
Br. J. Pharmacol. (1990), 101, 166-170

Inhibitory role of endothelium-derived relaxing factor in rat and
human pulmonary arteries
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1 The inhibitory role of endothelium-derived relaxing factor was studied in both rat and human pul-
monary arteries in vitro by inhibiting its synthesis with the L-arginine analogue N0-monomethyl-L-argin-
ine (L-NMMA).
2 In rat pulmonary arteries, L-NMMA pretreatment (10-3001Mm) dose-dependently inhibited
acetylcholine-induced relaxation (which is endothelium-dependent). N0-monomethyl-D-arginine (D-
NMMA, 100pUM) was without effect. L-Arginine, but not D-arginine, dose-dependently reversed this inhibi-
tion. L-NMMA had no effect on relaxation induced by sodium nitroprusside.
3 In human small pulmonary arteries L-NMMA (100,pM) pretreatment similarly inhibited the
acetylcholine-induced relaxation but had no effect on the sodium nitroprusside-induced relaxation.
4 In both rat and human pulmonary arteries, L-NMMA, but not D-NMMA, always caused contraction
of preconstricted tissues whereas it had no effect on baseline tone. In the rat this contraction was com-

pletely prevented by prior treatment with L-arginine.
5 L-NMMA (100uM) pretreatment mimicked the effect of endothelium removal on phenylephrine-
induced vasoconstriction, both resulting in an increase in tension development at each concentration of
phenylephrine. This enhancement was greatest at low concentrations of phenylephrine but was still
present even at the highest concentrations. Pretreatment with L-NMMA (100tCM) also significantly
increased the responses to single doses of phenylephrine.
6 These results suggest that endothelium-derived relaxing factor from endothelial cells both mediates the
relaxation response to acetylcholine and also acts as a physiological brake against vasoconstriction in
pulmonary vessels.

Introduction

Since Furchgott & Zawadzki (1980) first demonstrated that
vascular relaxation by acetylcholine (ACh) results from the
release of relaxant factor from the endothelium, the identity
and physiology of this endothelium-derived relaxing factor
(EDRF) has been the target for much research. EDRF has
now been identified as nitric oxide (NO) (Palmer et al., 1987),
and the source of NO has recently been elucidated. Infusions
of L-arginine through a column of porcine aortic endothelial
cells result in an increased bradykinin-induced release of NO
only in those cells deprived of L-arginine for 24 h. This effect is
stereospecific as the D-isomer is without effect (Palmer et al.,
1988a). In bovine aortic endothelial cells incubation with L-
[guanidino-'5N2] arginine results in the formation of "5NO,
15NO2, and "NO3, indicating that the terminal guanidino
nitrogens of L-arginine are the physiological precursors of NO
(Schmidt et al., 1988).
The L-arginine analogue N -monomethyl-L-arginine (L-

NMMA) inhibits NO release and also inhibits endothelium-
dependent relaxation in vitro (Rees et al., 1989a). In vivo it
causes marked hypertension in anaesthetized rabbits (Rees et
al., 1988b); an effect reversed by L-arginine, indicating that
L-NMMA restricts the availability of L-arginine for the syn-
thesis of NO. In rabbit aortic rings in vitro, L-NMMA inhibits
endothelium-dependent relaxation and this effect can be
reversed by L-arginine but not D-arginine, indicating stereo-
specificity of NO formation from L-arginine (Palmer et al.,
1988b). However, it has been demonstrated that L-arginine,
N-ax-benzoyl-L-arginine, D-arginine and L-histidine produce
endothelium-independent relaxation, and that L-arginine per
se cannot be the immediate precursor of NO (Thomas &
Ramwell, 1988; Thomas et al., 1989b).

Endothelial-dependent relaxation has been demonstrated in
pulmonary arteries of several species, including dogs (Chand
& Altura, 1981) and man (Greenberg et al., 1987). We have
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studied the effect of L-NMMA on the endothelium-dependent
vasodilatation induced by ACh in rat and human pulmonary
arteries in vitro. We have also used L-NMMA to determine
whether the release of EDRF has an effect on vasoconstriction
in these vessels.

Methods

Tissue preparation

The heart and major blood vessels of 250g male Wistar rats
were placed into Krebs-Henseleit (Krebs) solution containing
the following (in mM): NaCl 118, KCl 5.9, MgSO4 - 7H20 1.2,
CaCl2 - 6H20 2.5, NaH2PO04 H20 1.2, glucose 5.6,
NaHCO3 25.5. The right and left pulmonary arteries were
then dissected free of surrounding tissue and each cut into two
rings, approximately 2mm in length. Care was taken not to
touch or damage the intimal surface.
Human small pulmonary arteries (0.7-1.5mm internal

diameter) were obtained from surgical lobectomy specimens
from patients with lung carcinoma. Tissues were always used
within 12h of surgery. Pulmonary arteries were identified at
the cut surface of the lung and then traced peripherally. The
specimens were placed in Krebs solution at 4°C and oxygen-
ated with 95% 02 and 5% CO2. Following removal of the
surrounding connective tissue, the vessels were cut into rings
(2-3mm in length).

Experimental procedure

The rings were mounted over two parallel wires, one being
fixed and the other attached to a force-displacement trans-
ducer (FT.03 Grass, Quincy, U.S.A.). Measurements of tension
were recorded on a polygraph (Grass model 7). Resting ten-
sions of 0.5 g (rat) and 0.5-0.7 g (human) were applied to the
vessels, in order to give optimal response characteristics. After
the vessels had been mounted, the wires were lowered into a
2 ml organ bath filled with Krebs solution (37°C) and bubbled

C Macmiflan Press Ltd, 1990



EDRF IN PULMONARY ARTERY 167

with 95% 02 and 5% CO2. The vessels were then left to sta-
bilize for one hour and were washed with fresh Krebs every
15 min. Endothelium-dependent and endothelium-inde-
pendent relaxation were studied by preconstriction with phen-
ylephrine (PE, 1 1M) in rat or prostaglandin F2. (PGF2g,
301uM) in human vessels, and then a cumulative concentration-
response curve to ACh (1 nm-10pM), which acts via the endo-
thelium, or to sodium nitroprusside (1 nM-10,uM), which acts
directly on vascular smooth muscle, constructed. Contractile
responses were studied in rat vessels either by the construction
of a cumulative concentration-response curve to PE (1 nm-
10pM) or by exposing the vessels to a single concentration of
PE. In experiments involving single concentrations of PE, a
single concentration of PE was applied to the vessels until a
consistent constrictor response was obtained. Following a
washout/recovery period, the tissues were then exposed to a
similar concentration of PE, some tissues having been
pretreated with L-NMMA. In experiments involving
endothelium-denuded vessels, the endothelium was removed
by lightly rubbing the vessel lumen with a small steel probe
and removal confirmed by the loss of the relaxation response
to ACh in preconstricted tissues. In all experiments involving
pretreatment, the drug(s) was added 10min before the experi-
ment.
The effects of L-NMMA, D-NMMA, L-arginine and D-

arginine on both relaxant and constrictor responses were
investigated. The interactions of L-histidine, N-a-benzoyl-L-
arginine and N-M-L-histidine with L-NMMA were also investi-
gated.

Drugs and chemicals

Drugs were obtained from the following sources: phenyleph-
rine, acetylcholine, sodium nitroprusside, L-histidine, L-
arginine, D-arginine, N-ae-benzoyl-L-arginine, and N-x-
benzoyl-L-histidine (Sigma, Poole, U.K.). Propranolol hydro-
chloride (ICI, Cheshire, U.K.). PGF2. Upjohn Ltd, Crawley,
U.K.). N0-monomethyl-L-arginine and NG-monomethyl-D-
arginine were kindly supplied by Dr S. Moncada (Wellcome,
Beckenham, U.K.).

Statistics

The results were statistically analysed by either Student's
paired t test (probability values <0.05 being considered
significant), or a one-way analysis of variance followed by
modified t-statistics using the Bonferroni correction for multi-
ple comparisons.

Results

Relaxation studies

Rat pulmonary artery ACh (1 nM-30pM) caused a dose-
dependent relaxation of the rat isolated pulmonary artery
rings (mean EC50 = 97 + 12nM). This relaxation was unaf-
fected by pretreatment with L-arginine (100pUM), but was inhib-
ited dose-dependently by pretreatment with L-NMMA. The
tension generated by 1 IUM PE together with 3 UM L-NMMA
was 400 + 30mg. ACh reduced this tension to 43 ± 7mg at
the highest concentration of ACh tested (10pM). This is com-
pared to control values of 375 ± 48 mg (1 aM PE alone) versus
62 + 20mg (10pM ACh). By increasing the concentration of
L-NMMA, the lowering of tension by 10puM ACh was reduced
such that at 10pM L-NMMA, ACh reduced the tension in the
tissues from 342 + 30mg to 120 + 1Omg; at 3OpM L-NMMA,
ACh reduced the tension from 366 + 11 mg to 125 ± 21 mg;
at 100pM L-NMMA, from 380 + 40mg to 178 ± 9mg and at
300pM L-NMMA from 430 + 35mg to 215 + 11 mg (Figure
1). Concentrations of L-NMMA up to 1 mm did not increase
the inhibition of the ACh-induced relaxation beyond that seen
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Figure 1 Concentration-response curves for the relaxation
(expressed as a % of the contraction induced by 1 pm phenylephrine,
PE) in rat pulmonary artery induced by acetylcholine (ACh, 1 nM-
30,uM) in the absence (U) and presence of 3pM (O), 10pM (@), 30M
(0), 100pM (A) and 300pM (A) N0-monomethyl-L-arginine. Mean
observations are shown (n = 6) and vertical lines indicate s.e.mean.
* P < 0.01 compared to control values (n = 6).

with 100pM and 300pUM. By contrast, D-NMMA had no effect.
This inhibition was not overcome by ACh, but was dose-
dependently reversed by L-arginine pretreatment. L-Arginine
10pM had no significant effect on the reduction in tension by
10pMm ACh (final tension 193 + 10mg). However, both 100pUM
and 1 mM L-arginine significantly reduced the effect of 100,pM
L-NMMA, final tensions in the tissues being 138 + 21 mg and
73 ± 8mg respectively (Figure 2). D-Arginine was without
effect. L-NMMA did not significantly affect the sodium
nitroprusside-induced relaxation (mean EC5o for untreated
vessels = 44 + 5 nm compared to mean EC50 for treated
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Figure 2 Reversal by L-arginine of the inhibition by 100pM NG-
monomethyl-L-arginine (L-NMMA) of the acetylcholine (ACh)-depen-
dent relaxation (expressed as a % of the contraction induced by 1 jM
phenylephrine, PE) in rat pulmonary artery at 10pM (5), 100pM (@),
and 1 mm (0). Relaxation to ACh in the presence of 100pM L-NMMA
alone (-). * P < 0.05 as compared to control values. Mean observa-
tions are shown (n = 6) and vertical lines indicate s.e.mean.
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Figure 3 Traces showning the effect of NG-monomethyl-L-arginine (L-NMMA, 100lM) pretreatment on the acetylcholine-induced
relaxation in human pulmonary arteries (a) preconstricted with prostaglandin F2. (PGF2g), compared to a time-matched control
vessel (b).

vessels = 42 + 7 nM). L-NMMA caused a substantial contrac-
tion of preconstricted tissues at all concentrations used for
pretreatment (> 100% increase above baseline in some
tissues), whereas D-NMMA (100puM) was without effect. L-
Arginine (100pM) pretreatment prevented this contraction to
L-NMMA completely, and exposure of vessels contracted by
L-NMMA to L-arginine (100piM) resulted in complete reversal
of the contraction. D-Arginine (100pM) was ineffective. By con-
trast L-NMMA had no effect on baseline tone at any concen-
tration tested. Neither L-arginine nor L-histidine induced a
relaxation of preconstricted tissues even at concentrations as
high as 1 mm. Their benzoyl derivatives caused substantial
relaxation (40% and 30% respectively at 0.3 mM) in both
endothelium-intact and denuded vessel rings. Unlike L-
arginine, both N-a-benzoyl-L-arginine and N-a-benzoyl-L-his-
tidine caused relaxations independent of the presence of an
L-NMMA contraction. L-Histidine was without effect in
endothelium-intact and denuded vessels, and did not reverse
contractions to L-NMMA. This indicates that both com-
pounds cause a relaxation by mechanisms unrelated to the
action of L-arginine and L-NMMA.

Endothelium removal completely abolished both the relax-
ant response to ACh and the contraction by L-NMMA in pre-
constricted tissues.

Human small pulmonary artery ACh (10nM-lOpuM) caused a
dose-dependent relaxation of human small pulmonary artery
rings; ECjo = 0.28 uM (Figure 3). Pretreatment with
L-NMMA (100pM) caused a contraction of all preconstricted
tissues (mean increase = 46 + 11%, n = 5), whereas baseline
tensions were unaffected. Figure 4 shows the inhibition by
100pM L-NMMA of the acetylcholine-induced relaxation
(n = 3). D-NMMA (100pM) failed either to inhibit the
acetylcholine-induced relaxation or to cause a further contrac-
tion in preconstricted vessel rings, demonstrating the stereo-
selectivity of the L-NMMA effect on human small pulmonary
arteries. As in the rat pulmonary artery, the relaxation to
sodium nitroprusside was unaffected by L-NMMA.

Contraction studies

In all contractile studies involving PE, rat pulmonary vessels
were pretreated with propranolol (10pM) to block ,G-
adrenoceptor-mediated vasodilatation.

Pretreatment of the tissues with L-NMMA (100puM) signifi-
cantly decreased the EC5o of PE (85 + 23 nm vs 24 + 5 nM
after L-NMMA pretreatment), and resulted in a significant

increase in maximum tension generation (355 + 35 mg vs
425 + 25mg after L-NMMA, n = 5, P < 0.05) and a signifi-
cant increase in tension generation at the lowest effective PE
concentration (30 + 1Omg vs 130 + 40mg, P < 0.05 after
treatment). The increased contraction was greatest at low con-
centrations but was maintained at higher PE concentrations.
Endothelium removal mimicked this effect of L-NMMA. The
tensions generated by 55mM KCI did not significantly differ
between control and L-NMMA-pretreated tissues (Figure 5).

Pretreatment with L-NMMA (100pM) significantly
increased the response to a single dose of PE at all concentra-
tions tested. When expressed as a % of the initial consistent
response to PE, the potentiation was greater at the lowest PE
concentration tested with an increase of 212 + 33% at 30nm
compared to 143 + 9% at 1 jM PE. Pretreatment with L-
arginine (100pM) had no significant effect on the contractile
response.
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Figure 4 Concentration-response curves for the relaxation induced
by acetylcholine (ACh, expressed as a % of the contraction induced by
30pM prostaglandin F28 (PGF2) in human pulmonary artery rings;
control rings (-), and rings pretreated with 100pM N0-monomethyl-
L-arginine (0) are shown. Each point represents the mean (n = 3) and
vertical lines show s.e.mean.



EDRF IN PULMONARY ARTERY 169

100 *
90 *

80~

E
LA) 60-
L.0

50-

E 40

30

20

10

0
9.0 8.0 7.0 6.0 5.0

-log [PE] (M)

Figure 5 Concentration-response curves for the contraction induced
by phenylephrine (PE) in rat pulmonary artery rings; control vessels
(0), vessels pretreated with 100pUM N0-monomethyl-L-arginine (*),
and vessels denuded of endothelium (A). * P < 0.05, as compared to
control values. Mean observations are shown (n = 6) and vertical lines
indicate s.e.mean. Tensions generated by KCl did not differ signifi-
cantly between the groups.

Discussion

We have demonstrated that inhibition of EDRF synthesis
with L-NMMA reduces the endothelium-dependent relaxation
in rat and human pulmonary arteries, indicating that EDRF is
involved in this response. We have also shown that EDRF
modulates the contractility of pulmonary arteries. The inhibi-
tion of ACh relaxation by L-NMMA but not D-NMMA, and
the reversal of this inhibition by L-arginine but not D-arginine
provides evidence that EDRF in rat and human pulmonary
arteries is likely to be EDRF derived from L-arginine. The
lack of effect of L-NMMA on sodium nitroprusside-induced
relaxation in both species demonstrates that the site of action
of L-NMMA is the endothelium.

It is of interest that L-NMMA did not completely abolish
the ACh-induced relaxation in either rat or human vessels.
There are several possible explanations for this. Perhaps relax-
ant factors other than EDRF are released from pulmonary
endothelial cells, or EDRF could be produced from a source
unaffected by L-NMMA. The most likely explanation,
however, is that L-NMMA is not a highly potent inhibitor of
EDRF production from L-arginine.

It has been suggested that L-arginine does not uniquely
elicit endothelium-dependent relaxation and that the basic
amino acids such as arginine, lysine, glutamine and histidine
induce a non-specific relaxation at high concentrations
(Thomas et al., 1989b). In our study, only L-arginine reversed
the contraction caused by L-NMMA, whereas histidine and its
benzoyl derivatives were without effect. Furthermore the effect
of arginine was stereoselective since D-arginine was without
effect. Similarly, only L-arginine was effective in reversing the
inhibitory effect of L-NMMA on ACh-induced relaxation.
Unlike with L-arginine, increasing the concentration of ACh
failed to overcome the inhibition of endothelium-dependent

relaxation by L-NMMA. All of our conclusions rely on the
assumption that L-NMMA does indeed specifically inhibit
EDRF production in rat and human pulmonary arteries. In
the rabbit aorta, the release of NO by ACh infusions (detected
by chemiluminescence) is inhibited dose-dependently by 3-
300pUM L-NMMA (IC50 = 15pM) (Rees et al., 1989a). Also, the
release of -NO from bradykinin-stimulated porcine aortic
endothelial cells is inhibited by 0.3-10OM L-NMMA (ICjo =
3paM) (Palmer et al., 1988b). We have shown that L-NMMA,
but not D-NMMA, only caused a contraction in tissues which
were preconstricted, and never caused a contraction at base-
line tensions in any experiment in either rat or human pul-
monary arteries. This is consistent with the observation that
increments in flow through arteries in vitro cause vasodilata-
tion due to the release of EDRF (Rubanyi et al., 1986), in that
when the tissue is at baseline tension in vitro, no EDRF is
released. Once tension is increased with the a-adrenoceptor
agonist PE, EDRF is released and thus L-NMMA causes a
further contraction by removing the EDRF relaxant brake. It
has been suggested that L-NMMA is a non-specific inhibitor
of vascular relaxation (Thomas et al., 1989a). However, this is
based on the observation that L-NMMA reversed a 30-50%
vasodilatation of a number of unrelated compounds. Because
none of the tissues were at baseline tension when L-NMMA
was applied, the shear stress resulting from the remaining
tension would itself generate EDRF release and hence
L-NMMA would cause contraction by removing the EDRF
brake, as in our preparations.
L-NMMA may also be useful in demonstrating the nature

of EDRF release from pulmonary arteries in vitro. L-NMMA
pretreatment did not alter the lowest effective concentration of
PE as expected, because EDRF is only released (and thus
removed) when tension is generated by the agonist. At all con-
centrations of PE tested, the tension generated was signifi-
cantly increased by L-NMMA pretreatment. This increase in
tension was greater at low concentrations but was seen over
the whole range of the dose-response curve. This indicates
that either EDRF release rises with increased tension, or that
a fixed amount of EDRF is released which is more effective as
a functional antagonist at lower tensions. Single dose applica-
tions of PE support this finding in that the potentiation (as a
% of the original contraction) is greater at lower PE concen-
trations (and hence low tensions). At high PE concentrations
the potentiation is less but significantly and consistently main-
tained. Since stretch-activated ion channels exist in porcine
endothelial cells as mechanotransducers (Lansman et al.,
1987), it seems more probable that EDRF release rises with
increases in tension. Both L-NMMA pretreatment and endo-
thelium removal significantly increased the response attained
at any given PE concentration. Responses obtained after
endothelium removal were identical to those seen after
L-NMMA pretreatment, indicating that EDRF is probably
the only relaxing factor released under these conditions from
endothelial cells of rat pulmonary artery.

Physiologically we have demonstrated that EDRF can act
as a brake which is most effective at lower tensions and,
perhaps, provides a protective mechanism against inapprop-
riate vasoconstriction. It would be interesting to investigate
the efficacy of this brake in pulmonary vascular disease. Any
impairment in EDRF generation would predispose to exces-
sive pulmonary vasoconstriction and thus pulmonary hyper-
tension.
We thank Dr S. Moncada for the kind gift of N0-monomethyl-L-
arginine and NG-monomethyl-D-arginine. We thank the Chest, Heart
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