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Influences of the endothelium and hypoxia on ac- and
ca2-adrenoceptor-mediated responses in the rabbit isolated
pulmonary artery
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1 The effects of the inhibitor of nitric oxide synthase, N'0-nitro-L-arginine methylester (L-NAME,
i0' M), mechanical disruption of the endothelium and hypoxia on contraction to noradrenaline (al- and
x2-adrenoceptor agonist), phenylephrine (a,-adrenoceptor agonist) and UK 14304 (@2-adrenoceptor
agonist) were compared in the rabbit isolated pulmonary artery. The effects of the selective antagonists
rauwolscine (10-6 M, M2-adrenoceptors) and prazosin (10-' M, ax-adrenoceptors) on the contractions to
noradrenaline before and after exposure to L-NAME were also assessed.
2 Noradrenaline, phenylephrine and UK 14304 all produced concentration-dependent increases in
vascular tone. The responses to noradrenaline were sensitive to both rauwolscine and prazosin (effect of
prazosin >> rauwolscine). L-NAME increased the potency of both noradrenaline and UK 14304, and
also the maximum tension achieved. It had no effect on the responses to phenylephrine. After L-NAME,
contractions to noradrenaline, although still sensitivie to both rauwolscine and prazosin, were now more

sensitive to inhibition by rauwolscine.
3 Endothelium removal augmented the potency and maximum contractions to noradrenaline, phenyle-
phrine and UK 14304.
4 Hypoxia decreased both the potency of phenylephrine and its maximum contractile response, but
increased the maximum response to noradrenaline without effecting responses to UK 14304.
5 In conclusion, in the rabbit pulmonary artery, augmentation of contractile responses to noradren-
aline by L-NAME involves a potentiation of a2-adrenoceptor-mediated contraction probably through an
effect on the synthesis of endothelium-derived nitric oxide. Experimental hypoxia had differential effects
on all three agonists and did not mimic the effect of nitric oxide synthase inhibition.
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Introduction

A decrease in oxygen tension induces a vasodilatation in
most systemic arteries but induces a vasoconstriction in the
pulmonary arterial bed (Staub, 1985). Hypoxia-induced pul-
monary vasoconstriction (HPV) aids in the regulation of
ventilation-perfusion matching in normal subjects, in that it
selectively re-distributes blood towards better ventilated alve-
oli (Dawson, 1984). However, this reflex also contributes to
the pulmonary hypertension occurring in patients with hy-
poxia-related pulmonary abnormalities such as chronic obs-
tructive pulmonary disease, cystic fibrosis, chronic bronchitus
and emphysema (Rubin, 1984).

In 1984, Holden & McCall demonstrated, using porcine
pulmonary arteries, that disruption of the vascular endo-
thelium inhibited hypoxia-induced contractions. HPV is,
therefore thought to be an endothelium-dependent phenom-
enon. It has been known for some time that removal of the
vascular endothelium can potentiate responses to exogen-
ously applied noradrenaline (Cocks & Angus, 1983) and
other al- and x2-adrenoceptor agonists (Egleme et al., 1984;
Lues & Schumann, 1984). Nitric oxide (or a closely related
compound) has been identified as the major endothelium-
derived relaxing factor (Ignarro et al., 1987; Palmer et al.,
1988; Moncada et al., 1988; 1989). We have recently demon-
strated that inhibition of the synthesis of nitric oxide with the
nitric oxide synthase inhibitor, N"-nitro-L-arginine methylester
(L-NAME) potentiated neurogenic responses in the rabbit
isolated pulmonary artery, and that this involved a2-

adrenoceptors (MacLean et al., 1993). We have also demon-
strated, in a preliminary study, that L-NAME can potentiate
contraction to exogenously applied noradrenaline in the rat
perfused lung and in rabbit isolated pulmonary arteries
although the adrenoceptor subtype(s) involved in this effect
have not been clearly identified (Shaw et al., 1992).

Transient inhibition of nitric oxide synthesis is responsible
for the transient vasoconstrictor response to acute hypoxia in
rabbit pulmonary arteries (MacLean & McGrath, 1991).
Endothelium derived relaxing factor is inhibited by hypoxia
in bovine pulmonary artery endothelial cells and in rabbit
pulmonary arteries (Warren et al., 1989; Johns et al., 1989).
Recently it has been shown that moderate hypoxia can
inhibit the activity of the isoform of nitric oxide synthase
present in vascular endothelium, primarily through depletion
of oxygen, one of the substrates for the enzyme (Rengasamy
& Johns, 1991).
The aim of this study was to determine the o-adrenoceptor

subtype involved in the potentiating effect of L-NAME on
rabbit pulmonary arteries. The ability of endothelial cell
removal to mimic the effect of L-NAME on response to
a-adrenoceptor agonists was also examined. We also deter-
mined if the degree of hypoxia enforced in day-long in vitro
experiments mimicked the effects of nitric oxide synthase
inhibition, by studying the effects of experimental hypoxia on
responses to oz-adrenoceptor agonists.

Methods

NZW rabbits (2-3 kg) were killed by stunning followed by
cervical dislocation. The lungs and heart were removed and1 Author for correspondence.
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the first left branch of the pulmonary artery (3-5 mm i.d.)
dissected out and cleaned. The arteries were cut into rings
which were suspended in 40 ml organ baths in Krebs saline
under 2 g wt. tension. The Krebs solution was gassed with
5% 02, 6% CO2 balance nitrogen (to mimic the in vivo
tensions in mixed arterio-venous pulmonary blood) and the
tissues allowed to equilibrate for at least 1 h before starting
the experiment. When hypoxia was induced the Krebs was

gassed with 0% 02, 6% CO2 balance nitrogen (bath 02

tension equivalent to 2.5%).
Concentration-response curves to noradrenaline, phenyle-

phrine and UK 14304 were constructed before and after
administration of L-NAME (10-4 M). In further experiments,
concentration-response curves to noradrenaline were con-

structed before, then 45 min after, administration of rauwols-
cine (10-6 M). Prazosin (10-7 M) was then added, still in the
presence of rauwolscine, and further concentration-response
curves constructed 45 min later. This procedure with nora-

drenaline, rauwolscine and prazosin was also performed in
the presence of 10-4 M L-NAME. In other experiments, the
vascular endothelium was removed by gently rubbing the
intimal surface with a pair of forceps on a Krebs-soaked
tissue. Concentration-response curves to all three agonists
were then established in these rings as well as intact prepara-

tions from the same animals. At the end of these experi-
ments, tone was raised with 10-7mM noradrenaline and
substance P (10-8 M) used as a stimulant for nitric oxide
production to show that only preparations with an intact
endothelium relaxed. This ensured that endothelium removal
had been successful. Fluorescent dyes were also used to
examine histologically the structure of rubbed endothelial
cells in at least ten random preparations (Daly et al., 1992).
To study the effect of hypoxia on agonist responses, the
vessels were equilibrated in the normoxic conditions, con-

centration-response curves performed and the vessels were
then re-equilibrated in the hypoxic conditions before con-

structing further concentration-response curves.

Drugs and solutions

The composition of the Krebs-bicarbonate saline was as

follows (in mM): NaCl 118.4, NaHCO3 25, KCl 4.7, KH2PO4
1.2, MgSO4 1.2, CaC12 2.5, glucose 11, Na2EDTA 0.023. The
following drugs were used: prazosin (Pfizer), rauwolscine HCI
(Roth), UK 14304 (5-bromo-6[2-imazolin-2-yl-amino]
quinoxaline) bitartrate (Pfizer), lw-nitro-L-arginine methyl-
ester (Sigma). All drugs were dissolved in distilled water.
The gas tensions and pH were determined regularly by use

of both an oxygen electrode inserted into one of the organ
baths and a blood gas analyser (Instrumentation Laboratory
system 1302).

Analysis of results

As the tension transducer was calibrated with a 2 g weight,
contractions were expressed in equivalent weight units, i.e.
mgwt. tension (see Miller, 1988). To standardize maximum
responses for statistical comparison they are expressed, in the
tables, as a percentage of the response obtained to 100 mM
KCl in each preparation. For concentration-response curves,
however, control contractions are expressed as a percentage
of their maximum response to the relevant agonist. Subse-
quent contractions achieved after drug treatment or exposure
to hypoxia are expressed as a percentage of their control
maximum response. EC50s for agonists were calculated for
each preparation and meaned within groups. The EC50 is
expressed as the - log concentration (M) and was calculated
using a computer extrapolation. Statistical analysis of these
results was performed by a paired Student's t test and
confirmed by one-way analysis of variance where appropri-
ate.

In the experiments comparing agonist responses in endo-
thelium rubbed and unrubbed preparations, a slightly different

analysis was required. In Table 3, to standardize maximum
responses, for statistical comparison, contractions are ex-
pressed as a percentage of the maximum response obtained
to 100 mM KC1 in each preparation. For the concentration-
response curves, however, in order to illustrate alterations in
agonist potency, contractions achieved in endothelium-rub-
bed preparations are expressed as a percentage of their own
maximum response to the relevant agonist. Statistical anal-
ysis of the difference between unrubbed preparations and
rubbed ones was performed by use of unpaired Student's t
test.

Results

In normoxic conditions, the bath gas tensions and pH were
as follows: P02 = 45.4 ± 0.5 mmHg, Pco2 = 35.6 ± 0.3 mmHg
and pH = 7.39+0.03, n=6.

The effect of 10-4 M L-NAME on concentration-response
curves to noradrenaline, phenylephrine and UK 14304
L-NAME itself had variable effects on vascular tone. In some
preparations (approximately 60%) it caused small increases
in vascular tone (approximately 5% of the maximum con-
tractile response to 100 mM KCI) whilst in others it had no
effect on vascular tone. For example, in 8 preparations in
which it did increase tone, it increased vascular tone by
206 ± 47 mg wt. tension. The maximum response to 100 mM
KCI in these preparations was 4338 ± 535 mg wt. tension.

Figure 1 shows the effect of L-NAME on the concen-
tration-response curves to noradrenaline, phenylephrine and
UK 14304 in the rabbit isolated pulmonary artery by express-
ing contractile responses in the presence of L-NAME as a
percentage of the maximum response achieved prior to its
administration. Table 1 gives the corresponding EC50 values
and maximum responses to each agonist expressed as a
percentage of the maximum response obtained with 100 mM
KCL.

Figure la and Table 1 show that L-NAME increased the
potency of noradrenaline as well as increasing the maximum
tension it was able to achieve in these vessels (by approx-
imately 60% of control absolute maximum tensions). L-
NAME augmented noradrenaline-evoked contractions re-
gardless of whether or not it had any effect on vascular tone
itself.

Figure lb shows that L-NAME had no effect on the
concentration-response curves to phenylephrine and, corres-
pondingly, Table 1 shows no effect of L-NAME on the EC50
or on maximum responses to phenylephrine.
L-NAME increased the potency of UK 14304 as well as

increasing the maximum tension it was able to achieve in
these vessels by approximately 125% of control absolute
maximum tensions (Figure ic, Table 1).

Figure 2a shows the effect of 10-6 M rauwolscine and
10-7 M prazosin on the concentration-response curves to
noradrenaline in the rabbit isolated pulmonary artery in
control preparations. Figure 2b shows the effect of these
antagonists on the concentration-response curves to nora-
drenaline in preparations pretreated with L-NAME. The
EC50s for noradrenaline in all conditions are summarized in
Table 2. The results show that rauwolscine shifts the con-
centration-response curve to noradrenaline significantly to
the right in both treated and untreated groups but it has a
significantly greater effect on those preparations treated with
L-NAME (see Table 2). To verify the statistical analysis of
this effect of L-NAME, a one-way analysis of variance
(ANOVA) was also performed on these data. This showed
that the EC50 for noradrenaline in the presence of rauwols-
cine was significantly different from control values and also
significantly different from the EC50 for noradrenaline ob-
tained in the present of L-NAME as well as rauwolscine.
Rauwolscine also decreased the maximum response to nora-
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drenaline in the treated group (by approximately 30% of
control absolute maximum tensions). Prazosin together with
rauwolscine had a more profound effect on the noradrenaline
concentration-response curves than rauwolscine alone, shif-
ting them further to the right. Table 2 shows that prazosin
plus rauwolscine had a greater effect than rauwolscine alone
on the EC50s to noradrenaline but this combination was less
effective in the present of L-NAME. To verify the statistical
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Figure 1 Vasoconstriction of rabbit isolated pulmonary arteries by
noradrenaline (a), phenylephrine (b) and UK 14304 (c) in the
absence (controls, *) and presence of 10-4M N'-nitro-L-arginine
methylester (L-NAME, 0). Data are expressed as a percentage of
the maximum response, to each agonist, achieved in the controls.
Each point represents the mean response of 12 preparations from 6
animals with vertical bars representing ± s.e.mean.

analysis of this effect of L-NAME, a one-way analysis of
variance (ANOVA) was also performed on these data. This
showed that the EC.* for noradrenaline in the presence of
both rauwolscine and prazosin was significantly different
from control values and also significantly diferent from the
EC50 for noradrenaline obtained in the presence of L-NAME,
rauwolscine and prazosin.

The effect of endothelium-removal on
concentration-response curves to noradrenaline,
phenylephrine and UK 14304
In control preparations precontracted with noradrenaline,
substance P induced a relaxation. For example, if tone was
raised to 710 ± 30 mg wt. tension, 3 x 10-8 M substance P
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Figure 2 Vasoconstriction of rabbit isolated pulmonary arteries by
noradrenaline (a) and after administration of 10-4 M Nw-nitro-L-
arginine methylester (L-NAME, b) and in the absence (@) and
presence of 106M rauwolscine (0) and 1O-6M rauwolscine plus
1O-7M prazosin (U). Data are expressed as a percentage of the
maximum response achieved in the absence of either antagonist.
Each point represents the mean responses of 10 preparations from 5
animals with vertical bars representing ± s.e.mean.
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Table 1 The effect of Nw-nitro-L-arginine methylester (L-NAME) on responses to a-adrenoceptor agonists in the rabbit isolated
pulmonary artery

Controls
Maximum response

to agonist

44±7
51 ±4
17 ± 4

+ L-NAME (10-4 M)

EC50

7.1 ± 0.4*
6.6 ± 0.3
6.0 ± 0.2*

Maximum response
to agonist

72± 12*
45 ± 5
43±4***

EC50 is expressed as the - log concentration (M) and the maximum response of each agonist as the percentage of the maximum
response obtained with 100 mM KCI in each ring preparation. Data are expressed as mean ± s.e.mean. n = the number of preparations
from six animals. Statistical comparisons with controls were carried out using Student's paired t test. *P<0.05; ***P<0.001

Agonist

Noradrenaline
Phenylephrine
UK 14304

EC50

6.5 ± 0.2
6.2 ± 0.4
5.6 ± 0.1

n

12
12
12
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Table 2 The effect of rauwolscine and prazosin on the
EC5s of noradrenaline in the rabbit isolated pulmonary
artery in untreated preparations and preparations treated
with 10-4M Nw-nitro-L-arginine methylester (L-NAME)

Antagonists

Control
Rauwolscine (10-6 M)
Rauwolscine (10-6 M)
plus prazosin (10-7M)

EC50 [-log concentration (M)]
Untreated + L-NAME

7.5 ± 0.1
6.9 ± 0.1*
4.6 ± 0.4***

100

80]

601

40
7.3 ± 0.3
6.4 ± 0.1*tt
5.6 ± 0.1***tt

20

0-
-1

Statistical comparisons with controls were carried out using
a Student's paired t test. *P<0.05; ***P<0.001. Data are
expressed as the mean (10 preparations from 5
animals) ± s.e.mean. Statistical comparisons between
rauwolscine-treated preparations (untreated controls
vs+ L-NAME group) were carried out using a Student's
unpaired t test. ttP<0.01.

induced a vasodilatation of 97 ± 11 mg wt. tension. Higher
doses of substance P relaxed preconstricted rings by up to
50-60%, dependent on the level of preconstriction induced.
Removal of the vascular endothelium totally inhibited the
ability of substance P (10-7 M- 10-6 M) to relax precon-
stricted vessels. In addition, in those preparations examined
histologically, all endothelial cells appeared damaged by this
rubbing procedure. We are confident, therefore, that rubbing
produced maximal disruption of the vascular endothelium.

Figure 3 compares the potencies of noradrenaline, phenyl-
ephrine and UK 14304 in endothelium-intact and endothe-
lium-rubbed preparations. Table 3 gives the calculated values
for the EC50 and also gives the calculated maximum contrac-
tion to each agonist expressed as a percentage of the max-
imum response to 100mM KCl.

Figure 3a shows that endothelial removal shifted the
concentration-response curve for noradrenaline to the left,
i.e. increased its potency. Table 3 shows the resultant effect
of endothelium removal on EC50 values and also shows that
there was an increase in the maximum tension induced by
noradrenaline in endothelium rubbed vessels.

In a similar fashion, Figures 3b and 3c and Table 3 show
that endothelial cell removal also increased both the potency
of, and maximum contractile responses to, phenylephrine and
UK 14304.
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Figure 3 Vasoconstriction of rabbit isolated pulmonary arteries by
noradrenaline (a), phenylephrine (b) and UK 14304 (c) in intact
preparations (0) and preparations with a disrupted endothelium
(0). Data are expressed as a percentage of the maximum response
achieved by each agonist in each preparation. Each point represents
the mean responses of 12 preparations (a,b) or 14 preparations (c)
from 6 animals with vertical bars representing ± s.e.mean.

The effect of hypoxia on concentration-response curves
to noradrenaline, phenylephrine and UK 14304

In hypoxic conditions, the bath gas tensions and pH were as
follows: Po2= 5.7 ± 0.6 mmHg, Pco2 = 35.8 ± 0.5 mmHg,
pH =7.37±0.01, n=6.

Figure 4 shows the effect of hypoxia on the concentration-
response curves to noradrenaline, phenylephrine and UK
14304 in the rabbit isolated pulmonary artery by expressing
contractile responses in hypoxic conditions as a percentage of

the maximum response achieved in normoxic conditions.
Table 4 gives the corresponding values for the ECO and
maximum responses to each agonist expressed as a percen-
tage of the maximum response obtained with 100 mM KCI.
Figure 4a and Table 4 show that hypoxia had no effect on
the potency of noradrenaline but increased the maximum
tension it was able to achieve in these vessels (by approx-
imately 20% of control absolute maximum tensions).

Figure 4b and Table 4 show that hypoxia shifted the
concentration-response curve to phenylephrine to the right

Table 3 The effect of mechanical disruption of the vascular endothelium on responses to x-adrenoceptor agonists in the rabbit
isolated pulmonary artery

Maximum response
to agonist

113 ±6
101 ± 5
16±5

Endothelium disrupted

EC50

7.4 ± 0.1*
7.2 ± .**
6.0 ± 0.1*

Maximum response
to agonist

142±6**
124 ± 9*
49± 14**

EC50 is expressed as the - log concentration (M) and the maximum response of each agonist as the percentage of the maximum
response obtained with 100 mM KCI in each ring preparation. Data are expressed as mean ± s.e.mean. n = the number of preparations
from six animals. Statistical comparisons with controls were carried out using a Student's unpaired t test. *P<0.05; **P<0.01.

Endothelium intact

Agonist

Noradrenaline
Phenylephrine
UK 14304

EC50

7.0 ± 0.1
6.7 ± 0.1
5.6 ± 0.1

n

12
12
14

3
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and hence decreased its potency. These results also show that
the maximum response achieved by phenylephrine was like-
wise reduced by hypoxia (by approximately 20% of control
absolute maximum tensions).

Figure 4c and Table 4 show the effect of hypoxia on the
concentration-response curves to UK 14304. The results
show that hypoxia had no significant effect on responses to
UK 14304 in these vessels.
At the end of some experiments, arterial rings (six in total

from three animals) that had been exposed to hypoxia were
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Figure 4 Vasoconstriction of rabbit isolated pulmonary arteries by
noradrenaline (a), phenylephrine (b) and UK 14304 (c) in normoxia
(P02 45 mmHg, 0) or hypoxia (Po2 6 mmHg, 0). Data are ex-
pressed as a percentage of the maximum response achieved by each
agonist in each normoxia. Each point represents the mean responses
of 12 preparations (a,b) or 9 preparations (c) from 6 animals with
vertical bars representing ± s.e.mean.

examined histologically by use of fluorescent dyes. There was
no structural damage to the endothelial cells. In addition,
pre-constricted arterial rings exposed to hypoxia for the
duration of these experiments were still able to relax to
substance P to the same extent as control preparations.

Discussion

The results show that inhibition of nitric oxide synthase with
L-NAME potentiates responses to noradrenaline in rabbit
pulmonary arteries. In a limited number of preliminary
experiments we have also been able to demonstrate this
phenomenon in human pulmonary artery rings (unpublished
observations). This may have far reaching implications for
our understanding of the mechanisms underlying the devel-
opment of pulmonary hypertension. Endothelial cell disruption
has been observed in experimental pulmonary hypertension,
and in patients with hypoxia-related pulmonary hypertension
(Rosenberg & Rabinovitch, 1986; Rabinovitch et al., 1986).
It has also been demonstrated that endothelium-dependent
relaxation induced by acetylcholine is impaired in isolated
perfused lungs from patients with chronic lung disease
(Cremona et al., 1992) and this is believed to be due to lack
of oxygen leading to reduced nitric oxide release (Dinh-
Xuan, 1992). If reduced nitric oxide production leads to the
increased sensitivity of pulmonary arterial smooth muscle to
circulating catecholamines, this would contribute to the per-
sistent pulmonary vasoconstriction typical in hypoxia-in-
duced pulmonary hypertension.
We have also shown that L-NAME can also potentiate the

responses of rabbit pulmonary artery rings to nerve stimula-
tion (MacLean et al., 1993). The combined effect of the
increased sensitivity to nerve stimulation and circulating
catecholamines would further aggravate the pulmonary hyp-
ertension. Indeed, recent studies have shown that inhalation
of nitric oxide in patients with chronic lung disease and
pulmonary hypertension relieves the hypertension and exerts
a selective effect on the pulmonary circulation (Adnot et al.,
1992). This is somewhat of a breakthrough in the clinical
approach to treatment, as the biggest problem facing clini-
cians is the lack of selectivity of most vasodilators used in the
treatment of pulmonary hypertension. Due to pulmonary
vascular remodelling, diseased lungs are relatively resistant to
vascular therapy and standard vasodilators exert greater
effects on the systemic circulation leading to unwanted side-
effects.
As with many other noradrenergic responses, this study

shows that the response to noradrenaline in the rabbit pul-
monary artery is mediated primarily by x1-adrenoceptors.
There was, however a significant effect of rauwolscine on
these responses and some agonist activity of the selective
M2-adrenoceptor agonist, UK 14304. Together this suggests
that there is a functional population of x2-adrenoceptors in
the rabbit pulmonary artery.
A parallel, as yet unpublished, study has demonstrated

that, in the rabbit isolated pulmonary artery, 10-6 M rau-

Table 4 The effect of hypoxia on responses to a-adrenoceptor agonists in the rabbit isolated pulmonary artery

Normoxia (Po2 45 mmHg)
Maximum response

EC50 to agonist

7.3 ± 0.3
6.6 ± 0.1
6.0 ± 0.2

78 ± 11
101 ± 5
24±6

Hypoxia (Po2 6 mmHg)

EC50

7.0 ± 0.2
6.1 ± 0.2**
5.0 ± 1.0

Maximum response
to agonist

97 ± 14**
83±6 **
22 ± 7

EC50 is expressed as the - log concentration (M) and the maximum response of each agonist as the percentage of the maximum

response obtained with 100 mm KCI in each ring preparation. Data are expressed as mean ± s.e.mean. n = the number of preparations
from six animals. Statistical comparisons with controls were carried out using a Student's unpaired t test. **P<0.01.

Agonist

Noradrenaline
Phenylephrine
UK 14304

n

12
12
9
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wolscine caused a ten fold rightward shift in UK 14304
concentration-response curves demonstrating a rauwolscine-
sensitive, M2-adrenoceptor-selective effect of UK 14304. There
was, however, a component of the response of UK 14304
which was sensitive to 10- M prazosin. This study demon-
strated that the rabbit pulmonary artery behaves in a similar
fashion to the rabbit isolated distal saphenous artery in that
the oX2-adrenoceptor response is dependent, to some extent,
upon a positive influence from the cq-adrenoceptor (Dunn et
al., 1991b).

In the present study, the effect of UK 14304 and rauwols-
cine were significantly enhanced in the presence of L-NAME.
Indeed, rauwolscine also halved the effect of L-NAME on the
maximum contractile response to noradrenaline. As L-
NAME virtually doubled the maximum response to nora-
drenaline, this suggests recruitment of a2-adrenoceptors
contributed to this increase in maximum response.

This is consistent with previous studies in which we have
shown that in order to observe responses mediated by post-
junctional M2-adrenoceptors in arterial preparations, the vas-
cular conditions must be modified. For example, in the rat
tail artery, when vascular tone is raised with vasopressin,
endothelin-1 or 5-hydroxytryptamine, a previously quiescent
a2-adrenoceptor population is 'uncovered' (Templeton et al.,
1989; MacLean & McGrath, 1990). The presence of angio-
tensin II selectively facilitates responses mediated via post-
junctional M2-adrenoceptors in the saphenous artery and ear
vein of the rabbit (Dunn et al., 1991a). In addition, inhibition
of neuronal uptake will reveal aX2-adrenoceptor-mediated
nerve responses in the rat tail artery (Papanicolaou &
Medgett, 1986). Hence, the results described here are com-
patible with the view that aX2-adrenoceptors require specific
vascular conditions before their effect is revealed. In the case
of pulmonary arteries, one way to reveal a contribution by
a2-adrenoceptors is to inhibit nitric oxide synthesis. This is
the case regardless of whether or not L-NAME itself in-
creases vascular tone. We have previously described the
variable effect of L-NAME on vascular tone which seems to
be related to vessel diameter, the smaller pulmonary arteries
being influenced more (MacLean & McGrath, 1991). In this
study, any tone increase was very small and unrelated to the
effect of L-NAME on contractile responses. For example,
L-NAME always augmented responses to x-adrenoceptor
agonists regardless of whether or not it caused an increase in
vascular tone. In addition, any increase in tone was negligible
compared to the absolute increase in a-adrenoceptor-induced
contractions.
As L-NAME had no effects on responses to phenylephrine

and actually decreased the effectiveness of prazosin it may be
that the effect of L-NAME is selective to a2-adrenoceptors.
This may, however, be species-dependent as we have shown
potentiation of phenylephrine-induced responses by L-NAME
in the rat perfused lung (Shaw et al., 1992) and Liu et al.
(1991) demonstrated that nitric oxide synthase inhibition
augmented contractile responses to phenylephrine in guinea-
pig isolated pulmonary arteries. Accordingly, we are cur-
rently investigating the receptors involved in noradrenergic
responses in other mammalin species (human, bovine, ovine).
Contractile responses to M2-adrenoceptor activation are typi-
cally well-maintained and could contribute to persistent pul-
monary hypertension. If selective a2-adrenoceptor facilitation
does exist in human pulmonary arteries, this would be a
pharmacological advantage for selective therapeutic interven-
tion. a2-Adrenoceptor antagonists could be directed at the
pulmonary circulation in pulmonary hypertensives in which
there is endothelial cell damage and an associated reduction
in nitric oxide synthase activity.

Mechanical disruption of the vascular endothelium mim-

noradrenaline and UK 14304 consistent with L-NAME inhib-
iting endothelium-derived nitric oxide synthase. In addition,
it also augmented responses to phenylephrine. The vascular
endothelium produces and releases many other factors such
as the relaxant prostacyclin and the constrictor endothelin-1.
As the response to phenylephrine was augmented by endo-
thelium disruption, this implies that such endothelial cell
derived vasoactive factors also exert effects on a1-adreno-
ceptor activation. Hence, where disruption of endothelial cell
structure is associated with pulmonary hypertension (Rabino-
vitch et al., 1986), the pulmonary vascular responses to cir-
culating catecholamines are likely to be enhanced through
augmentation of both al- and a2-adrenoceptor-mediated con-

tractile responses. This would further aggravate the pul-
monary hypertension.

Acute experimental hypoxia increased the maximum con-
tractile response to noradrenaline. This was evidently not
through an effect on ax-adrenoceptor activation alone as
phenylephrine-induced responses were significantly depressed
by hypoxia. Neither does it appear to act through M2-
adrenoceptor activation alone, as it had no significant effect
on the responses to UK 14304. Marriott & Marshall (1990)
also reported that equivalent experimental hypoxia poten-
tiated noradrenaline-evoked contractions in rabbit pulmo-
nary arteries. They concluded, from their studies, that either
hypoxia was facilitating noradrenaline-induced influx of cal-
cium through receptor-operated mechanisms or that com-
bined depolarization by hypoxia and noradrenaline may
facilitate calcium influx through voltage-operated calcium
channels. Our study indicates that whichever mechanism is
responsible, to observe the effect of hypoxia seems to require
the simultaneous stimulation of both al- and M2-adreno-
ceptors. It has previously been suggested that, in certain
vascular beds, simultaneous activation of l- and M2-adreno-
ceptors is required before the responses to a2-adrenoceptor
stimulation are observed, e.g. in the rabbit saphenous artery
(Dunn et al., 1991b) and rat tail artery (Xiao & Rand, 1989).
It is likely, therefore, that such interactions may involve
complex facilitatory interactions between alr- and M2-adreno-
ceptor-induced calcium ion channel activation and membrane
potential changes.
As discussed, chronic pulmonary hypoxia associated with

hypoxia-related lung disease results in inhibition of endothe-
lium-dependent relaxation and this is likely to be due to a
reduction in nitric oxide synthesis. These results certainly do
not prove that experimental hypoxia can inhibit nitric oxide
synthesis, but they do not disprove this theory either. What
they do show is an inability to mimic the effect of chronic
hypoxia exposure using the experimental hypoxia prevalent
in in vitro experiments. Hence, caution must be taken when
comparing in vivo hypoxic conditions with in vitro ones.
Experiments are planned to overcome these experimental
problems by use of an appropriate chronic hypoxic animal
model.
We have previously reported that, in rabbit pulmonary

arteries, a sudden hypoxic challenge may transiently inhibit
nitric oxide synthase (MacLean & McGrath, 1991). It is
evident, however, that the degree of hypoxia produced in the
organ bath, for the length of time described here, is not
sufficient to inhibit nitric oxide synthase persistently.
The results suggest that in conditions in which the pul-

monary vascular endothelium is disrupted, or where the nitric
oxide system is inhibited (conditions prevalent in pulmonary
hypertension), pulmonary vascular responses to circulating
catecholamines may be potentiated and this may involve
M2-adrenoceptor-activation.

icked the effect of L-NAME on contractile responses to M.R.M. is a Wellcome Trust Post-Doctoral Fellow.
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