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Recent evidence suggests that hypoxic pulmonary vasoconstriction
(HPV) is mediated by hypoxia-induced closure of voltage-gated potassium
channels in pulmonary vascular smooth muscle cells. It is also claimed that
various vasoconstrictor mediators such as thromboxane A� (TXA�), platelet
activating factor (PAF), cysteinyl leukotrienes (cys-LTs) or endothelin-1
(ET-1) contribute to HPV. Their role, however, has not been unequivocally
accepted. On the contrary, it is well known that endothelium-derived nitric
oxide negatively modulates HPV. Since NO counteracts action of vasocon-
strictor mediators, we tested the hypothesis that modulatory role of TXA��

PAF, cys-LTs and ET-1 in HPV would become apparent in absence of en-
dogenous NO. For that purpose we assessed contribution of these mediators
to HPV in the isolated blood-perfused rat lung pretreated with a non-
selective NOS inhibitor, L-NAME. HPV, which was greatly augmented by
L-NAME (300 �M) alone, was inhibited neither by a TXA� synthase inhibi-
tor (Camonagrel, 300 �M), nor by a PAF receptor antagonist (WEB 2170,
100 �M), nor by an inhibitor of five-lipooxygenase-activating protein
(MK 886, 10 �M), nor by a non-selective ET-1 receptor antagonist (LU
302872, 30 �M).

In summary, in isolated blood-perfused rat lung, TXA�, PAF, cys-LTs
and ET-1 seem not to be involved in HPV, whereas we confirm the dominant
role of endogenous NO in blunting HPV.
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Abbrevations: cys-LTs – cysteinyl leukotrienes,
ET-1 – endothelin 1, HPV – hypoxic pulmonary
vasoconstriction, NO – nitric oxide, PAF – platelet
activating factor, PAP – pulmonary arterial pres-
sure, PVP – pulmonary venous pressure, TV – tidal
volume, TXA� – thromboxane A�

INTRODUCTION

Hypoxic pulmonary vasoconstriction (HPV) is
a vascular response characteristic of pulmonary cir-
culation. It importantly contributes to the regula-
tion of pulmonary blood flow in fetal as well as in
adult lung. In fetal lungs, HPV maintains the high
pulmonary resistance that diverts blood trough the
ductus arterious. In adult lungs, HPV matches per-
fusion to ventilation and maintains arterial O& ten-
sion [45]. Impairment of HPV may contribute to in-
trapulmonary shunting and systemic hypoxemia in
various systemic and pulmonary disorders. More-
over, in respiratory disorders associated with pul-
monary hypoxia, such as chronic obstructive lung
disease or ARDS, the uncontrolled burst of HPV
may lead to a rise in pulmonary vascular resistance
and to stabilized pulmonary hypertension [49].

Although the phenomenon of HPV was de-
scribed for the first time by von Euler and Liljes-
trand as early as in 1946 [47], still the mechanism
by which acute alveolar hypoxia causes pulmonary
vasoconstriction is not fully understood. It is be-
lieved that this response is intrinsic to pulmonary
vascular smooth muscle cells and involves inhibi-
tion of voltage sensitive potassium channels, mem-
brane depolarization and a subsequent calcium in-
flux through the L-type calcium channels [9]. On
the other hand, numerous reports suggest that hy-
poxia-induced release of vasoconstrictors and/or
inhibition of release of vasodilators may also con-
tribute to this phenomenon [15, 31, 48]. Indeed,
various vasocontrictor mediators including platelet-
activating factor (PAF), thromboxane A& (TXA&),
cysteinyl leukotrienes (cys-LTs), endothelin-1 (ET-1)
were suggested to be involved in HPV [6, 10, 33,
35, 46]. However, their role, as assessed by phar-
macological analysis, has not been fully accepted
[5, 20, 22, 30, 38].

On the other hand, it is beyond doubt that en-
dogenous nitric oxide (NO) inhibits HPV as evi-
denced by augmented HPV in presence of NO syn-
thase (NOS) inhibitors, [2, 25]. Interestingly, HPV

itself and potentiating effect of NOS inhibition,
both are more pronounced in blood-perfused lung
as compared to buffer-perfused lung [16, 17]. These
observations may suggest that blood cells are in-
volved in the release of a diffusible vasoconstrictor
contributing to HPV and that its release is con-
trolled by endogenous NO.

Recently, we have shown that in the blood-
perfused rat lung, endogenous NO does control the
release of TXA&� PAF, and cys-LTs from blood cells
[8]. Also the release of pulmonary ET-1 remains
under the control of endogenous NO [3]. This is
why, in the isolated blood-perfused rat lung, we
tested a hypothesis whether the involvement of
TXA&, PAF, cys-LTs and ET-1 in HPV would be-
come more apparent in the absence of endogenous
NO.

MATERIALS and METHODS

Isolated lungs preparation

Lungs were isolated from Wistar rats weighing
200–250 g (Lod:WIST BR from Animal Labora-
tory of the Polish Mother’s Memorial Research In-
stitute hospital in £ódŸ, Poland). In anesthetized
rats (Tiopental 120 mg/kg, ip), trachea was cannu-
lated and lungs were ventilated with the positive
pressures at a rate of 80 breaths/min (VCM module
from Hugo Sachs Electronic – HSE). After lapa-
ratomy, diaphragm was cut and nadroparine at a
dose of 600 I.U. was injected into the right ventri-
cle to prevent microthrombi formation during sur-
gery. Then, the animals were exsanguinated by in-
cision of left renal artery. Lungs were exposed via a
medial sternotomy. The pulmonary artery and left
atrium were cannulated via right and left atrium, re-
spectively. Immediately after the cannulation, the
lung/heart block was dissected from the thorax.
Using the tracheal cannula, the isolated lung was
mounted in the water-jacketed (38°C), air-tight
glass chamber (HSE), and ventilated with negative
pressures. The residual blood was washed out
within first 10 min of the initial perfusion with pre-
warmed (38°C) Krebs-Henseleit buffer. Then, lungs
were perfused with blood from donor rats (see be-
low) using a peristaltic pump (ISM 834, HSE) at
a constant flow of about 16 ml/min. The venous
pressure was set at a level of 2–5 cm H&O. The
end-expiratory pressure in the chamber was set to be
–2 cm H&O and inspiratory pressure was adjusted
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between –6 to –10 cm H&O to yield the initial tidal
volume (TV) of about 2.0 ml. Breathing frequency
was set to be 80 breaths/min and a duration of in-
spiration versus expiration was 1:1 in each breath.
Every 5 min throughout the experiments, a deep
breath of end-inspiratory pressure of –18 cm H&O
was automatically initiated by VCM module (HSE)
to avoid atelectasis. The inspired air was moistured
by bubbling through water. Airflow velocity was
measured with a pneumotachometer tube con-
nected to a differential pressure transducer (HSE)
from which value of respiratory tidal volume was
determined.

Both arterial and venous pulmonary pressures
(PAP, PVP) were continuously monitored by ISO-
TEC pressure transducers (HSE) connected to per-
fusion line on arterial and venous side, respectively.

The weight of lungs was monitored by a spe-
cially designed transducer (HSE) [40]. TV, PAP,
PVP and lung weight data were acquired by the
PC transducer card and subsequently analyzed by
Pulmodyn-pulmo software (HSE), as well as con-
tinuously recorded on Graphtec linear recorder
WR 3310.

The investigation conforms with the Guide for
the Care and Use of Laboratory Animals published
by the US National Institutes of Health and the ex-
perimental procedure used in the present study was
approved by the local Animal Research Committee.

The perfusion procedure and experimental pro-

tocols

Blood for isolated lung perfusion was obtained
from 2 Wistar rats (300–500 g). Rats were anesthe-
tized (Tiopental 120 mg/kg ip), injected with nad-
roparine (600 I.U, ip) and exsanguinated through
cannulated right carotid artery.

Krebs-Henseleit buffer (KH) for the initial per-
fusion was of the following composition (in mM):
NaCl 118, KCl 4.7, KH&PO' 1.2, MgSO' 1.2, CaCl&
2.5, NaHCO! 12.5, 4% albumin, 0.1% glucose and
0.3% HEPES.

The pH of perfusate was maintained at 7.35
throughout the whole experiment by continuous
addition of 5% CO& to the inspiratory air.

Experimental protocols

All lungs preparations were allowed to equili-
brate for the first 15 min until baseline PAP, PVP,
TV and weight were stable. At this time point,

weight of the lung (value of which varied consid-
erably between experiments) was set to zero.

Lungs were ventilated using the following mix-
ture of gases: 21%O&/5%CO&/74%N&. HPV was in-
duced by 10 min ventilation with 5%CO&/95%N&.
Two HPV responses were evoked in absence and
subsequent two in presence of L-NAME (300 �M).
After each response, lungs were allowed to equili-
brate for 15 min.

A TXA& synthase inhibitor (Camonagrel, 300
�M), a PAF receptor antagonist (WEB 2170, 100
�M), an inhibitor of five lipooxygenase activating
protein (FLAP) (MK 886, 10 �M) or a non-selec-
tive ET-1 receptor antagonist (LU 302872, 30 �M)
were added to the reservoir with blood 10–15 min
prior to the forth hypoxic challenge of the lung.
Isolated lung preparation maintains its integrity for
at least 160 min [7]. Moreover, reactivity to various
stimuli and ability to release biological mediators is
not significantly diminished for this period of time.
All experiments lasted less than 120 min.

Although, TV, PAP, PVP and weight were con-
tinuously monitored throughout the experiment, for
data analysis maximum increase in PAP (�PAP)
and maximum increase in PVP (�PVP) elicited by
hypoxic ventilation were taken.

Statistical analysis

Data were expressed as means ± SEM of
changes in PAP (�PAP), PVP (�PVP), in relation
to the values taken 2 min before HPV challenge.
Significance of differences between groups was es-
tablished by paired Student t-test.

Reagents and drugs

Bovine albumin fraction V was from Serva,
Germany; thiopental sodium (Tiopental) was from
Biochemie GMBH, Germany; N�-nitro-L-arginine
methyl ester (L-NAME) and HEPES were pur-
chased from Sigma; MK 886, (3-[1-(4-chloroben-
zyl)-3-t-butyl-thio-t-isopropylindol-2-yl]-2,2-dime-
thylpropanoic acid) was purchased from Biomol
Research Lab. Inc., USA; WEB 2170 (5-(2-chloro-
phenyl)-3,4-dihydro-10-methyl-3-[(4-morpholinyl)-
carbonyl]-2H,7H-cyclopenta[4,5]thieno[3,2-f][1,2,4]-
triazolo[4,3-a][1,4]diazepine) was a gift from
Boehringer Ingelheim, Germany; Camonagrel CAM,
([+]-5-[2-imidazole-1-ethyloxy]-1-indan-carboxylic
acid hydrochloride) was a gift from Ferrer Inc.,
Spain. LU 302872 was kindly donated by Knoll,
Germany.
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L-NAME, CAM, WEB 2170, MK 886 and LU
302872 were dissolved in 1 ml of saline immedi-
ately before administration.

RESULTS

Characteristics of HPV in absence and

in presence of L-NAME in blood-perfused

rat lung

In isolated blood-perfused rat lung under base-
line conditions PAP, PVP and TV were 17.2 ± 0.3
cm H&O, 2.3 ± 0.1 cm H&O and 2.0 ± 0.0 ml, re-
spectively. Ventilation of isolated lungs with
95%N& / 5%CO& for 10 min resulted in an immedi-
ate increase in PAP and PVP by 8.7± 0.8 cm H&O
and 5.2 ± 0.7 cm H&O, respectively. This response
was not accompanied by significant changes in TV
and weight of the lung (n = 27) (Fig. 1).

A non-selective NOS inhibitor (L-NAME 300
�M) was without any influence on the baseline res-
piratory or circulatory parameters of the isolated
lung (Fig. 1A). However, L-NAME significantly
augmented pulmonary vasoconstriction induced by
lung ventilation with 95%N&/5%CO&. In presence
of L-NAME, hypoxic ventilation induced a rise
in PAP and PVP by 28.8 ± 1.9 cm H&O and 30.1 ±
2.6 cm H&O, respectively. This response was again
not accompanied by significant changes in TV and
weight of the lung (n = 20) (Fig. 1).

Both in the presence and in the absence of
L-NAME pulmonary vasoconstriction evoked by
hypoxic challenge was highly reproducible.

Involvement of TXA2, PAF, cys-LTs

and ET-1 in HPV evoked in presence

of L-NAME

Camonagrel (300 �M), WEB 2170 (100 �M),
MK 886 (10 �M) and LU 302872 (30 �M) were
used to assess the involvement of TXA&, PAF, cys-
LTs and ET-1, respectively. Neither of these com-
pounds influenced baseline respiratory or circula-
tory parameters of the isolated blood-perfused rat
lung and neither of them affected HPV evoked in
presence of L-NAME (Fig. 2).

DISCUSSION

We have demonstrated that in the isolated blood
perfused rat lung, pharmacological removal of
endogenous NO by pretreatment with L-NAME
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Fig. 1. A. Original tracing from an isolated blood-perfused rat
lung experiment depicting HPV response in absence and in
presence of L-NAME (300 �M). B. Summarized data showing
potentiation of pulmonary hypoxic vasoconstriction (HPV) by
L-NAME. HPV was highly reproducible both in presence and
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augments HPV and we exclude the involvement
of vasoconstrictor mediators such as TXA&, PAF,
cys-LTs, and ET-1 in mediation of this response.

This study was performed using the isolated
blood-perfused rat lung preparation which mimics
closely in vivo conditions and at the same time al-
lows for scrupulous assessment of hemodynamic,
respiratory functions of the lung as well as lung
edema [42]. It seems that this model offers an ad-
vantage for studying HPV since in isolated pulmo-
nary vessel preparations, vascular response to hy-
poxia may be altered as compared to that observed
in vivo [48].

It may seem surprising that in our experiments
baseline perfusion pressure was not influenced by
a non-selective NOS inhibitor (L-NAME). How-
ever, numerous authors, using blood- or electrolyte-
perfused lungs from various species found minimal
or no vasoconstrictor response to NOS inhibitors
[4, 14, 11, 26] while in other studies [37, 44] inhibi-
tion of NOS produced pulmonary vasoconstriction.
It may well be that this discrepancy arises not only
from species differences as some suggested [11, 14,
26, 34] but also from a rate of basal pulmonary
flow and shear stress in various experimental con-
ditions. In our experiments, pulmonary flow was
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around 16 ml/min, which is far below the value of
cardiac output of the rat (around 40 ml/min). This
is why the lack of effect of L-LAME on basal per-
fusion pressure in our experimental conditions,
may be due to the relatively low rate of blood per-
fusion through the pulmonary circulation. Higher
flow rates in our set-up were associated with exces-
sive hemolysis of erythrocytes.

Despite limitations of this model, the effect of
L-NAME on HPV was well pronounced in this
preparation as previously demonstrated by many
authors [2, 25]. Interestingly, modulation by NO of
hypoxia-induced pulmonary vasoconstriction was
more pronounced in blood-perfused lung as com-
pared to lung perfused with electrolyte [16, 17 and
our unpublished data]. Since there is no convincing
explanation for this phenomenon, we attempt
hereby to test the hypothesis that it is due to the fact
of blood cells being involved in the release of a dif-
fusible vasoconstrictor contributing to HPV when
endogenous NO is removed. Lately, we demon-
strated that in the blood-perfused rat lung endoge-
nous NO might control the release of TXA&, PAF
and cys-LTs from blood cells [8]. Alternatively, it
could well be that lung parenchyma-derived vaso-
constrictor such as endothelin is involved in aug-
mented HPV in NO-deficient lung, as it is known
that the release of pulmonary ET-1 is inhibited by
endothelial NO [3].

Here, we demonstrated that neither a TXA&

synthase inhibitor nor PAF receptor antagonist nor
inhibitor of FLAP nor ET-1 receptor antagonists
had changed enhanced HPV in NO-deficient iso-
lated blood-perfused rat lungs. Accordingly, in
agreement with some [5, 20, 22, 27, 28, 30] but not
with other authors [6, 10, 21, 31, 35, 46] we ex-
cluded the modulatory role of TXA&, PAF, cys-LTs
and ET-1 in acute HPV.

It is accepted that hypoxia-induced inhibition of
potassium channels within pulmonary vascular
smooth muscle cells plays a central role in HPV,
though the exact pathway is still not fully defined
[9]. Moreover, the role of endogenous vasocon-
strictors in HPV including prostanoids, PAF, cys-
LTs, and ET-1 has not been clarified [6, 10, 31, 33,
35, 46].

The role for vasoconstrictor cyclooxygenase
products in HPV was suggested on the basis of stu-
dies on isolated human [10] and canine [19] pulmo-
nary arteries, however, it was excluded in vivo or in
isolated lung [5, 20, 22, 30]. In the latter studies,

blockade of cyclooxygenase was even shown to en-
hance HPV, presumably via inhibition of prostacy-
clin production [12, 36]. Divergent results on the
involvement of COX products in HPV may have
arisen from different experimental models used.

The most potent pulmonary vasoconstrictor
among prostanoids is TXA&, which may be released
in high quantities by rat lung in response to a vari-
ety of stimuli [41, 43]. Here, we specifically as-
sessed contribution of TXA& to HPV using inhibi-
tor of TXA& synthase not a COX inhibitor. In this
way, PGI& synthesis was untouched. Our present
data speak against the involvement of TXA& in
HPV in NO-deficient lung. Apparently, TXA& is
not released by acute hypoxia even in the absence
of endogenous NO.

PAF, which is a potent vasoconstrictor of pul-
monary vessels [21], has been shown to be released
into the pulmonary alveoli of the rat during hy-
poxia [33]. To our knowledge, only one group dem-
onstrated that HPV was inhibited by PAF receptor
antagonist (WEB 2086) [21], while others excluded
the role of PAF in this response [28]. Importantly,
Kempfert et al. used WEB 2086 at as high concen-
trations as 0.5–1.5 mM. These may show PAF-
independent effects. In our hands, 100 �M concen-
tration of WEB 2170 completely inhibited PAF-
induced aggregation of platelets (unpublished data).
Even though action and release of PAF is controlled
by endogenous NO [8], our data seem to exclude
the contribution of PAF to HPV in NO-deficient rat
lung.

The role of lipooxygenase metabolites in HPV
was also examined by several investigators [1, 29].
It was found that chronic hypoxia would be associ-
ated with activation of cys-LTs production in the
lung [24, 46], and agents that block the production
of cys-LTs inhibit the development of pulmonary
hypertension induced by chronic hypoxia [46]. The
source of cys-LTs involved in pulmonary response
to chronic hypoxia has not been fully defined.
Noteworthy, leukocytes generating cys-LTs pre-
dominately via transcellular metabolism [13] seem
to represent the major cellular source of cys-LTs in
the circulation. Endogenous NO is a potent inhibi-
tor of leukocyte activation and controls the genera-
tion of cys-Lts [8], which means that in NO-defi-
cient lung, action of these mediators might well be
augmented. However, as shown here, 5-LO pro-
ducts are not involved in the HPV in NO-deficient
blood-perfused rat lungs. In contrast with our re-

438 Pol. J. Pharmacol., 2002, 54, 433–441

S. Ch³opicki, J.B. Bartuœ, R.J. Gryglewski



sults, Voelkel at al. showed that inhibition of 5-LO
[46] had reduced HPV in salt solution-perfused rat
lung. The reason for this discrepancy is not clear. It
must be added that in the work of Voelkel et al., in-
hibition of 5-LOX suppressed not only vascular re-
sponse to hypoxia but also that elicited by angio-
tensin II.

As for the participation of ET-1 in HPV, in iso-
lated lung preparation or in vivo, HPV was mark-
edly attenuated by either selective ET0 or non-
selective ET0 and ET5 receptor antagonists [6, 31,
35]. It has been suggested that ET-1 contributed to
HPV through ET0 receptor-mediated suppression
of K01�-channel activity [35]. However, other
authors reported that selective ET0 receptor block-
ade did not inhibit HPV [38]. These divergent re-
sults may relate to the contribution of ET-1 to the
regulation of pulmonary vessel tone. Indeed, it was
suggested that basal level of endogenous ET-1
might amplify the depolarizing effect of hypoxia in
vivo [18, 39]. ET-1 antagonist may, therefore, at-
tenuate HPV in vivo by influencing basal tone and
by eliminating the permissive effect of ET-1 on
vessel depolarization rather than by having a spe-
cific effect on HPV itself. This notion may also be
supported by the fact that ET-1 induces a poorly re-
versible constriction of small pulmonary arteries
[23], whereas HPV is a rapidly reversible response.

It is well known that NO counteracts action of
ET-1 [3]. However, as shown here, the removal of
endogenous NO was not associated with appear-
ance of vasoconstrictor effects of ET-1 during hy-
poxic ventilation. Notably, ET-1 may well be in-
volved in mediating pulmonary hypertension and
pulmonary vascular remodelling evoked by chronic
hypoxia [32].

In summary, our pharmacological analysis of
pulmonary vascular responses to hypoxic ventila-
tion in isolated blood-perfused rat lung leads us to
conclude that TXA&, PAF, cys-LTs and ET-1 are
not involved in the modulation of acute HPV. How-
ever, the role of these mediators, in particular of
cysLTs and ET-1, may be of importance in the re-
sponse of pulmonary circulation to prolonged hy-
poxia.
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