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ABSTRACT: Bradykinin has an important role in asthma pathogenesis, but its site of
action is unclear. It was previously reported by the authors that bradykinin causes a
dose±dependent reduction in dynamic compliance but little change in total lung
resistance. This suggested that bradykinin may have a preferential effect in the dis-
tant lung. The purpose of the current investigation was to better characterize the
effects of bradykinin on pulmonary resistance in rodents and explore the role of nitric
oxide release in modulating the effect of bradykinin.

Airway constriction was induced in the rats by aerosol administration of bradyki-
nin with or without treatments with the inhaled bradykinin-2 receptor antagonist,
Hoe 140 or the nitric oxide synthase inhibitors NG-nitro-L-arginine methylester or NG-
monomethyl-L-arginine. Total lung resistance was partitioned into tissue and airway
resistance by using the alveolar capsule method.

Bradykinin induced a significant increase in both resistances. Hoe 140 abolished
the response to bradykinin. The nitric oxide synthase inhibitors enhanced the bron-
choconstricting response.

In conclusion, the bradykinin response in the rats was not only localized to con-
ducting airways but also involved a relatively selective tissue reaction. Bradykinin-
induced bronchospasm in the rat is solely due to activation of bradykinin-2 receptor.
Further, it was shown that nitric oxide significantly modulates the bronchospasm
caused by bradykinin, suggesting that nitric oxide is an important modulator of air-
ways responsiveness to bradykinin.
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Bradykinin is a nine amino acid peptide that has a
number of properties appropriate to an inflammatory me-
diator of asthma [1]. Potentially, bradykinin has an impor-
tant role in asthma pathogenesis based on several lines of
evidence. Firstly, asthmatic patients have elevated kinin
concentrations in plasma, as well as nasal and broncho-
alveolar lavage fluid after antigen challenge [2]. Of parti-
cular interest is the observation that inhaled bradykinin
causes bronchoconstriction in asthmatic subjects but not
in normal subjects [3]. In addition, the authors have previ-
ously shown that, in the rat, bradykinin was necessary but
not sufficient for the increase in airways responsiveness
caused by cationic proteins [4]. A recent study by RIC-

CIARDOLO et al. [5] in humans shows that the nitric oxide
inhibitor NG-monomethyl-L-arginine (L-NMMA) enhances
the response to inhaled bradykinin in humans, suggesting
that the airway responses to bradykinin is significantly
modulated by nitric oxide.

The authors have previously shown that, in the rat,
bradykinin was a poor bronchoconstrictor and only caused
significant changes in dynamic compliance [4]. Changes
in dynamic compliance suggest a peripheral site of action
for bradykinin, and further, it would make bradykinin a
unique bronchoconstrictor in this regard [6, 7]. It has also
been shown that bradykinin elicits NO release in the air-
ways of animals, which can modulate airways smooth

muscle function [8±13]. The purpose of the current inves-
tigation was firstly to better describe the site of action of
bradykinin in the lung and secondly, to explore the role of
nitric oxide release in modulating the bradykinin effects.
It was postulated that the relatively weak bronchoconstric-
tion observed with bradykinin compared to methacholine
might be explained by either site of action in the axial di-
mension along the airway tree or intrinsic NO formation,
which would counteract the airways response to bradykinin.

Methods

Male Sprague-Dawley rats free of common pathogens
were obtained. Sixty-six animals, 20±30 weeks old, weigh-
ing 305.4�11.2 g (mean�SEM) were used in this study.
Studies were performed under an institutionally approved
protocol and follow the Animal Welfare Act of 1984.
Pentobarbital sodium (70 mg.kg-1) was injected intraperi-
toneally to achieve adequate anaesthesia. Maintenance of
anaesthesia was achieved with additional doses of pento-
barbital, equivalent to one-third of the initial dose, and
were given on a regular basis.

A snugly fitted tracheal cannula (PE-240: 1.67 mm
i.d., 2.42 o.d. and 25 mm in length; Clay Adams, Parsip-
pay, NJ, USA) was placed into the trachea following a
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tracheostomy. The rats were mechanically ventilated with
a volume ventilator (model 683; Harvard Apparatus, South
Natick, MA, USA) with a tidal volume of 10 mL.kg-1,
60 breaths.s-1, and at a positive end-expiratory pressure
(PEEP) of 0.49 kPa. A femoral venous line was placed for
fluid administration, and intravenous saline was admini-
stered at a rate of 1.5 mmol.min-1. To prevent cooling of
the body, the rats were then placed on a warming pad. A
heated pneumotachograph (model 8410; Hans Rudolph,
Kansas City, MO, USA) was attached to one end of the
tracheal tube to measure airflow. The pressure across the
two parts of the pneumotachograph was measured with a
differential pressure transducer (MP-45; �0.196 kPa, Vali-
dyne Engineering Co, North Ridge, CA, USA). The resist-
ance of the tracheal cannula was linear up to flow rates of
256.5 mmol.min-1, determined to be 3.92 kPa.L.min-1 and
subtracted so that the reported results represented intrinsic
resistance. Volume was obtained by digital integration of
the signal from the pneumotachograph.

As previously described [6, 7, 14] an alveolar capsule
was used to measure regional alveolar pressure (PA). Brief-
ly, an alveolar capsule was made out of the distal extrem-
ity of a 3-mL syringe. The thorax was split open, widely
retracted by means of a midline sternotomy. The flat sur-
face of the alveolar capsule was glued to the pleural surface
using cyanoacrylate glue (Super Glue, Loctite, Cleveland,
OH, USA). The pleura was then punctured with an elec-
trocautery needle to measure PA.

The validity of the pressure measurement from the al-
veolar capsule method was confirmed for each experiment
using the following criterion. If PA was behind a closed
airway, the PA may remain unchanged or even fall as lung
volume increases. Another situation is where air leaks
around the capsule or blood within the alveoli diminished
the amplitude of the PA swing compared to airway open-
ing pressure (Pao). The criteria used in this study are: 1)
the magnitude of the PA swing matches the tracheal pres-
sure (Ptr) swing during slow tidal ventilation; 2) lung
elastance (EL) estimated from Ptr is within 10% of that
estimated from PA; and 3) tissue resistance (Rti) as deter-
mined from two alveolar capsules is within 15% of each.
If all three criteria were met, the capsules were considered
to be successfully installed. The alveolar capsule patency
was ascertained every 300 s. A 12% failure rate was expe-
rienced: these data were not reported.

Bradykinin (Sigma Chemical Co., St. Louis, MO, USA)
was stored desiccated at -208C. A stock solution of 10
mg.mL-1 in saline was prepared fresh on the day of study,
and serial dilutions were made with bacteriostatic, buff-
ered 0.9% saline. Control nebulizations were performed
using the same saline. Baseline measurement were obtain-
ed after surgical preparation, a stable ventilation pattern
was established, and leaks (end-inspiratory breath hold-
ing) were evaluated. A total lung inflation (peak inspira-
tory pressure of 1.96 kPa) was performed twice so as to
standardize volume history. After a 120-s stabilization
period, baseline recordings (30 s in duration each at a
PEEP of 0.49 kPa) were sampled three times 300 s apart.

Protocols

Bradykinin challenge. Rats were challenged with aero-
sols of bradykinin with the following method. The nebu-
lizer system was switched into the inspiratory arm of the

ventilatory circuit. An aerosol was generated by an ul-
trasonic nebulizer that produces particles with a mean
aerodynamic diameter of 3.0 mm (Porta-Sonic model
8500C,: DeVilbiss Health Care, Somerset, PA, USA)
and delivered into the airway for 30 s at a flow rate of
8.91 mmol.min-1. Baseline measurements were followed
by aerosolized 0.9% saline and serial administration of
progressive half-log increment concentrations of aero-
solized bradykinin ranging 0.1±10.0 mg.mL-1 or until a
maximum increase in total lung resistance (RL) was
observed. When there was no obvious reaction to chal-
lenge, measurements were taken 300 s after an aero-
solization. After observing a constrictor response,
subsequent doses were not administered until resistance
and elastance had returned to within 10% of baseline on
two consecutive readings. A total lung inflation was
performed before each aerosol delivery to standardize
lung-volume history. During the course of the experi-
ment, Ptr was continuously monitored. From these data,
bradykinin dose±response curves were assembled.

Bradykinin-2 receptor blockade. The response of the
airways to bradykinin was determined after airway
inhalation of a specific b2-receptor antagonist, Hoe 140.
Hoe 140 (0.1, 1.0, 10 nmol, for each n=6) treatments
were accomplished by aerosol delivery through the en-
dotracheal tube. An aerosol was generated by the same
ultrasonic nebulizer and delivered into the airway for 30
s at a flow rate of 8.91 mmol.min-1 before 30 min ex-
posure to aerosolized bradykinin.

Nitric oxide synthase blockade. The nitric oxide syn-
thase (NOS) inhibitors, NG-nitro-L-arginine methyl ester
(L-NAME) or L-NMMA were employed to antagonize
the ability of NOS to generate NO. L-NAME or L-
NMMA or saline sham treatments were administered as
follows. After an equilibration period of 120 s, the rat
inhaled 10 breaths of an aerosol containing: 1) L-NAME
(either 1.2 or 2.4 mmol), 2) L-NMMA (either 1.2 or 2.4
mmol) or 3) saline. This procedure was repeated every
300 s for 30 min (total of 60 breaths). A bradykinin
dose±response curve was then determined. Five groups
of animals were studied: a saline vehicle group (n=6);
two doses of L-NAME of 1.2 (n=6) mmol and 2.4 (n=6)
mmol; and two doses of L-NMMA of 1.2 (n=6) mmol
and 2.4 (n=6) mmol.

Bradykinin, L-NAME, and L-NMMA were purchased
from Sigma Chemical Co. and prepared in saline. Hoe 140
was synthesized in the pharmaceutical department of
Hoechst-Roussel Pharmaceuticals and was kindly donated
by K.J. Wirth (Frankfurt, Germany). Hoe 140 was freshly
dissolved each day in saline.

Data analysis and calculations

RL and EL were calculated during mechanical ventila-
tion using the following equation:

Ptr (t) = V ' (t) 6 RL + V (t) 6 EL + K.

where Ptr (t) is the tracheal pressure, V ' (t) the flow, V (t)
the volume, and K a constant whose value is estimated by
multiple linear regression. RL, EL and K were calculat-
ed by multiple linear regression fitted breath-by-breath.
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Rti was calculated during mechanical ventilation for each
PA by multiple linear regression from the following
equation:

PA (t) = V ' (t)6 Rti + V (t)6 EL + K.

Airway resistance (Raw) was calculated by subtracting
Rti from RL, i.e.

Raw = RL - Rti

The values of RL and Rti were accepted only if the val-
ues of EL obtained from PA-Pao or Pao-atmospheric pres-
sure (Patm) were similar (�10%), and the K from PA-Pao

pressure drop and K from Pao-Patm pressure drop were
similar as well as similar to (�10%) the real value of
PEEP (i.e. 0.49 kPa PEEP). The provocative concentration
causing a 150% increase in values from baseline (PC150)
was obtained through linear interpolation of the response
plotted on a log scale and used as an index of airway
hyperresponsiveness. The provocative concentrations of
bradykinin required to increase RL, Rti, Raw and EL to
150% relative to baseline (PC150,RL, PC150,Rti, PC150,Raw,
PC150,EL repectively) were obtained. Further, the relative
constriction of airways and tissues at a given RL (Raw/RL

and Rti/RL) were calculated. Data are shown as the mean�
SEM or, in the case of the PC150 data, the data is presented
as a geometric mean.

Statistical methods

Comparison of physiological parameters among groups,
as a function of dose was performed by a two-factor
factorial, repeated measurement of analysis of variance
(two-factor factorial ANOVA). Comparisons between two
samples were performed using unpaired t-tests. Statistical
significance was assumed if p<0.05.

Results

Baseline mechanics and airways response to bradykinin

Table 1 presents the baseline values for the various
mechanical parameters between the various study groups.
There are no significant differences (unpaired t-test with
Bonferoini correction) between the various treatment
groups in the baseline measurements of lung mechanics.

As presented in figure 1, in these artificially ventilated
animals, bradykinin caused a significant (ANOVA; p<

0.01) increase in RL, EL, Raw and Rti. Although the per-
centage increase in Rti is the largest observed change, the
proportion of Rti to RL is only about 14% and so the con-
tribution of Rti to RL is small. Accordingly, the rise in RL

only just achieves a 150% change from baseline at the
highest dose of bradykinin inhaled.

Role of bradykinin-2 receptors

If treated prior to the inhalation of bradykinin with a
specific bradykinin-2 receptor antagonist (Hoe 140), the
response to bradykinin can be inhibited (fig. 2). In this
system, this antagonist is very potent and was very effec-
tive even at the lowest dose (0.1 mmol) used. Indeed, at
the highest dose of Hoe 140, there is virtually no response
to bradykinin. It appears that the Rti response is slightly
resistant to the effects of this antagonist.

Comparison of bradykinin responsiveness to methacho-
line

When contrasted to the airways response to metha-
choline (fig. 1, and 3 and table 2), there are some apparent
differences in response. Bradykinin appears to be less
potent in increasing RL than methacholine as the PC150

is lower (methacholine 4.08 mmol.L-1 versus bradykinin
4.72 mmol.L-1). Moreover, methacholine induces a much
larger response in the Rti than Raw as the ratio of Rti/RL is
0.46�0.11 for methacholine in contrast to 0.26�0.09 for
bradykinin when compared at the same absolute RL (19.6
kPa.L.min-1) (fig. 3). At this point in the dose±response
curve, the changes in RL, Raw and EL are similar, whereas
Rti is significantly lower, as shown in table 2.

Table 1. ± Baseline lung mechanics data

Treatment n RL

kPa.L-1.s
EL

kPa.L-1
Raw

kPa.L-1.s
Rti

kPa.L-1.s

Saline 6 13.7�0.98 125.4�8.8 10.8�0.98 1.96�0.98
Hoe 140 6 12.7�0.98 128.4�7.8 10.8�0.98 1.96�0.98
L-NAME 6 14.7�0.98 154.8�7.8 13.7�0.98 1.96�0.98
L-NMMA 6 13.7�0.98 124.5�8.8 12.7�0.98 1.96�0.98

Value are presented as means�SEM. L-NAME: NG-nitro-L-argi-
nine-methyl ester; L-NMMA: NG-monomethyl-L-arginine; RL:
pulmonary resistance; EL: pulmonary elastance; Raw: airway
resistance; Rti tissue resistance.
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Fig. 1. ± Dose±response relationships of partitioned pulmonary resist-
ance to a) methacholine and b) bradykinin. Using alveolar capsules the
pulmonary resistance (RL) is positioned in an airways (Raw) and tissue
component (Rti). Bradykinin causes similar changes in Rti but less of a
charge RL and Raw response than methacholine, see text for further
details. Data (mean�SEM) are expressed as a percentage change from the
baseline plotted against the log dose of inhaled agonist. h : RL; s : Raw;
e : Rti; D : lung elastance (EL). (n=6 for each agonist.)
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Modulating the effect of nitric oxide on airways res-
ponse to bradykinin

Figures 4 and 5 present the effects of two different
inhibitors of NOS on airways response to inhaled brady-
kinin. Figure 4 shows the effect of L-NAME on brady-
kinin-induced bronchoconstriction at two different doses,
1.2 and 2.4 mmol. The lower dose of L-NAME (1.2
mmol) did not change the responsiveness measured with
RL, EL or Raw. However, the Rti response was sig-
nificantly (ANOVA p<0.05) increased, but the RL res-
ponse was only slightly shifted left (fig. 4a) because Rti is
such a small component of RL. At the higher dose of L-
NAME, all four parameters were significantly (RL, EL

and Rti p<0.01 and Raw p<0.05) shifted leftward.
In figure 5, the modulating effects of L-NMMA on bra-

dykinin-induced airway constriction are presented. Similar
to L-NAMA, the higher dose appears to be more effective

than the lower dose in enhancing the bronchospastic effect
of bradykinin. However, there are some differences be-
tween the two inhibitors. L-NAME when compared to L-
NMMA appears to be more effective in enhancing the Raw

and hence, the RL response.
When airways responsiveness is expressed as a PC150

(table 3), the shifts in the dose response to bradykinin
are significant and very similar for both L-NAME and L-
NMMA. As measured by PC150, the fold increases in
responsiveness to inhaled bradykinin ranged 2.7 (RL) to
9.5 (EL).

To determine whether the less potent response of the
lung to bradykinin than methacholine (especially Rti) could
be accounted for by a modulating role of NO, the Rti/
Raw responses were compared at equivalent increases in
RL (19.6 kPa.L.min-1) as shown in figure 6 and table 4.
Even though L-NMMA and L-NAME were found to en-
hance the bradykinin response (fig. 4 and 5) at equivalent
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changes in total pulmonary resistance, the proportion of
total resistance contributed by tissue resistance still rem-
ains small and significantly different from that observed
with methacholine.

Discussion

The results of the current study demonstrate that inha-
led aerosols of bradykinin cause a dose-dependent bron-
choconstriction in the rat. It was found that the increase in
the tissue response is greater than the airways response,
showing an axial inhomeogeneity of the response of the
airways to bradykinin especially when compared to the
airways response to methacholine. As the tissue resistance
contribution to total pulmonary resistance is small in the
rat, this accounts for the less impressive bronchospasm to
bradykinin when compared to inhaled methacholine. As
the response in the lung periphery may be due to different
mechanisms than an airways response and that this might
be mediated by different subclasses of receptors, the ef-
fects of a specific b2 antagonist (Hoe 140) were explored.
It was found that this antagonist totally abolished the
bradykinin response. As it is well known that bradykinin
elicits NO formation [11, 13], the possible modulatory
activity of NO on the bradykinin response in the airways
was explored. It was found that NO formation blockade as
achieved with either of the L-arginine analogues, L-NAME
and L-NMMA enhanced the bronchoconstriction caus-
ed by inhaled bradykinin. However, even without the

modulatory effect of NO, the bronchospastic response to
bradykinin is still not as marked as that observed with
methacholine. These data suggest that bradykinin causes
bronchospasm preferentially in the distal lung; and solely
through the activation of bradykinin-2 receptors. Further,
it was also shown that NO functions to ameliorate brady-
kinin response in the lung.

BARNES [1] has reviewed the current evidence that
bradykinin is likely to be involved in asthma pathogenesis.
There are two major lines of evidence that implicate a
role for bradykinin. Firstly bradykinin elicits many patho-
physiological reactions consistent with those observed in
asthma. For instance, bradykinin causes bronchospasm,
vascular leakage and mucus gland secretion. The action of
bradykinin is often indirect as bradykinin causes the re-
lease of tachykinins with subsequent activation of C-fibres
[15] or modulates neural responses [16] that in turn cause
end-organ changes. Most importantly, bradykinin is known
to cause smooth-muscle contraction, albeit weakly, and
increases pulmonary resistance in animals [11±13, 16] and
humans [3, 5]. The second line of evidence for an in-
volvement of bradykinin is a compelling finding of ele-
vated kinin levels in nasal and broncholavage fluid after
antigen challenge in animals [17] and in particular, hu-
mans [2]. Finally, it has been recently demonstrated in
adult patients with chronic asthma that 4 weeks' treat-
ment of bradykinin-2 receptor antagonist (Hoe 140) led
to a dose-dependent improvement in objective pulmonary
function tests (e.g. forced expiratory volume in one sec-
ond and peak expiratory flow rate) started between weeks

Table 2. ± A comparison of bradykinin to methacholine for tissue resistance (Rti) and airway resistance (Raw) responses
when compared at similar increase change in pulmonary resistance (RL)

Treatment RL

% change
EL

% change
Raw

% change
Rti

% change

Methacholine (10.2 mmol.L-1) 160.5�10.9 143.7�20.6 140.7�11.9 376.4�47.1
Bradykinin (9.4 mmol.L-1) 151.7�15.4 169.8�23.2 139.8�11.6 229.3�32.3*

Value are presented as means�SEM as determined at the dose of agonist that increased RL to 19.6 kPa.L-1.s. EL: pulmonary elastance; *:
p<0.05 (unpaired t-test) versus saline.
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1 and 2, gradually increased until the end of active treat-
ment and slowly decreased during the placebo run-out
phase, suggesting an anti-inflammatory effect of the brady-
kinin-2 receptor antagonist in asthma [18].

In a previous investigation by the present authors [4]
it was observed that bradykinin was a weak bronchocon-
strictor as a PC150 for RL could not be consistently determi-
ned. As a consequence, in that study, the fall in dynamic
compliance was needed to assess the effectiveness of a
bradykinin antagonist. This finding suggested to the aut-
hors that the site of action of bradykinin might be local-
ized axially to the peripheral lung, and it was wondered
whether bradykinin might be selective for a response in
the parenchyma. In support of this idea, the study of MAK

and BARNES [19] using autoradiography localized bradyki-
nin-2 receptors to the endothelium, epithelial cells, nerves
and peripheral airways smooth muscle. In addition, a par-
ticularly high concentration of receptors were observed
within the alveolar wall. The results from the current in-
vestigation show that functionally, bradykinin caused an
increase in the tissue response, but also a weaker airways
response, consistent with the known axial distribution of
bradykinin receptor.

Since determining the peptide sequence of bradykinin
in 1960, [1] a number of analogues have been synthesized
in order to develop specific and effective bradykinin anta-
gonists. Bradykinin receptors have at least two recognized
subclasses. The bradykinin-1 type of receptors for kinins
are selective and sensitive to fragments of kinins without
the C-terminal arginine (e.g. des-Arg9-bradykinin and Lys-
des-Arg9-bradykinin, also called des-Arg10-kallidin), and
are found in rabbit isolated blood vessels [1]. Bradykinin-
2 receptors, where bradykinin is the most potent agonist
[1] appears to mediate the vast majority of lung responses.
A third subclass of bradykinin receptors, the bradykinin-3
receptor, has been identified by FARMER et al. [20] in the
airways smooth muscle of guinea-pigs as there was a
residual response following bradykinin-2 blockade. The
current study utilized Hoe 140, a bradykinin analogue
with increased stability, specificity and potency for the
bradykinin-2 receptor [21, 22]. This bradykinin antagonist
was very potent in blocking the bronchospasm caused by
the inhalation of bradykinin (fig. 2), where the Rti was
slightly more resistant to blockage. This finding confirms
that bradykinin-induced bronchospasm is entirely medi-
ated via the bradykinin-2 receptor and does not support a
role for other bradykinin receptor subclasses in mediating
bronchospasm in this species.

As it is known that 1) bradykinin stimulates NOS acti-
vity [11±13, 23, 24]; 2) nonadrenergic inhibition, which
is often ascribed to NO, is modulated via bradykinin-2
receptors [16]; and 3) bradykinin is a less potent bron-
choconstrictor [4], the possibility that NO modulates the
bradykinin response was explored. NOS produces gase-
ous NO from the amino acid precursor L-arginine and, in
the rat, has been spatially localized to nerves and epithe-
lium. [11, 16, 23, 24]. To explore the role of NO in modu-
lating the bronchoconstrictor response to bradykinin, two
different inhibitors of NOS: L-NAME and L-NMMA were
employed. It was found that both L-arginine analogues
L-NAME (fig. 4) and L-NMMA (fig. 5) increased the res-
ponse to inhaled bradykinin. Also, whereas the shift in the
PC150 (table 3) is very similar between the agents, a
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resistance, b) lung elastance, c) airway resistance, and d) tissue resistance. Data (mean�SEM) are expressed as a percentage change from baseline plotted
against increasing concentration of inhaled bradykinin. Data are from groups of n=6. Two doses of L-NMMA were used: 1.2 mmol (e) and 2.4 mmol
(s). h : baseline {: p<0.5; **: p<0.01, ANOVA.

Table 3. ± Provocative concentrations of bradykinin foll-
owing treatment with L-NAME (2.4 mmol) or L-NMMA (2.4
mmol)

Treatment n PC150, RL

mg.mL-1
PC150, EL

mg.mL-1
PC150, Raw

mg.mL-1
PC150, Rti

mg.mL-1

Saline 6 9.19�2.25 6.50�1.88 9.48�3.81 1.85�0.72
L-NAME 6 0.35�0.06{ 0.62�0.35{ 0.41�0.11{ 0.09�0.03{

L-NAME 6 0.25�0.11{ 0.52�0.18{ 0.41�0.26{ 0.13�0.06{

Results are expressed as mean�SEM. PC150: provocative concen-
trations of bradykinin required so increase the parameter to
150% relative of the baseline; L-NAME: NG-nitro-L-arginine-
methyl ester; L-NMMA: NG-monomethyl-L-arginine; RL: pulmo-
nary resistance; EL: pulmonary elastance; Raw: airway resistance;
Rti: tissue resistance. {: significantly different from saline (p<
0.05).
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comparison of figure 4 with figure 5 shows that L-NAME
appears to be more effective in increasing Raw responses
(and hence RL responses). It was therefore concluded that
the activity of NOS modulates the airways responsiveness
to inhaled bradykinin to decrease the resultant broncho-
constriction.

The role of NO in modulating airways responsiveness
has been studied before [11±13], but the conclusions rea-
ched have been somewhat controversial. Blockage of NO
has been shown by KIPS et al. [10] to modulate lipopolysa-
ccharide (LPS)-induced airways hyporesponsiveness but
not the transient hyperresponsiveness in rats. In guinea-pigs,
NIJKAMP et al. [8] have shown that histamine responsive-
ness can be augmented by NOS blockade. Furthermore,
RICCIARDOLO et al. [13] showed that NOS blockade incre-
ases the bronchial responsiveness to inhaled bradykinin
and, to a lesser extent, to methacholine in mild asthma,
and suggest that some mediator-specific response is invol-
ved in releasing bronchoprotective NO. However, KIPS et
al. [10] did not find any effect of L-NAME given intrave-
nously on responsiveness to intravenous carbacol and
accordingly concluded that NO does not modulate basal

airways responsiveness in the rat. There are a number of
important differences between this latter study and the
present study. Firstly, in the present study L-NAME was
administered as an aerosol that might be expected to be a
better means of blocking epithelial and neural NOS. Fur-
ther, bradykinin was also given as an aerosol, which like-
wise could be envisioned to be more likely to cause NOS
activation within the epithelium. Accordingly, it was con-
cluded that NOS does, in fact, have an important modulat-
ing role in airways responsiveness to bradykinin.

NOS can be functionally characterized as either con-
stitutive (cNOS) or inducible (iNOS), and at least three
isoforms exist; the neural NOS and epithelial NOS are
constitutive and regulated by Ca2+/calmodulin, whereas
the inducible form is not regulated by Ca2+ or calmodulin
and has a high rate of NO production. As the time course of
the experiment is relatively short, iNOS may not be as
involved in the present system, although this possibility
was not directly addressed. Each NOS is thought to have a
complex control and possesses a unique profile of response
to inhibitors. In particular, endothelial cell NOS is not
inactivated by L-NMMA [25], whereas, L-NMMA has
been shown to inactivate both iNOS and cNOS. FOR-

STERMANN et al. [26] have shown that cNOS is more
effectively inhibited by L-NAME, whereas iNOS appears
to respond better to L-NMMA. In several other systems
and species [8, 9, 27, 28] it has been shown that L-NAME
is generally more potent than L-NMMA, especially in sit-
uations involving epithelial-dependent mechanisms. Thus,
for example, NIJKAMP et al. [8] have shown similar dif-
ferences between L-NAME and L-NMMA in the increase
in pulmonary resistance following histamine infusion in
the guinea-pig where L-NAME caused a larger increase in
responsiveness. As the distribution of cNOS is more cen-
tral [29], it was predicted that modulating cNOS might be
expected to effect the Raw response more than the Rti

response. The patient data show that L-NAME is more
potent in affecting an increase in Raw which is consistent
with the location in situations involving action of cNOS to
conducting airways [29].

It was originally speculated by the present authors that
the relatively poorer response of the airways of the rat to
inhaled bradykinin might be due to the modulating role of
NO. Although it was shown that blocking NOS increases
the responsiveness to bradykinin, it was not thought that
this completely accounted for the observed differences bet-
ween bradykinin and methacholine. As expressed in table
4 and figure 6, it is shown that, even with NO blockade, the
increase in Rti as a portion of RL at comparable levels of
bronchoconstriction was not as large as the increase in Rti

caused by methacholine. The more likely explanation for
the difference between the two agonists is the axial loc-
ation of the receptors as it is known that acetylcholine
receptors have a more central location [30], whereas bra-
dykinins are more peripheral [21].

In conclusion, it has been shown that bradykinin induces
an increase in airways resistance as well as tissue responses
and that the change in tissue responses was larger than that
in the airways. The latter shows that like methacholine
[14], the response was not localized to conducting airways
but also involves a tissue reaction; however, unlike me-
thacholine, the response to bradykinin was less in the con-
ducting airways. Using a specific antagonist, it was shown
that bradykinin-induced bronchospasm in the rat is due to
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Fig. 6. ± Comparison of the partitioned changes in airway resistance
(h) and tissue resistance (u) caused by methacholine (MCH) at 10.2
mmol.L-1 or bradykinin (BK) at 9.4 mmol.L-1, which causes similar
absolute changes in pulmonary resistance (RL; 19.6 kPa.L.min-1). The
proportional response to BK is also presented following treatment with
the nitric oxide synthase (NOS) inhibitor NG-nitro-L-arginine methyl
ester (L-NAME; 2.4 mmol) or NG-monomethyl-L-arginine (L-NMMA;
2.4 mmol). Following the treatment with NOS inhibitors, the amount of
BK required to increase RL to 19.6 kPa.L.s-1 is less; L-NAME: 1 mg.mL-1

BK and L-NMMA: 3 mg.mL-1 BK. Data are mean�SEM. **: p<0.01
unpaired t-test comparing the three BK challenges to MCH.

Table 4. ± The tissue resistance (Rti) and pulmonary res-
istance (RL) ratios at similar levels of bronchoconstriction
(19.6 kPa.L-1.s)

Treatment Rti/RL ratio

MCH 0.46�0.11
BK 0.26�0.09{

L-NAME + BK 0.18�0.13{

L-NMMA + BK 0.23�0.11{

Results are expressed as mean�SEM. MCH: methacholine; BK:
bradykinin; L-NAME: NG-nitro-L-arginine-methyl ester; L-NM-
MA: NG-monomethyl-L-arginine.
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activation of bradykinin-2 receptors without any evidence
of a residual effect that could be ascribed to other
bradykinin receptor subclasses. Further, it was also shown
that nitric oxide significantly modulates the bronchospasm
caused by bradykinin-induced bronchospasm, as L-ar-
ginine analogues, increased the response, suggesting that
nitric oxide is an important modulator of airways respon-
siveness. Lastly, these findings show through direct meas-
urements that the magnitude of the bronchospastic effect of
a bronchoconstricting agent can be significantly influenced
by the axial site of action within the airway tree.
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