the effects of theo-
phylline, rolipram and zaprinast on the pulmonary vascular
response to hypoxia in a rat model of isolated perfused
lung according to a method based on that described by
McMurtry (1984). This model allows the investigation of
the vasomotor tone in all pulmonary vessels and particu-
larly in the small arteries and veins which are known to
account for the greatest part of pulmonary vascular resis-
tances (Madden et ., 1985).

We observed that glibenclamide, charybdotoxin and
apamin did not affect significantly the hypoxic vasocon-
striction thus suggesting the absence of any modulating
effects of K rp, BK, Or SK, channels, as previously
described (Hasunuma et a., 1991; Dumeas et a., 1999). In
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contrast, 4-aminopyridine potentiated the pressure response
to hypoxia as in isolated lung of dog (Barman, 1998)
suggesting that, at least a part of 4-aminopyridine-sensitive
voltage-gated K* channels are activated. As described
previously in isolated perfused lungs, L-NAME enhanced
hypoxic pulmonary vasoconstriction thus confirming that
endogenous nitric oxide decreases the hypoxic pulmonary
vasoconstriction (Liu et al., 1991; Dumas et al., 1997).
Furthermore, the relaxant effects of nitric oxide have been
shown to be mediated in part by activation of voltage-gated
K" channels (Zhao et a., 1997). In consequence, the
potentiation of hypoxic pulmonary vasoconstriction by 4-
aminopyridine may also be explained by an inhibition of
the relaxant effects of nitric oxide.

In our study, the three phosphodiesterase inhibitors
shared the ability to oppose the pulmonary vasoconstric-
tion during hypoxia and in doing so zaprinast was more
potent than rolipram and theophylline. These results are
consistent with previous biochemical investigations that
showed high phosphodiesterase |11 and phosphodiesterase
V and low phosphodiesterase 1V isozyme activities in the
human pulmonary artery (Rabe et al., 1994). Our results
support the potentia interest of type V phosphodiesterase
inhibitors as pulmonary vasodilators as previously de-
scribed (Ichinose et al., 1998; Hanasato et a., 1999).
Regarding the effects of rolipram, many studies have
shown a weak potency of this agent to induce pulmonary
vasodilation in human pulmonary artery (Rabe et al., 1995)
or in the isolated lamb lung (Braner et al., 1993). Never-
theless, despite the lower potency of rolipram compared to
zaprinast, recent studies have exhibited the interest of
using type IV phosphodiesterase inhibitors in combination
with other relaxant drugs for pulmonary vasodilation
(Schermuly et al., 2000).

Our experiments with glibenclamide clearly show that
K arp Channels contribute to the vasodilation induced by
theophylline and rolipram. To our knowledge, the role of
Karp channels in the effects of phosphodiesterase in-
hibitors has not yet been investigated in the pulmonary
circulation. These results are consistent with previous stud-
ies that showed the involvement of K ,;p channels in the
relaxant effects of agents acting through adenylate cyclase
pathway such as B-adrenoceptor agonists (Dumas et al.,
1999). In contrast, in other studies, glibenclamide failed to
inhibit the cAMP-induced relaxation with forskolin (Zhao
et a., 1998) or prostaglandin E; (Dumas et a., 1997).
These discrepancies confirm the possible involvement of
CAMP compartments that are coupled to different func-
tional responses (Murray et al., 1989). Regarding zapri-
nast, it may be argued that the significant increase of tone
observed with non-efficient concentrations in presence of
glibenclamide is responsible of the decreased vasodilation.
Conseguently, we cannot conclude that K o1, channels are
involved in the relaxant effects of zaprinast.

As regards BK, channels, charybdotoxin failed to
block the relaxant effects of zaprinast but inhibited those

of rolipram, thus demonstrating that cGMP-insensitive
CAMP phosphodiesterase inhibition acts through BK,
channels as observed previously in the guinea-pig trachea
(Thirstrup et a., 1998). In contrast, vasorelaxant effects
of 6-bromo-8(methylamino)imidazo[1,2 a]pyrazine-2-
carbonitrile (SCA40), a cGMP-sensitive cAMP phospho-
diesterase inhibitor were not inhibited by charybdotoxin
(Crilley et al., 1998). It is to note that these results have
been obtained in isolated rings from main pulmonary
artery of rat whereas our study was performed in isolated
whole lung preparation. As regards the nitric oxide/cGMP
pathway, many previous studies concluded that nitric ox-
ide-induced relaxation is mediated in part by BK ., chan-
nels through a cGM P-dependent mechanism (Carrier et al.,
1997). This conclusion, however has been challenged by
other studies that demonstrated that nitric oxide directly
actives BK , channels in vascular smooth muscle without
requiring cGMP production (Zhao et al., 1997). Our report
is in accordance with the latter hypothesis.

Our experiments with apamin showed that SK , chan-
nels contribute to the vasodilation induced by rolipram and
zaprinast. These results suggest that the cAMP- or cGMP-
mediated relaxation in the pulmonary circulation may be
modulated by SK, channels. Similar results were ob-
tained in other tissues with zaprinast and nitric oxide
(Mule et al., 1999).

As regards the lack of selectivity of theophylline for
phosphodiesterase isozymes, it might be expected to ob-
serve with this compound the whole effects exhibited by
rolipram and zaprinast. This was not confirmed insofar as
the relaxant effects of theophylline were not inhibited by
charybdotoxin or apamin. The discrepancies observed be-
tween theophylline and the selective phosphodiesterase
inhibitors suggest preferential mechanisms of relaxation in
the pulmonary circulation different from type IV and type
V phosphodiesterase inhibition for theophylline. Moreover,
in our study, 4-aminopyridine partially inhibited the relax-
ant effects of theophylline, but not those of rolipram and
zaprinast. These results confirm the lack of clear phar-
macological profile of theophylline (Vassalo and Lipsky,
1998) and support reports that recommend to use selective
phosphodiesterase inhibitors to obtain pulmonary vasodila-
tion (Cohen et al., 1996; Ichinose et a., 1998; Dukarm et
al., 1999; Hanasato et al., 1999). Regarding the influence
of 4-aminopyridine-sensitive voltage-gated K™ channels
on agents acting through the cGMP or cAMP pathways,
contrasting results have been observed between zaprinast
in our study and nitric oxide in isolated pulmonary arterial
rings of rat (Zhao et a., 1997). These discrepancies may
be explained by the possible involvement of cGMP-inde-
pendent pathway for nitric oxide and/or differences ac-
cording to the arterial size. Similar differences have been
observed between rolipram in our study and forskolin
(Zhao et d., 1998). Once more it is to note that the role of
cyclic nuclectides in these effects is not clear. Cross-
activation should be also possibly related to compartmen-
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talization between cGMP and protein kinase A and aso
between cAMP and protein kinase G (Haynes et al., 1992).

L-NAME failed to inhibit the effects of the three PDE
inhibitors in our study. Activation of guanylate cyclase by
nitric oxide is a well-established mechanism for the effects
of NO in vascular smooth muscle (Moncada et al., 1991).
It was therefore somewhat unexpected that L-NAME did
not block the relaxant effects of zaprinast. |neffectiveness
of L-NAME and endothelium dysfunction can be ruled out
as far as it potentiated the hypoxic pulmonary vasocon-
striction (Dumas et al., 1997; Sato et al., 2000). Moreover,
used in previous studies according to the same experimen-
tal protocol, L-NAME inhibited the relaxant effects of
various drugs (Dumeas et al., 1997, 1999). Guanylate cy-
clase has been shown to be stimulated not only by NO but
also by calcium, oxygen radicals (Gerzer et al., 1981) and
natriuretic peptides (Eddahibi et al., 1998; Muramatsu et
al., 1997). It is to note that alternative hypoxic and nor-
moxic challenges may have favoured the production of
oxygen radicals in our model. Concerning natriuretic pep-
tides-stimulated cGMP production, our report is to com-
pare to studies that exhibited in hypoxia-induced hyperten-
sive rat lungs an increased cyclic GMP generation by atria
natriuretic peptide independently of NO production
(Muramatsu et al., 1997) and a lack of inhibition by
L-NAME of the pulmonary vasorelaxation induced by 1.3
dimethyl-6-(2-propoxy-5-methane  sulfonylamidophenyl)-
pyrazolo[3,4-d]pyrimidin-4-(5H )-one (DMPPO), a type 5
PDE inhibitor (Eddahibi et al., 1998). Furthermore, the
relaxant effects of DMPPO were potentiated by an in-
hibitor of neutral endopeptidase involved in the degrada
tion of natriuretic peptides (Eddahibi et al., 1998). Thus,
these studies suggested the great role of natriuretic pep-
tides in the modulation of vascular tone through cGMP
formation. Nevertheless, in our model this attractive hy-
pothesis has to be confirmed by further investigations.

In conclusion, it appears from our data that (a) nitric
oxide and 4-aminopyridine-sensitive voltage-gated K™
channels exert a permanent limitation against hypoxic
pulmonary vasoconstriction, (b) theophylline, rolipram and
zaprinast share the ability to oppose the hypoxic pul-
monary vasoconstriction, (c) zaprinast exhibits the higher
potency suggesting the interest of type V phosphodi-
esterase inhibitors in the modulation of hypoxic pulmonary
vasoconstriction, (d) the relaxant effects of the three inves-
tigated phosphodiesterase inhibitors on the hypoxic pul-
monary vasoconstriction in the isolated perfused rat lung
involve differential activation of K* channels.

Acknowledgements

We would like to thank Pr.C. Advenier for comments
on the manuscript.

This study was supported by scientific grants from the
Conseil Régional de Bourgogne.

References

Archer, SL., Huang, JM., Reeve, H.L., Hampl, V., Tolarova, S,
Michelakis, E., Weir, E.K., 1996. Differential distribution of electro-
physiologically distinct myocytes in conduit and resistance arteries
determines their response to nitric oxide and hypoxia. Circ. Res. 78,
431-442.

Barman, S.A., 1997. Role of calcium-activated potassium channels and
cyclic nucleotides on pulmonary vasoreactivity to serotonin. Am. J.
Physiol. 273, L142—1.147.

Barman, S.A., 1998. Potassium channels modulate hypoxic pulmonary
vasoconstriction. Am. J. Physiol. 275, L64—L70.

Beavo, J.A., 1995. Cyclic nucleotide phosphodiesterases: functional im-
plications of multiple isoforms. Physiol. Rev. 75, 725-748.

Braner, D.A.V., Fineman, JR., Chang, R., Soifer, S.J., 1993. M&B
22948, a cGMP phosphodiesterase inhibitor, is a puimonary vasodila
tor in lambs. Am. J. Physiol. 264, H252—H258.

Carrier, G.O., Fuchs, L.C., Winecoff, A.P., Giulumian, A.D., White,
R.E., 1997. Nitrovasodilators relax mesenteric microvessels by
cGMP-induced stimulation of Ca-activated K channels. Am. J. Phys-
iol. 273, H76-H84.

Chen, C.H., Nakaya, Y., Minami, K., Kubo, M., 1997. Effects of
pimobendan and its active metabolite, UD-CG 212 Cl, on Ca’*-
activated K* channels in vascular smooth-muscle cells. J. Cardio-
vasc. Pharmacol. 30, 739-743.

Cohen, A.H., Hanson, K., Morris, K., Fouty, B., McMurty, |.F., Clarke,
W., Rodman, D.M., 1996. Inhibition of cyclic 3-5-guanosine
monophosphate-specific phosphodiesterase selectively vasodilates the
pulmonary circulation in chronically hypoxic rats. J. Clin. Invest. 97,
172-179.

Crilley, T.K., Wanstall, J.C., Bonnet, P.A., 1998. Vasorelaxant effects of
SCA40 (a phosphodiesterase Il inhibitor) in pulmonary vascular
preparations in rats. Clin. Exp. Pharmacol. Physiol. 25, 355—360.

De Witt, B.J., Marrone, JR., Kadowitz, P.J., 2000. Comparison of
responses to siguazodan, rolipram, and zaprinast in the feline pul-
monary vascular bed. Eur. J. Pharmacol. 406, 233-238.

Dukarm, R.C., Russell, JA., Morin 1, F.C., Perry, B.J., Steinhorn, R.H.,
1999. The cGMP-specific phosphodiesterase inhibitor E4021 dilates
the pulmonary circulation. Am. J. Respir. Crit. Care Med. 160,
858-865.

Dumas, M., Dumas, J.P., Rochette, L., Advenier, C., Giudiceli, JF.,
1997. Role of potassium channels and nitric oxide in the effects of
iloprost and prostaglandin E1 on hypoxic vasoconstriction in the
isolated perfused lung of the rat. Br. J. Pharmacol. 120, 405—410.

Dumas, J.P., Goirand, F., Bardou, M., Dumas, M., Rochette, L., Adve-
nier, C., Giudicelli, J.F., 1999. Role of potassium channels and nitric
oxide in the relaxant effects elicited by beta-adrenoceptor agonists on
hypoxic vasoconstriction in the isolated perfused lung of therat. Br. J.
Pharmacol. 127, 421-428.

Eddahibi, S., Raffestin, B., Le Monnier de Gouville, A.C., Adnot, S,,
1998. Effect of DMPPO, a phosphodiesterase type 5 inhibitor, on
hypoxic pulmonary hypertension in rats. Br. J. Pharmacol. 125,
681-688.

Gerzer, R., Bohme, E., Hofmann, F., Schultz, G., 1981. Soluble guany-
late cyclase purified from bovine lung contains heme and copper.
FEBS Lett. 132, 71-74.

Ghofrani, H.A., Schermuly, R., Rohl, A., Weissmann, N., Walmrath, D.,
Seeger, W., Grimminger, F., 1998. Synergism of theophyllin and
inhaled prostacyclin (PGI2) in a model of acute pulmonary hyper-
tension. Am. J. Resp. Crit. Care Med. 157, A592.

Hanasato, N., Oka, M., Muramatsu, M., Nishino, M., Adachi, H., Fukuchi,
Y., 1999. E-4010, a selective phosphodiesterase 5 inhibitor, attenuates
hypoxic pulmonary hypertension in rats. Am. J. Physiol. 277, L225—
L232.

Hasunuma, K., Rodman, D.M., McMurtry, I.F., 1991. Effects of K*
channel blockers on vascular tone in the perfused rat lung. Am. Rev.
Respir. Dis. 144, 834-887.



148 F. Goirand et al. / European Journal of Pharmacology 417 (2001) 141-148

Haynes Jr., J,, Kithas, P.A., Taylor, A.E., Strada, S.J., 1991. Selective
inhibition of cGMP-inhabitable cAMP phosphodiesterase decreases
pulmonary vasoreactivity. Am. J. Physiol. 261, H487—H492.

Haynes Jr., J., Robinson, J., Saunders, L., Taylor, A.E., Strada, S.J.,
1992. Role of cAMP-dependent protein kinase in cAMP-mediated
vasodilation. Am. J. Physiol. 262, H511-516.

Ichinose, F., Adrie, C., Hurford, W.E., Bloch, K.D., Zapol, W.M., 1998.
Selective pulmonary vasodilation induced by aerosolized zaprinast.
Anesthesiology 88, 410—416.

Landells, L.J., Jensen, M.W., Orr, L.M., Sping, D., O’ Connor, B.J., Page,
C.P., 2000. The role of adenosine receptors in the action of theo-
phylline on human peripheral blood mononuclear cells from healthy
and asthmatic subjects. Br. J. Pharmacol. 129, 1140-1144.

Liu, SF., Crawley, D.E., Barnes, P.J,, Evans, T.W., 1991. Endothelium-
derived relaxing factor inhibits hypoxic pulmonary vasoconstriction in
rats. Am. Rev. Respir. Dis. 143, 32-37.

Madden, JA., Dawson, C.A., Harder, D.R., 1985. Hypoxia-induced
activation in small isolated pulmonary arteries from the cat. J. Appl.
Physiol. 59, 113-118.

Manktelow, C., Bigatello, L.M., Hess, D., Hurford, W.E., 1997. Physio-
logic determinants of the response to inhaled nitric oxide in patients
with acute respiratory distress syndrome. Anesthesiology 87, 297—-307.

McMurtry, I.F., 1984. Angiotensin is not required for hypoxic constric-
tion in salt solution-perfused rat lungs. J. Appl. Physiol. 56, 375—380.

Moncada, S., Palmer, R.M., Higgs, E.A., 1991. Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol. Rev. 43, 109-142.

Mule, F., D’Angelo, S, Serio, R., 1999. Tonic inhibitory action by nitric
oxide on spontaneous mechanical activity in rat proxima colon:
involvement of cyclic GMP and apamin-sensitive K* channels. Br. J.
Pharmacol. 127, 514-520.

Muramatsu, M., Tyler, R.C., Gutkowska, J., Klinger, JR., Hill, N.S,,
Rodman, D.M., McMurtry, |.F., 1997. Atrial natriuretic peptide ac-
counts for increased cGMP in hypoxiainduced hypertensive rat lungs.
Am. J. Physiol. 272, L1126-1.1132.

Murray, K.J., Reeves, M.L., England, P.J., 1989. Protein phosphorylation
and compartments of cyclic AMP in the control of cardiac contrac-
tion. Mol. Cell. Biochem. 89, 175-179.

Olschewski, H., Walmrath, D., Schermuly, R., Ghofrani, A., Grimminger,
F., Seeger, W., 1996. Aerosolized prostacyclin and iloprost in severe
pulmonary hypertension. Ann. Intern. Med. 124, 820—824.

Osipenko, O.N., Evans, A.M., Gurney, A.M., 1997. Regulation of the
resting potential of rabbit pulmonary artery myocytes by a low
threshold, O,-sensing potassium current. Br. J. Pharmacol. 120,
1461-1470.

Post, JM., Gelband, C.H., Hume, JR., 1995. [C&" ], inhibition of K*

channels in canine pulmonary artery. Novel mechanism for hypoxia-
induced membrane depolarization. Circ. Res. 77, 131-139.

Rabe, K.F., Tenor, H., Dent, G., Schudt, C., Nakashima, M., Magnussen,
H., 1994. |dentification of PDE isozymes in human pulmonary artery
and effect of selective PDE inhibitors. Am. J. Physiol. 266, L536—
L543.

Rabe, K.F., Magnussen, H., Dent, G., 1995. Theophylline and selective
phosphodiesterase inhibitors as bronchodilators and smooth muscle
relaxants. Eur. Respir. J. 8, 637—642.

Sato, K., Morio, Y., Moarris, K.G., Rodman, D.M., McMurtry, |.F., 2000.
Mechanism of hypoxic pulmonary vasoconstriction involves ET(A)
receptor-mediated inhibition of K(ATP) channel. Am. J. Physiol.
Lung. Cell. Mol. Physiol. 278, L434-1L442.

Schermuly, R.T., Roehl, A., Weissmann, N., Ghofrani, H.A., Schudt, C.,
Tenor, H., Grimminger, F., Seeger, W., Walmrath, D., 2000. Sub-
threshold doses of specific phosphodiesterase type 3 and 4 inhibitors
enhance the pulmonary vasodilatory response to nebulized prostacy-
clin with improvement in gas exchange. J. Pharmacol. Exp. Ther. 292,
512-520.

Taylor, M.S., Benoit, J.N., 1999. Effect of milrinone on small mesenteric
artery vasoconstriction: role of K(+) channels. Am. J. Physiol. 277,
G69-G78.

Thirstrup, S., Paludan, L., Nielsen-Kudsk, F., 1998. Possible involvement
of K* channels in the relaxant action of isoenzyme-selective phos-
phodiesterase (PDE) inhibitors in isolated guinea-pig trachea. Nauyn-
Schmiedeberg’s Arch. Pharmacol. R319, A21659.

Torphy, T.J., 1998. Phosphodiesterase isozymes. molecular targets for
novel antiasthmaagents. Am. J. Respir. Crit. Care Med. 157, 351-370.

Vassdlo, R., Lipsky, JJ., 1998. Theophylline: recent advances in the
understanding of its mode of action and uses in clinica practice.
Mayo Clin. Proc. 73, 346-354.

Weir, EK., Archer, S.L., 1995. The mechanism of acute hypoxic pul-
monary vasoconstriction: the tale of two channels. FASEB J. 9,
183-189.

Wu, P.H., Phillis, JW., Nye, M.J.,, 1982. Alkylxanthines as adenosine
receptor antagonists and membrane phosphodiesterase inhibitors in
central nervous tissue: evaluation of structure—activity relationships.
Life Sci. 31, 2857-2867.

Zhao, Y.J., Wang, J., Rubin, L.J., Yuan, X.J., 1997. Inhibition of K(V)
and K(Ca) channels antagonizes NO-induced relaxation in pulmonary
artery. Am. J. Physiol. 272, H904—-H912.

Zhao, Y.J.,, Wang, J., Rubin, L.J,, Yuan, X.J., 1998. Roles of K* and
Cl~ channels in cAMP-induced pulmonary vasodilation. Exp. Lung
Res. 24, 71-83.



