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AND PHILIP J. KADOWITZ. N”-nitro-L-arginine methylesterselec- 
tively inhibits pulmonary vasodilator responses to acetylcholine 
and bradykinin. J. Appl. Physiol. 71(5): 2026-2031,1991.-The 
effects of N”-nitro-L-arginine methyl ester (L-NAME), an in- 
hibitor of endothelium-derived relaxing factor (EDRF) produc- 
tion, on vascular tone and responses were investigated in the 
pulmonary vascular bed of the intact-chest cat under condi- 
tions of controlled blood flow and constant left atria1 pressure. 
When pulmonary vascular tone was elevated with U-46619, in- 
tralobar injections of acetylcholine, bradykinin, sodium nitro- 
prusside, isoproterenol, prostaglandin E, (PGE,), lemakalim, 
and %bromo-guanosine 3’,5’-cyclic monophosphate @-bromo- 
cGMP) dilated the pulmonary vascular bed. Intravenous ad- 
ministration of L-NAME elevated lobar arterial and systemic 
arterial pressures without altering left atria1 pressure. When 
U-46619 was infused after L-NAME to raise lobar arterial pres- 
sure to levels similar to those attained during the control pe- 
riod, vasodilator responses to acetylcholine and bradykinin 
were reduced significantly, whereas responses to PGE,, lema- 
kalim, and 8-bromo-cGMP were not altered, and responses to 
nitroprusside were increased. There was a small effect on the 
response to the highest dose of isoproterenol, and pressor re- 
sponses to BAY K 8644 and angiotensin II were not altered. 
These results are consistent with the hypothesis that EDRF 
production may involve the formation of nitric oxide or a ni- 
troso compound from L-arginine and that EDRF production 
may have a role in the regulation of tone and in the mediation 
of responses to acetylcholine and bradykinin in the pulmonary 
vascular bed of the cat. 
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ENDOTHELIUM-DERIVED RELAXING FACTOR (EDRF) 
was first described in 1980 by Furchgott and Zawadski 
(9). While there is evidence to suggest that more than one 
factor may cause endothelium-dependent relaxation, it is 
now widely accepted that EDRF may be NO or a labile 
nitroso compound (15, 26). NO is synthesized from the 
amino acid precursor L-arginine in endothelial cells, and 
L-NG-monomethylarginine (L-NMMA) in a stereospe- 
cific manner inhibits NO synthesis from L-arginine (12, 
27). L-NMMA increases arterial pressure and regional 
vascular resistance in a number of laboratory species (2, 
526). Pressor responses to L-NMMA are partially inhib- 
ited by L-arginine, suggesting that the vasoconstriction is 
due to a competitive inhibition of NO synthesis from L- 
arginine (2,526). In addition to increasing vascular resis- 
tance, L-NMMA has been shown to inhibit responses to 

endothelium-dependent vasodilators but not to nitrova- 
sodilators (6,24,30). In recent studies, N”-nitro+argin- 
ine (nitroarginine, L-NA) has been reported to be more 
potent than L-NMMA in inhibiting NO synthesis (18, 
24). This arginine analogue has been shown to inhibit 
EDRF/NO release and decrease guanosine 3’,5’-cyclic 
monophosphate (cGMP) levels in cultured endothelial 
cells (18). L-NA has been shown to inhibit responses to 
endothelium-dependent vasodilator agents in the iso- 
lated perfused rat mesentery, pulmonary vascular bed of 
the lamb, and the hindlimb and mesenteric vascular beds 
of the cat (unpublished observations; 4, 7, 24). However, 
neither L-NMMA nor L-NA had a significant effect on 
responses to endothelium-dependent vasodilator agents 
in the hindlimb vascular bed of the rabbit (25). While 
L-NA and N”-nitro-L-arginine methyl ester (L-NAME) 
have been shown to increase resistance in the pulmonary 
vascular bed of the rabbit, lamb, and neonatal lamb, L- 
NMMA and L-canavanine had little or no effect on base- 
line pulmonary arterial pressures in isolated Krebs albu- 
min- or saline-perfused rat lungs (1, 3, 7, 14, 28). More- 
over, L-NA and L-NAME have been shown to reduce 
vasodilator responses to acetylcholine in the lamb and 
neonatal lamb while L-NMMA inhibited the pulmonary 
vasodilator response to bradykinin but not to acetylcho- 
line or histamine in the isolated perfused rat lung (3, 7, 
14). However, little if anything is known about the effects 
of L-NA or L-NAME on the pulmonary vascular bed of 
the cat. It has been reported that methylene blue, an 
inhibitor of soluble guanylate cyclase, reduced responses 
to acetylcholine, bradykinin, and nitrovasodilators in the 
pulmonary vascular bed of the cat (17). However, the 
effects of inhibition of NO synthesis on pulmonary vascu- 
lar responses to endothelium-dependent and endothe- 
lium-independent vasodilators have not been deter- 
mined in the cat. Therefore, the present study was under- 
taken to investigate the effects of L-NAME on 
endothelium-dependent and endothelium-independent 
vasodilator responses, as well as on vasoconstrictor re- 
sponses, in the pulmonary vascular bed of the cat under 
conditions of controlled blood flow and constant left 
atria1 pressure. 

MATERIALS AND METHODS 

Twenty-four adult cats unselected as to sex and weigh- 
ing 3.2-4.4 kg (mean 3.6 t 0.1 kg) were sedated with 
ketamine hydrochloride (lo-15 mg/kg im) and were anes- 
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thetized with pentobarbital sodium (30-40 mg/kg iv). 
The animals were strapped in the supine position to a 
fluoroscopic table, and supplemental doses of anesthetic 
were administered as needed to maintain a uniform level 
of anesthesia. The trachea was intubated with a cuffed 
pediatric endotracheal tube, and the animals spontane- 
ously breathed room air enriched with 100% 0,. Systemic 
arterial (aortic) pressure was measured from a catheter 
inserted into the aorta from a femoral artery, and intrave- 
nous injections were made from a catheter positioned in 
the inferior vena cava from a femoral vein. 

For perfusion of the left lower lung lobe, a specially 
designed 28cm 6F triple-lumen balloon perfusion cath- 
eter (Arrow International, Reading, PA) was passed 
under fluoroscopic guidance from the left external jugu- 
lar vein into the artery to the left lower lobe. After the 
cats had been heparinized (1,000 U/kg iv), the lobar ar- 
tery was isolated by distension of the balloon cuff on the 
perfusion catheter. The lobe was then perfused by way of 
the catheter lumen beyond the cuff with blood withdrawn 
from a femoral artery with a perfusion pump (model 
1210, Harvard Instrument, Millis, MA). The perfusion 
rate was adjusted so that lobar arterial perfusion pres- 
sure approximated mean pressure in the main pulmo- 
nary artery and thereafter was not changed during an 
experiment. The perfusion rate ranged from 28 to 45 ml/ 
min. Left atria1 pressure was measured with a 6F double- 
lumen catheter (Arrow International) passed transsep- 
tally into the vein draining the left lower lobe. The cath- 
eter tip was positioned so that the left atria1 pressure 
port on the distal lumen was l-2 cm into the lobar vein, 
and the second catheter port was near the venoatrial 
junction. When necessary, blood could be withdrawn or 
infused through this second catheter lumen to maintain 
left atria1 pressure constant. All vascular pressures were 
measured with transducers (Spectromed DTX Plus, Ox- 
nard, CA) zeroed at right atria1 level. Mean vascular 
pressures obtained by electronic averaging were recorded 
on a recorder (model 7, Grass Instrument, Quincy, MA). 

In five animals, sodium meclofenamate (2.5 mg/kg iv) 
was administered before the control injections of brady- 
kinin to inhibit prostaglandin synthesis. The responses 
to bradykinin in these animals were not significantly dif- 
ferent from those recorded in untreated animals, and the 
data were pooled. In five animals, responses were ob- 
tained before and after injection of the vehicle for L- 

NAME, 0.185 N HCl in normal saline under conditions 
of elevated pulmonary vascular tone. 

L-NAME hydrochloride (Sigma Chemical, St. Louis, 
MO) was dissolved in normal saline immediately before 
injection. Acetylcholine chloride, sodium nitroprusside, 
bradykinin, &bromo-cGMP, isoproterenol HCl (Sigma 
Chemical), angiotensin amide (Ciba-Geigy, Summit, 
NJ), sodium bicarbonate (Mallinckrodt, Paris, KY), and 
sodium meclofenamate (Warner Lambert-Parke, Davis, 
Ann Arbor, MI) were dissolved in normal saline. Prosta- 
glandin E, and the thromboxane receptor agonist, 
U-46619 (9,11- dideoxy - lla,9a - epoxymethano - prosta- 
glandin F,; Upjohn, Kalamazoo, MI), were dissolved in 
100% ethanol at a concentration of 10 mg/ml and diluted 
in normal saline. Lemakalim (BRL 38227; SmithKline 
Beecham, Betchworth, Surrey, UK), the pure L-isomeric 

form of the potassium channel activator cromakalim, 
was dissolved in 20% ethanol in normal saline at a con- 
centration of 1 mg/ml and diluted in normal saline. BAY 
K 8644 was dissolved in a 1 ml solution of 1:4 polyoxyeth- 
ylinated castor oil-50 mM tris (hydroxymethyl)amino- 
methane hydrochloride (Tris l HCl, pH 7.4). The solution 
was made up to 8 ml with Tris l HCI (pH 7.4). All drugs 
were kept frozen or on ice in brown glass bottles, and 
working solutions were prepared on a frequent basis. 

The pulmonary vascular bed of the intact-chest cat has 
little if any vasoconstrictor tone under resting baseline 
conditions (17). Therefore, tone must be increased so 
that vasodilator responses can be expressed. In the pres- 
ent experiments tone was raised in the control period to 
an average value of 36 t 1 mmHg with an intralobar 
infusion of U-46619. Under elevated tone in the control 
period, responses to intralobar injections of acetylcho- 
line, bradykinin, PGE,, isoproterenol, sodium nitroprus- 
side, 8-bromo-cGMP, lemakalim, angiotensin II, and 
BAY K 8644 were obtained. L-NAME was then adminis- 
tered in a dose of 100 mg/kg iv, and in most experiments 
lobar arterial pressure was raised to similar values by 
infusions of U-46619 (lo-200 ng/min) before and after 
administration of L-NAME. In seven experiments L- 
NAME administration alone was sufficient to raise lobar 
vascular tone to a level equal to the control level, and in 
these experiments, U-46619 infusion was resumed only 
later, when lobar arterial pressure had fallen below 30 
mmHg. The agonists were injected in small volumes di- 
rectly into the perfusion circuit distal to the pump in a 
random sequence during the control period. The U-46619 
infusion was terminated, and lobar arterial pressure was 
permitted to return to near control value. L-NAME (100 
mg/kg iv) was then administered, followed by 0.37 meq 
NaHC03/kg iv. After the peak increase in lobar arterial 
pressure in response to L-NAME was attained, the 
U-46619 infusion was resumed to raise pulmonary vascu- 
lar tone to a level similar to that attained during the 
control period. In the majority of experiments, responses 
were obtained beginning 15-30 min after the administra- 
tion of L-NAME. 

Blood gases and pH were measured with an Instru- 
mentation Laboratory analyzer (model micro 13). All he- 
modynamic data are expressed in absolute units and pre- 
sented as means t SE. Mean systemic arterial pressure 
was not analyzed in experiments in which blood was 
withdrawn from the left atrium. Responses represent 
peak changes, unless otherwise noted. The data were an- 
alyzed using a one-way analysis of variance and Scheffe’s 
F test or a paired t test. P < 0.05 was used as the criterion 
for statistical significance. 

RESULTS 

Vasodilator responses to acetylcholine, bradykinin, 
PGE,, isoproterenol, nitroprusside, 8-bromo-cGMP, and 
the K& channel opener lemakalim were compared 
when tone in the feline pulmonary vascular bed was 
raised to similar values with U-46619 and with U-46619 
plus L-NAME. When lobar arterial pressure was raised 
to an average value of 36 t 1 mmHg with U-46619, injec- 
tions of acetylcholine, bradykinin, nitroprusside, isopro- 
terenol, PGE,, 8-bromo-cGMP, and lemakalim into the 
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FIG. 1. Influence of N”-nitro-L-arginine methyl ester (L-NAME) on 
decreases in lobar arterial pressure in response to acetylcholine and 
bradykinin. Vasodilator agents were injected directly into perfusion 
circuit, and responses were determined before and beginning 15-30 min 
after administration of L-NAME. n, No. of experiments. *Response is 
significantly different from control. 

perfused lobar artery caused dose-related decreases in 
lobar arterial pressure (Figs. l-3). Injection of L-NAME 
(100 mg/kg iv) increased lobar arterial pressure from a 
baseline value of 18 f 1 mmHg to a peak value of 30 + 2 
mmHg at 12 ? 1 min after injection and systemic arterial 
pressure from 137 + 4 mmHg to a peak value of 171 & 6 
mmHg at 21 + 2 min after injection. Left atria1 pressure 
was unchanged by administration of L-NAME. After lo- 
bar arterial pressure had attained a peak value after ad- 
ministration of L-NAME, the U-46619 infusion was 
again started and the infusion rate adjusted so that an 
average pressure similar to that obtained during the ini- 
tial U-46619 infusion was attained. When lobar arterial 
pressure was increased to an average value of 35 + 1 
mmHg in these experiments, decreases in lobar arterial 
pressure in response to acetylcholine (3-1,000 ng) and 
bradykinin (3-300 ng) were reduced significantly (Fig, 1). 
Although responses to acetylcholine and bradykinin 
were reduced significantly, decreases in lobar arterial 
pressure in response to sodium nitroprusside, PGE,, le- 
makalim, and 8-bromo-cGMP were not reduced (Figs. 2 
and 3). However, there was a small increase in the vaso- 
dilator response to nitroprusside that was significantly 
greater than control at all doses (Fig. 2). Decreases in 
lobar arterial pressure in response to isoproterenol(3,10, 
and 30 ng) were not altered, whereas responses to the 
P-agonist at the highest dose (100 ng) were reduced signif- 
icantly (Fig. 2). 

Injections of angiotensin II and BAY K 8644 increased 
lobar arterial pressure, and pressor responses to the pep- 

tide and the calcium entry promoting agent BAY K 8644 
were not different when tone was increased with U-46619 
in the control period or after administration of L-NAME 
and with the U-46619 infusion (Fig. 4). 

Arterial blood gases, measured 5-10 min after adminis- 
tration of L-NAME, were not significantly different from 
control (n = 4), and the effects of the L-NAME vehicle on 
mean vascular pressures and on vasodilator responses 
were also investigated in the pulmonary vascular bed of 
the cat. Injection of the vehicle (0.37 meq/kg hydrochlo- 
ric acid diluted in 0.9% NaCl solution, 2 ml/kg) at an acid 
concentration and volume equivalent to those produced 
by L-NAME (100 mg/kg) in 2 ml/kg 0.9% NaCl produced 
no significant change in lobar arterial, left atrial, or sys- 
temic arterial pressure. Moreover, when lobar arterial 
pressure was increased to an average value of 35 + 1 
mmHg with U-46619 after administration of the acid ve- 
hicle, vasodilator responses to the endothelium-depen- 
dent and endothelium-independent vasodilator agents 
were not significantly different from control (data not 
shown). 

The time course of the inhibitory effects of L-NAME 
on endothelium-dependent vasodilator responses was 
also investigated in the feline pulmonary vascular bed. 
Vasodilator responses to acetylcholine (100 ng) were 
compared before and at 15min intervals after the admin- 
istration of L-NAME (100 mg/kg iv). Vasodilator re- 
sponses to acetylcholine were significantly different 
from control 15 min after administration of L-NAME 
and appeared to decrease to a steady level 45-60 min 
after administration of L-NAME. Responses did not re- 
turn to control values in the 120-min period examined 
(data not shown). 

DISCUSSION 

Results of the present study show that L-NAME in- 
creases systemic and lobar arterial pressures in the in- 
tact-chest cat. Inasmuch as blood flow to the lobe was 
maintained constant and left atria1 pressure was un- 
changed, the increase in lobar arterial pressure reflects 
an increase in lobar vascular resistance. These data are 
consistent with results of studies in the pulmonary circu- 
lation of the lamb, the fetal lamb, and the rabbit in which 
L-NAME or L-NA increased pulmonary vascular resis- 
tance (1,7,28,31). When taken together, results of stud- 
ies in the fetal lamb, rabbit, and intact-chest cat are con- 
sistent with the hypothesis that tonic release of an EDRF 
may serve to regulate vascular tone in the pulmonary 
circulation in the mature animal and in the fetus (1,7,28, 
31). In addition to increasing lobar vascular resistance in 
the cat, L-NAME reduced vasodilator responses to ace- 
tylcholine and bradykinin. The inhibitory effects of L- 
NAME were selective, and vasodilator responses to 
midrange doses of acetylcholine and bradykinin were re- 
duced by >50% at a time when vasodilator responses to 
sodium nitroprusside, PGE,, 8-bromo-cGMP, lemaka- 
lim, and isoproterenol (3-30 ng) were not reduced. 

Although L-NAME did not impair vasodilator re- 
sponses to agents that act through a variety of mecha- 
nisms, responses to the lOO-ng dose of isoproterenol were 
reduced significantly. The mechanism by which L- 
NAME reduced the response to isoproterenol is uncer- 
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tain, and a similar effect has been observed previously 
with L-NA in the hindlimb vascular bed of the cat (4). 
Moreover, recent studies indicate that the hindquarters 
hyperemic vasodilator response to the ,&adrenergic ago- 
nist, salbutamol, is reduced in the presence of L-NAME, 
suggesting that vasodilation in response to p-adrenergic 
agonists may involve the release of endothelium-derived 
NO, and it has been suggested that under certain condi- 
tions in hypertensive animals isoproterenol may release 
an EDRF (10, 19). Alternatively, a synergistic mecha- 
nism has been suggested to exist between cGMP and 
CAMP in producing vasorelaxation, so that isoproter- 
enol-stimulated vasorelaxation may be diminished when 
basal release of EDRF is inhibited (13). However, the 
observation that responses to PGE, were not changed 
suggests that this effect is not seen with all agents that 
act by increasing adenosine 3’,5’-cyclic monophosphate 
levels. The significance of the observation that L-NAME 
had an inhibitory effect on the response to the highest 
dose of isoproterenol is uncertain. 

The observation that vasodilator responses to nitro- 
prusside, %bromo-cGMP, and lemakalim are not re- 
duced suggests that L-NAME did not alter endothelium- 
independent responses mediated by an increase in cGMP 
levels, activation of cGMP-dependent protein kinase, or 
the opening of K&, channels (20, 22). These data sug- 
gest that the inhibitory actions of L-NAME are selective 
and provide support for the hypothesis that acetylcho- 
line and bradykinin dilate resistance vessels in the pulmo- 
nary vascular bed by an endothelium-dependent mecha- 
nism. L-NAME is an arginine analogue that inhibits the 
release of NO from L-arginine in vitro (29). The selective 
inhibitory action of L-NAME on pulmonary vasodilator 
responses to acetylcholine and bradykinin is consistent 
with studies in isolated vessels and in conscious rats and 
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FIG. 3. Influence of L-NAME on decreases in lobar arterial pressure 
in response to 8-bromo-guanosine 3’,5’-cyclic monophosphate (8- 
bromo-cGMP) and lemakalim. Vasodilator agents were injected di- 
rectly into perfusion circuit, and responses were determined before and 
beginning 15-30 min after administration of L-NAME. n, No. of experi- 
ments. 

provides support for the hypothesis that responses to 
these agents are dependent at least in part on the release 
of EDRF/NO from L-arginine (11, 29). 
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FIG. 4. Influence of L-NAME on increases in lobar arterial pressure 
in response to BAY K 8644 and angiotensin II. Vasoconstrictor agents 
were injected directly into perfusion circuit, and responses were deter- 
mined before and beginning 15-30 min after administration of L- 
NAME. n, No. of experiments. 

The enhancement of vasodilator responses to sodium 
nitroprusside but not to 8-bromo-cGMP in the presence 
of L-NAME is consistent with previous studies and pro- 
vides support for the hypothesis that the inhibition of 
EDRF release induces an enhanced sensitivity of soluble 
guanylate cyclase to NO (23). Bradykinin and acetylcho- 
line release prostaglandins in some organ systems (8,21). 
However, it has been reported that pulmonary vasodila- 
tor responses to acetylcholine and bradykinin are not 
altered by cyclooxygenase inhibitors in the intact-chest 
cat (16,21). In the present study, responses to bradykinin 
and acetylcholine were not inhibited by sodium meclo- 
fenamate but were reduced significantly by L-NAME, 
supporting the hypothesis that EDRF release rather 
than cyclooxygenase product formation is the major 
mechanism of action. 

Although L-NAME increased lobar vascular resistance 
and reduced vasodilator responses to acetylcholine and 
bradykinin, the NO synthesis inhibitor was without sig- 
nificant effect on vasoconstrictor responses to angioten- 
sin II and BAY K 8644. These data may suggest that 
EDRF release does not limit vasoconstrictor responses 
in the pulmonary vascular bed of the intact-chest cat. 
Previous studies in the intact-chest cat have shown that 
methylene blue, an inhibitor of soluble guanylate cyclase, 
increased vascular resistance and reduced vasodilator 
responses to acetylcholine, bradykinin, and the nitrova- 
sodilators (17). Those studies provided support for the 
concept that cGMP may have a role in the regulation of 
tone and in the mediation of vasodilator responses to 
endothelium-dependent agents and to nitrovasodilators 
(18). The results of the present study extend previous 
work by showing that EDRF/NO formation may have a 

role in the regulation of tone and in the mediation of 
responses to acetylcholine and bradykinin. When taken 
together, studies with methylene blue and with L-NAME 
provide support for the concept that cGMP levels may be 
regulated by the tonic release of EDRF/NO and that ace- 
tylcholine and bradykinin may dilate the pulmonary vas- 
cular bed at least in part by enhancing the release of 
EDRF/NO from the endothelium and elevating cGMP 
levels in resistance vessel elements. 

In summary, the present data demonstrate that the 
arginine analogue L-NAME, which inhibits NO synthesis 
in vitro, increases systemic arterial pressure and pulmo- 
nary vascular resistance in the intact-chest cat. L-NAME 
reduced vasodilator responses to acetylcholine and bra- 
dykinin but not to endothelium-independent vasodila- 
tors that decrease vascular resistance by a variety of 
mechanisms. These data suggest that L-NAME is a se- 
lective inhibitor of EDRF/NO synthesis in the pulmo- 
nary vascular bed of the cat and that continuous tonic 
release of NO serves to maintain the pulmonary vascular 
bed of the cat in a dilated state. 
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