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ABSTRACT:  The present study was designed to investigate the contribution of the
endothelium and that of the L-arginine pathway on the contractile responses of iso-
lated human pulmonary arteries to electrical field stimulation (EFS) and nor-
adrenaline.

Isometric tension was measured in artery rings obtained from portions of human
lung after thoracic surgery for removal of lung carcinoma (18 patients).

Electrical field stimulation (EFS) induced frequency-dependent contractions of
isolated human pulmonary arteries which were abolished by tetrodotoxin, guan-
ethidine and prazosin (all at 10-6 M).  The increases in tension were of greater mag-
nitude in arteries denuded of endothelium.  NG-nitro-L-arginine methyl ester (L-NAME)
(10-4 M) potentiated the contractile response to EFS in artery rings with endothe-
lium but not in endothelium-denuded arteries.  The potentiation induced by L-NAME
was completely reversed by L-arginine (10-4 M) but not by D-arginine (10-4 M).
Indomethacin (3×10-6 M) had no significant effect on the contractile response to
EFS.  Contractile responses to noradrenaline were similar in arteries with and with-
out endothelium.

Our results suggest that electrical field stimulation releases endothelium-derived
nitric oxide, which inhibits the contractile responses of human pulmonary arteries.
Although adrenergic nerves seem to be responsible for the contraction, the trans-
mitter involved in the release of nitric oxide does not appear to be noradrenaline.
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Nitric oxide (or a substance containing nitric oxide)
synthetized from L-arginine plays a decisive role in the
responses of vascular smooth muscle to a variety of stim-
uli [1–3].  Removal of the endothelium produces a sig-
nificant increase in the contractile response to adrenergic
stimulation of arteries from various animal species [4,
5], including man [6].  The inhibitory effect of endothe-
lium on the contractile response to adrenergic nerve stimu-
lation seems to be due to the release of nitric oxide from
endothelial cells [6–8].  A direct release of nitric oxide
from perivascular nerve endings or from smooth muscle
cells has also been considered [9, 10]. 

With regard to human systemic arteries, recent experi-
ments suggest that the presence of intact endothelial
cells is a prerequisite for the release of nitric oxide dur-
ing adrenergic nerve stimulation [6, 11].  Whether the
interaction of nitric oxide with adrenergic nerve-mediated
responses can be extrapolated to human pulmonary ar-
teries remains to be determined.  Control mechanisms
of pulmonary circulation differ in several aspects from
those present in the systemic circulation [12, 13].  Hence,
the present study was designed to evaluate the contrac-
tile response of isolated human pulmonary arteries to
electrical stimulation and exogenous noradrenaline.  Obser-

vations were made in the presence and absence of endothe-
lium and after exposure to NG-nitro-L-arginine methyl
ester (L-NAME), an inhibitor of nitric oxide synthase
[14].

Methods

Lung segments were obtained from 18 male patients
(mean age 67±3 yrs) undergoing thoracic surgery for
removal of lung carcinoma.  The study was approved by
the Ethics Committee of our institution and informed
consent was obtained from each patient before the study.
After the resection, the samples were placed into physio-
logical salt solution (NaCl 0.9%), kept on ice and trans-
ported back to the laboratory.  Segmental and subsegmental
pulmonary arteries were dissected free and placed in
chilled Krebs-Henseleit solution.  Arterial rings (3 mm
in length and 2–3 mm in outside diameter) were cut for
isometric recording of tension.  In approximately 50%
of the artery rings the endothelium was removed mecha-
nically by inserting a stainless-steel wire into the lumen
and gently rolling the rings on wet filter paper.  This
procedure removed more than 90% of the endothelial
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cells, as observed from silver-stained whole-mount sec-
tions for light microscopy [15].  Functional integrity of
the endothelium was confirmed routinely by the pres-
ence of relaxation induced by acetylcholine (10-7 to 10-6 M)
during contraction obtained with histamine (3×10-5 M).

Each artery ring was set up in a 4 mL bath contain-
ing modified Krebs-Henseleit solution of the following
millimolar (mM) composition: NaCl 115; KCl 4.6;
MgCl2.6H2O 1.2;  CaCl2 2.5;  NaHCO3 25;  glucose 11.1;
and disodium ethylenediamine tetraacetic acid   (EDTA)
0.01.  The solution was equilibrated with 95% O2 and
5% CO2 to give a pH of 7.3–7.4.  Temperature was main-
tained at 37°C.  To establish the resting tension for maxi-
mal force development,  a series of preliminary experiments
were performed on artery rings of similar length and
outer diameter, which were exposed repeatedly to 60
mM KCl.  Basal tension was increased gradually until
contractions were maximal.  The optimal resting tension
was 2–3 g.  The vessels were allowed to attain a steady
level of tension during a 2 h accommodation period be-
fore testing.

Electrical field stimulation (EFS) was provided by a
Grass S88 stimulator (Grass Instruments, Quincy, USA)
via two platinum electrodes positioned on each side and
parallel to the axis of the vascular ring.  Stimulation
parameters used were 4, 8 and 16 Hz, 15 V, 0.25 ms
duration, for 30 s.  To assess the nature of the contrac-
tile response, the vessel rings were stimulated before and
after exposure to tetrodotoxin, guanethidine or prazosin
(all at 10-6 M), following the procedure described pre-
viously [6, 7].

After an initial set of stimulations, the vessel rings
were incubated with L-NAME (10-4 M) for 10 min and
a second set of stimulations was given.  The third set of
stimulations was given after a 10 min incubation with L-
arginine or D-arginine (10-4 M) of rings previously ex-
posed to L-NAME.  As a control (n=6; a=9), three
consecutive sets of stimulation were given at identical
intervals.  Less than 10% variability in the magnitude of
electrical stimulation-induced contractions was observed
for a given ring during three consecutive sets of control
stimulations.  To assess the possible intervention of endo-
genous prostaglandins on the neurogenic contraction,
electrical stimulation was applied before and 10 min
after the addition of 3×10-6 M indomethacin in the organ
bath.  At the end of each series, tetrodotoxin (10-6 M)
was added and electrical stimulation repeated to confirm
the neurogenic nature of the contraction.

Concentration-response curves for noradrenaline were
determined from separate artery preparations with and
without endothelium.  Concentrations of noradrenaline
producing half-maximal contractions (EC50) were deter-
mined from individual concentration-response curves
by nonlinear regression analysis, and from these values
the geometric means were calculated [16].

The following drugs were used:  acetylcholine chloride,
noradrenaline hydrochloride, indomethacin, tetrodo-
toxin, guanethidine, NG-nitro-L-arginine methyl ester,
L-arginine hydrochloride, D-arginine hydrochloride, his-
tamine dihydrochloride (Sigma Chemical Co., St. Louis,
MO, USA) and prazosin (Pfizer, Kent, UK).  Drugs were

prepared and diluted in distilled water except for indome-
thacin, which was dissolved in absolute ethanol and sodi-
um bicarbonate solution (150 mM) and readjusted to pH
7.4 with HCl prior to use.  Drugs were added to the
organ bath in volumes of <70 µL.  Stock solutions of
the drugs were freshly prepared every day.

The contractile response is expressed as a percentage
of the maximal tension developed by 60 mM KCl by
each preparation.  Results are expressed as means±SEM.
The results were evaluated statistically by means of paired
or unpaired Student's t-test or one-way analysis of vari-
ance.  A probability value of less than 0.05 was con-
sidered to be significant.

Results

EFS induced frequency-dependent contractions in
human pulmonary artery rings which were abolished by
10-6 M tetrodotoxin (number of subjects (n)=8; number
of arterial rings (a)=20), a neurotoxin, 10-6 M guanethi-
dine (n=2; a=5), a sympathetic neuron blocker, or 10-6

M prazosin (n=2; a=6), an α1-adrenoceptor antagonist
(fig. 1).  These results indicate that increases in tension
were due to the release of noradrenaline from adrener-
gic nerves acting on α1-adrenoceptors.

The contractile responses were of greater magnitude
in arteries without endothelium (fig. 2).  The increased
contraction observed in vessels without endothelium
does not reflect a nonspecific effect on smooth muscle,
since the contractile response to KCl (60 mM) was simi-
lar in intact (n=6; a=15) and denuded (n=6; a=15) rings
(1,758±217 versus 1,605±223 mg; p>0.05).  Arteries
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Fig. 1.  –  Sections of experimental records showing contractile effects
of electrical field stimulation on human pulmonary artery in the absence
and in the presence of tetrodotoxin (10-6 M), guanethidine (10-6 M) or
prazosin (10-6 M).  Tracings are representative of various artery rings
from different patients.  In all cases, the differences of the responses
before and after treatment were statistically significant (p<0.05).



exposed to L-NAME (10-6 to 10-4 M) did not show sig-
nificant changes in resting tension as compared to arter-
ies incubated with Krebs-Henseleit solution (increment
in resting tension was <50 mg;  p>0.05).  However, L-
NAME (10-4 M) significantly enhanced the EFS-induced
contractile responses of artery rings with endothelium
but did not influence contractile responses of endothelium-

denuded arteries (fig. 2).  The potentiation induced by
L-NAME in arteries with endothelium was completely
reversed by L-arginine (10-4 M), but not by an identical
concentration of D-arginine.  To test whether prostaglan-
dins are involved in the contractile response to EFS,
artery rings were stimulated before and after treatment
with the cyclooxygenase inhibitor indomethacin (3×10-6

M).  Contractile responses to EFS of these artery rings
were unaffected (p>0.05) after indomethacin treatment
(results not shown).

Cumulative application of noradrenaline produced con-
centration-dependent increases in tension.  The EC50 was
similar in arteries with (n=4;  a=14) and without (n=4;
a=13) endothelium (1.4×10-6 vs 1.8×10-6 M;  p>0.05)
(fig. 3).

Discussion

The main findings of the present study can be sum-
marized as follows:  1) removal of endothelium pro-
duces a significant increase in the contractile response
of human pulmonary arteries to electrical field stimu-
lation;  2) the nitric oxide inhibitor L-NAME augment-
ed neurogenic contractile responses in arteries with
endothelium but not in endothelium-denuded arteries;
and 3) the potentiation induced by L-NAME was rev-
ersed by L-arginine (the precursor of nitric oxide pro-
duction) but not by its inactive isomer D-arginine.  These
findings suggest that nitric oxide from endothelial cells
is responsible for the depressant influence of endothe-
lium on the neurogenic-induced contraction, and agree
with previous observations in guinea-pig and rabbit pul-
monary arteries [7, 10].  In some vessels [9] as well as
in other tissues [17, 18], nitric oxide might be directly
released from perivascular nerve fibres as a transmitter
to counteract neurogenic contractions.  However, in the
present experiments, L-NAME did not potentiate neu-
rogenic contractions of endothelium denuded arteries,
thus suggesting that nitric oxide is derived mainly from
endothelial origin.  Vasodilator prostaglandins appar-
ently do not modulate the contractile response to elec-
trical field stimulation,  since the cyclooxygenase inhibitor
indomethacin had no effect on this response.

The augmentation of neurogenic responses by endothe-
lium removal or L-NAME treatment does not appear to
be associated with the adrenergic neurotransmitter.  The
evidence for this is that the endothelium-mediated inhi-
bition was observed in response to electrical field stimu-
lation but not to noradrenaline.  As postulated in previous
reports [7, 19], it is possible that during nerve stimula-
tion other transmitters are released and induce nitric oxide
production by endothelial cells, thus leading to partial
inhibition of contraction.  It could be argued that the
thickness of the arterial wall may prevent neurotransmit-
ters from reaching the endothelial cell layer.  However,
in perfused rabbit ear arteries, it has been reported that
a few seconds after perivascular administration of [3H]
acetylcholine, a considerable amount of the labelled amine
was recovered in the vessel lumen, and radioautography
revealed an accumulation in the endothelial layer [20].
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Fig. 2.  –  Contractile effects of electrical field stimulation in artery
rings with (+E) (n=7; a=20) and without (-E) (n=4; a=12) endotheli-
um.  After an initial set of stimulations, rings were stimulated in the
presence of 10-4 M L-NAME.   In arteries with endothelium L-arginine
(10-4 M) (n=4; a=12) or D-arginine (10-4 M) (n=3; a=8) was applied
and the stimulation was repeated.  *: p<0.05, compared with control
rings with endothelium.  Results are expressed as percentage of the
contraction developed by 60 mM KCl by each preparation.  Values
are presented as mean±SEM shown by vertical bars.       : control;       :
L-NAME;     : L-NAME+L-arginine;     : L-NAME+D-arginine; L-
NAME: NG-nitro-L-arginine methyl ester; n: number of subjects; a:
number of arterial rings.

80

60

40

20

0
8 7 6 5 4

Te
ns

io
n 

 %
 o

f 6
0 

m
M

 K
C

l

Noradrenaline   -log M
Fig. 3.  –  Concentration-response curves for noradrenaline determined
in artery rings with (●) (n=4; a=14) and without (❍) (n=4; a=13) endo-
thelium.  Results are expressed as percentage of the contraction devel-
oped by 60 mM KCl by each preparation.  Values are presented as
mean±SEM shown by vertical bars.  n: number of subjects; a: number
of arterial rings.
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Furthermore, COHEN and WEISBROD [21], using rabbit
carotid arteries, demonstrated that after stimulation of
adrenergic nerve terminals labelled with [3H] noradren-
aline, 20% of the released radioactivity overflowed into
the luminal side of the vessel.

The effects of noradrenaline on human pulmonary ar-
teries do not appear to be modulated by the release of
nitric oxide, since noradrenaline response curves were
similar in arteries with and without endothelium.  This
pattern of endothelium-independent responses has also
been shown for vasopressin and endothelin in human
cerebral and mesenteric arteries [22–24].  From these
results, it can be concluded that under the present experi-
mental conditions the stimulation of adrenoceptors or the
increase in smooth muscle tone caused by noradrenaline
does not trigger the release of nitric oxide.

It has been reported that a continuous basal release of
nitric oxide from vascular endothelium modulates res-
ponses in various vascular beds [7, 25].  It appears likely
that inhibition of this nitric oxide release by L-NAME
would increase basal smooth muscle tone [25, 26].  In
the present experiments, L-NAME did not increase rest-
ing tension of pulmonary arteries, thus confirming pre-
vious reports in human and rat pulmonary arteries [27],
and in human mesenteric arteries [6].  Nevertheless, the
possibility of basal release of nitric oxide in the absence
of contractile effects in response to L-NAME cannot be
totally excluded in the present experiments.

In conclusion, the results indicate that endothelial cells
of human pulmonary arteries depress the contractile
response to electrical field stimulation of intramural nerves
by a mechanism involving the release of nitric oxide
from these cells.  Although adrenergic nerves appear to
be responsible for the contractile response, the agent
causing the release of nitric oxide does not appear to be
noradrenaline.  These observations may have clinical
implications.  In conditions in which disruption of the
endothelium or inhibition of nitric oxide synthesis take
place, such as in pulmonary hypertension and in chron-
ic lung disease [28, 29], sympathetic tone and, hence,
pulmonary vascular resistance may be increased.
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