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Tachykinin NK receptors predominantly mediate tachykinin-induced2

contractions in ovine trachea
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Abstract

In vitro studies were conducted to characterize the contractile effects of tachykinins in normal ovine trachea with a view in the future
to compare tachykinin contractile responses in allergic tissue. Tracheal smooth muscle strips were prepared for in vitro studies of
isometric contraction in response to cumulative addition of carbachol, acetylcholine, histamine, neuropeptide gamma, substance P,

w 9 Ž .11x w 10 x Ž . w 6 8xneurokinin A, neurokinin B, Sar , Met O substance P, Nle neurokinin A- 4–10 , and Succinyl-Asp , Me-Phe substance2
Ž . Ž . w 10 x Ž .P- 6–11 senktide . The rank order of potency was neuropeptide gamma)carbachol)neurokinin AG Nle neurokinin A- 4–10 )

acetylcholineGhistamine. Phosphoramidon enhanced the contractile response to neurokinin A and substance P, but not to neuropeptide
w 9 Ž .11xgamma, Sar , Met O substance P or senktide. Repeated cumulative concentration responses for acetylcholine, substance P,2

w 9 Ž .11xneurokinin A, Sar , Met O substance P and histamine were also conducted to test for tachyphylaxis. No tachyphylaxis to2
w 9 Ž .11xacetylcholine, substance P, or neurokinin A was observed, however, Sar , Met O substance P and histamine did exhibit tachyphy-2

w 9 Ž .11xlaxis. Atropine had no effect on tracheal contractions to neurokinin A and substance P, while Sar , Met O substance P contractions2

were atropine sensitive. Pyrilamine did not affect substance P-induced tracheal smooth muscle contractions, indicating that the response to
substance P was not mediated by histamine release. These results show that, in vitro, natural tachykinins induce tracheal smooth muscle
contraction predominantly by a direct effect mediated by tachykinin NK receptors, and a small tachykinin NK receptor mediated2 1

cholinergic mechanism. q 1998 Elsevier Science B.V.
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1. Introduction

Tachykinins are a group of neuropeptides found in
sensory nerves. Five tachykinins have been identified in
mammalian neural tissue, substance P, neurokinin A and
neurokinin B, and the amino terminally extended forms of
neurokinin A, neuropeptide K and neuropeptide-gamma
Ž .Helke et al., 1990 . Tachykinins mediate their biological
effects by activating specific receptors, termed tachykinin
NK , NK and NK . The endogenous tachykinins, sub-1 2 3

stance P, neurokinin A and neurokinin B exhibit preferen-
tial binding to the tachykinin NK , NK and NK recep-1 2 3

tors, respectively.
Neurokinin A and substance P have been detected in the

Žlung of many species including man Lundberg et al.,
.1984 . Nerve fibres containing substance P have been

) Corresponding author. Tel.: q61-8-82225302; fax: q61-8-82223134.

observed within and beneath the airway epithelium, around
blood vessels and submucosal glands, within the bronchial
smooth muscle layer, and around tracheobronchial ganglia.
They have also been detected throughout the tracheo-
bronchial tree: trachea, bronchi, bronchioles and more
distal airways to the alveoli. The physiological activity of
endogenous tachykinins is modulated by enzymatic degra-

Ž .dation, principally by neutral endopeptidase EC 3.4.24.11
Ž .Martling, 1987 .

A number of animal species have been used as experi-
mental models of asthma. The sheep in vivo model of
antigen-induced bronchoconstriction is well characterized

Žand shows many similarities to human asthma Abraham et
.al., 1983 . Using this experimental asthma model we have

obtained evidence for the involvement of endogenously
released tachykinins in the acute bronchoconstrictor re-

Ž .sponse to inhaled Ascaris suum Rice et al., 1995a .
ŽMoreover, our in vivo results in non-allergic sheep Rice et

. Ž .al., 1995b and those of others Corcoran and Haigh, 1992

0014-2999r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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Ž .Fig. 1. A Mean cumulative concentration–response curves for carbachol
Ž . Ž . Ž .B , acetylcholine ' , and histamine v on ovine isolated tracheal
smooth muscle. Mean responses are from 6 animals and are expressed as
a percentage of the reference contraction to 10y3 M acetylcholine.

Ž .Vertical bars indicate S.E.M. B Mean cumulative concentration–re-
Ž . Ž .sponse curves for neurokinin A ` , neuropeptide gamma v , substance

Ž . Ž . Ž .P B , neurokinin B I , and acetylcholine ' on ovine isolated
tracheal smooth muscle. Mean responses are from 6 animals and are
expressed as a percentage of the reference contraction to 10y3 M
acetylcholine. Vertical bars indicate S.E.M.

suggested that in these animals tachykinin airway re-
sponses were mediated by tachykinin NK receptors and1

involved a cholinergic mechanism. These effects, however,
are in contrast to human studies where tachykinin-induced

bronchoconstriction appears to be principally mediated via
tachykinin NK receptors, with a small cholinergic com-2

Žponent Joos et al., 1987; Crimi et al., 1990; Cheung et al.,
.1992 .

Therefore, in order to pursue our studies on the role of
tachykinins in antigen-induced bronchoconstriction, it was
necessary to undertake more extensive well-controlled, in
vitro, studies to elucidate the mechanisms of action of
tachykinins on ovine airway smooth muscle. Although the
contractile actions of tachykinins, in vitro, have been
studied extensively in many species, there has been no
work reported on isolated sheep airways. Firstly, we exam-
ined the in vitro contractile response of normal ovine
tracheal smooth muscle to the tachykinin peptides: sub-
stance P, neuropeptide gamma, neurokinin A, neurokinin

w 9 Ž .11 xB, tachykinin NK -specific agonist Sar ,Met O sub-1 2
w 10 x Žstance P, NK receptor agonist Nle neurokinin A- 4–2

. w 6 8 x10 , NK agonist Succinyl-Asp , Me-Phe substance P-3
Ž . Ž .6–11 senktide , as well as acetylcholine, carbamyl-

Ž .choline chloride carbachol , and histamine. Secondly, we
determined whether substance P, neurokinin A and
w 9 Ž .11 xSar ,Met O substance P act directly on tracheal2

smooth muscle or through endogenous acetylcholine re-
lease or indirectly through other mediators such as his-
tamine.

2. Methods and materials

2.1. General

Adult female merino sheep were killed using a captive
Ž .bolt device Supercash Mark-II, England . Tissues from

four to six animals were used in each experimental group.
Their lungs were excised en bloc and placed in ice-cold
oxygenated buffered Krebs–Henseleit solution of the fol-

Ž .lowing composition in mM : 118 NaCl, 4.7 KCl, 2.5
CaCl , 1.2 MgSO , 1.2 KH PO , 25.0 NaHCO and 112 4 2 4 3

Ž w . Ž .glucose BDH AnalaR , Merck, Kilsyth pH 7.4 for

Table 1
Mean maximal effect, geometric mean EC and apparent affinities for various agonists in ovine tracheal smooth muscle50

a Ž . Ž .Agonist n E EC M Mean pD "S.E.M.max 50 2

y8 y8 y8Ž .Carbachol 6 128.1"4.5 3.23=10 2.52=10 , 4.14=10 7.49"0.04
y6 y6 y5Ž .Acetylcholine 6 112.4"2.0 4.93=10 2.06=10 , 1.18=10 5.31"0.15
y5 y6 y5Ž .Histamine 6 65.6"5.9 1.18=10 4.55=10 , 3.05=10 4.93"0.16
y8 y9 y8Ž .Neuropeptide gamma 6 58.4"11.7 1.19=10 6.45=10 , 2.21=10 7.92"0.10
y7 y7 y7Ž .Neurokinin A 6 72.0"3.8 2.16=10 1.32=10 , 3.53=10 6.67"0.08

10 y7 y7 y6w x Ž . Ž .Nle neurokinin A- 4–10 6 45.3"5.7 5.45=10 2.96=10 , 1.01=10 6.26"0.10
Substance P 6 27.4"4.0 NC NC
Neurokinin B 6 31.4"8.4 NC NC

a Mean E "S.E.M. were expressed as a percentage of the response to 10y3 M acetylcholine.max
Ž .nsnumber of sheep, pD values were calculated as ylog EC . Geometric mean EC values and 95% confidence limits are shown in parenthesis .2 50 50

NC, not calculated as agonist contractile response at 10y5 M still linear.
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Table 2
Geometric mean EC a values for tachykinins in ovine tracheal smooth25

muscle

Ž .Agonist n EC M 95% confidence limits25

y8 b y9 y7Neuropeptide gamma 6 2.67=10 5.32=10 , 1.34=10
y7 b y8 y7Neurokinin A 6 1.16=10 9.10=10 , 1.47=10
y6 b y7 y5Substance P 6 2.48=10 5.87=10 , 1.05=10
y6 c y6 y5Neurokinin B 6 3.32=10 1.05=10 , 1.05=10

a The concentration of agonist at which a contractile response equal to
y3 Ž .25% of that induced by 10 M acetylcholine is attained see Section 2 .

Values are geometric mean EC values and 95% confidence limits.25
b Ž .Significantly different from each other unpaired t-test , P -0.05.
c Ž .Not significantly different from substance P EC unpaired t-test ,25

P -0.83.
nsnumber of sheep.

transportation to the laboratory. Experiments were either
commenced within 1.5 h of excision or the tissue was
stored in the oxygenated salt solution at 48C for subse-
quent use within 36 h. Preliminary studies revealed no
change in contractility to acetylcholine or carbachol after
this period of time.

Ž .Strips of tracheal smooth muscle 3–5=20–25 mm
were dissected from the posterior portion of the trachea
above the origin of the right upper lobe. The tracheal
smooth muscle was mounted on steel hooks, the lower
hook was attached to a fixed support rod and the upper

Žhook to a Grass FT03 force-displacement transducer Grass
.Instruments, Qunicy, MA . The latter was mounted on a

rack and pinion clamp so that resting muscle length and
Žtherefore resting tension could be optimized Mitchell et

.al., 1989 .
Ž .The tissues were suspended under tension 1.5–2.0 g

in 20 ml siliconized, water-jacketed, glass organ baths
Ž .Harvard Apparatus, South Natick, MA in Krebs–
Henseleit solution continuously bubbled with 95% O : 5%2

CO and maintained at 388C. The tracheal smooth muscle2

segments were allowed to equilibrate in the water baths for
90 min prior to the addition of agonists. During the
equilibration period the bath solution was changed every
20 min and resting load adjusted to maintain optimal
tension throughout the equilibration period. Changes in
tracheal smooth muscle tension were measured isometri-

Ž . Ž . Ž . w 9Fig. 2. Cumulative concentration–response curves for substance P A, ns6 ; neurokinin A B, ns5 ; neuropeptide gamma C, ns4 ; and Sar ,
Ž .11 x Ž . Ž . Ž . y5Met O substance P D, ns4 in the absence ` and presence v of phosphoramidon 10 M. Mean responses are expressed as a percentage of the2

y3 ) Ž .reference contraction to 10 M acetylcholine. Vertical bars indicate S.E.M. Denotes a statistically significant P-0.05, paired t-test difference
between tissues treated with and without phosphoramidon.
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Žcally and continuously recorded on polygraph Neotrace
.600 ZEF, Neomedix Systems, Sydney . Whenever possible

paired tissue samples were studied in duplicate.

2.2. Effects of agonists

This series of experiments was designed to determine
the relative potency and efficacy of tachykinins, acetyl-
choline, carbachol and histamine to contract normal ovine
tracheal smooth muscle. At the end of the equilibration
period, when a stable baseline tension was achieved, a
reference contractile response to 10y3 M acetylcholine
was obtained. Once this contraction had reached a plateau,
the tissues were washed every 20 min until baseline tone

Ž .was re-established usually 60–90 min . Cumulative con-
centration–response curves were obtained for acetyl-
choline, carbachol, histamine, the tachykinin peptides: sub-
stance P, neuropeptide gamma, neurokinin A, neurokinin
B, and the tachykinin NK , NK and NK receptor-specific1 2 3

w 9 Ž .11 x w 10 xagonists; Sar , Met O substance P, Nle neurokinin2
Ž .A- 4–10 and senktide, respectively. This was achieved by

the stepwise addition of increasing concentrations of ago-
Ž .nist to the organ bath in logarithmic increments once the

response to the preceding concentration had reached a
plateau.

2.3. Effect of neutral endopeptidase inhibition

In this series of experiments, following the reference
acetylcholine contraction, the neutral endopeptidase in-

Ž y5hibitor, phosphoramidon 10 M, final bath concentra-
. Ž .tion Hudgin et al., 1981 , was added to the organ bath of

one of the paired tissues, the other receiving no treatment.
After a 30 min incubation period, cumulative concentra-
tion–response curves were obtained for substance P, neu-

w 9 Ž .11 xropeptide gamma, neurokinin A, Sar , Met O sub-2

stance P and senktide.

2.4. Effect of atropine, and pyrilamine on substance P,
[ 9 ( )11]Sar , Met O substance P and neurokinin A contractil-2

ity

To establish whether tachykinin-induced smooth muscle
contraction was by a direct effect, by the liberation of

histamine or via a cholinergic mechanism, we compared
w 9 Ž .11 xsubstance P, neurokinin A and Sar , Met O substance2

P contractility in the presence and absence of atropine
Ž y6 .10 M , and substance P induced contraction in the
presence of the histamine H -receptor antagonist, pyril-1

Ž y6 .amine 10 M . In addition, the effectiveness of the
atropine and pyrilamine blockade was confirmed by ob-
taining cumulative concentration–response curves for
acetylcholine and histamine, respectively in the presence
and absence of these inhibitors.

In this series of experiments two successive cumulative
concentration–response curves were obtained for each ag-

Ž w 9 Ž .11 xonist substance P, neurokinin A, Sar , Met O sub-2
.stance P, acetylcholine and histamine . This enabled each

tissue to act as its own control and provided an opportunity
to detect the possible confounding effect of tachyphylaxis
for each agonist under investigation. Following the first
cumulative concentration–response curve the tissues were

Žwashed until stable baseline tone was re-established 90–
.120 min . At this point, one of the paired tissues received

Ž .the antagonist atropine or pyrilamine , the other no treat-
ment. Following a 30 min incubation period the second
cumulative concentration–response curve was performed.

2.5. Analysis of results

In each tracheal smooth muscle preparation, contractile
responses to each agonist concentration studied was ex-
pressed as a percentage of the contractile response to

Ž y3 .acetylcholine 10 M except for the tachyphylaxis ex-
Ž .periments see below . A cumulative concentration–re-

sponse curve was then constructed relating the cumulative
concentration of the agonist to the response. Apparent

Žaffinities pD values defined as the negative log of the2

agonist concentration that caused 50% of maximal effect,
. Ž .ylog EC were calculated. The maximal effect E50 max

was calculated as the maximal tension generated for each
agonist, at the highest agonist concentration studied, and
expressed as a percentage of that obtained with acetyl-

Ž y3 .choline 10 M . These values were interpolated from the
cumulative concentration–response curve for each experi-
ment. In cases when duplicate tissues were studied a mean

Table 3
a Ž y5 .Geometric mean EC and 95% confidence limits for tachykinins in the absence and presence of phosphoramidon 10 M .25

a aŽ . Ž .Agonist n EC M control EC M phosphoramidon25 25

y6 y7 y6 y8 y9 y7 bŽ . Ž .Substance P 6 2.10=10 5.62=10 , 7.84=10 2.17=10 1.61=10 , 2.94=10
y7 y8 y7 y9 y9 y8 bŽ . Ž .Neurokinin A 5 1.10=10 1.98=10 , 6.10=10 6.97=10 1.37=10 , 3.54=10
y8 y9 y7 y9 y10 y8Ž . Ž .Neuropeptide gamma 4 2.72=10 3.20=10 , 2.30=10 7.35=10 9.86=10 , 5.40=10

9 11w Ž . xSar ,Met O -substance P 4 NC NC2

a y3 Ž .The concentration of agonist at which a contractile response equal to 25% of that induced by 10 M acetylcholine is attained see Section 2 . Values are
Ž .geometric mean EC values and 95% confidence limits shown in parenthesis .25

b Ž .Significantly different from control paired t-test , P-0.05.
NC, not calculated due to low agonist activity at 10y5 M in this tissue.
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cumulative concentration–response curve was constructed
for each experiment and a geometric mean EC calcu-50

lated. To determine the rank order of potency of the
tachykinins and to detect any significant shift in the cumu-
lative concentration–response curve following neutral en-

Ždopeptidase inhibition an EC defined as the molar con-25

centration of agonist required to induce a 25% contraction
y3 .of that produced by 10 M acetylcholine was calculated.

The EC was an arbitrarily determined response which25

was on the exponential portion of the cumulative concen-
Ž .tration–response curve Black et al., 1988 . Results are

Ž .expressed as mean"standard error of the mean S.E.M.
Ž .n, number of animals . EC and EC are given as50 25

geometric mean values with 95% confidence limits.
In experiments in which two consecutive cumulative

concentration–response curves were obtained, the contrac-
tile responses to each concentration of agonist in the first
cumulative concentration–response curve were expressed

Ž .as a percent of the maximal response E in thatmax

tracheal smooth muscle strip. Contractile responses in the
second cumulative concentration–response curve were ex-
pressed as a percentage of the E of the first cumulativemax

concentration–response curve.
Statistical analyses were performed using two-tailed

paired and unpaired Student’s t-test. Values were consid-
ered significant at P-0.05 level.

2.6. Drugs

Stock solutions of substance P, neurokinin A, neuropep-
w 9 Ž .11 x Žtide gamma, Sar , Met O substance P, Auspep, Mel-2

.bourne , acetylcholine chloride, carbamylcholine chloride
Ž .carbachol , phosphoramidon, atropine sulfate, and pyril-

Ž .amine Sigma Chemical, St. Louis, MO , and histamine
Ž w .acid phosphate BDH AnalaR , Merck, Kilsyth , were

made up in distilled water and aliquots kept at y708C.
w 10 x ŽStock solutions of neurokinin B, Nle neurokinin A- 4–

. Ž .10 and senktide Auspep, Melbourne were prepared in
Ž w .40% dimethylsulfoxide BDH AnalaR and stored at

y708C. On each study day, serial dilutions were prepared
in Krebs–Henseleit solution and kept on ice for the dura-
tion of the experiment. All compounds were added to the
bath in volumes not exceeding 0.5% of the total bath
volume. Plastic vials and pipette tips were used to store
and handle the tachykinin peptides and other agents. Organ

Ž .baths were coated with Coatasil Ajax Chemicals, Sydney .

3. Results

3.1. Effects of agonists

In the first series of experiments the contractile re-
sponses to several non-peptide agonists and tachykinins
were studied. The cumulative concentration–response
curves are shown in Fig. 1A–B. Carbachol was the most

active non-peptide agonist studied having the highest Emax

of 128.1"4.5% of the reference contraction to 10y3 M
Ž .acetylcholine, and a pD value of 7.49"0.04 Table 1 .2

Ž . w 9Fig. 3. A Effect of the tachykinin NK receptor specific agonist, Sar ,1
Ž .11 x Ž . Ž .Met O substance P v, ns4 and substance P `, ns6 on2

isolated tracheal strips. Mean responses are expressed as a percentage of
y3 Ž .the reference contraction to 10 M acetylcholine. B Effect of the

w 10 x Ž .tachykinin NK receptor specific agonist, Nle neurokinin A- 4–102
Ž . Ž .v, ns4 and neurokinin A `, ns6 on isolated tracheal strips. Mean
responses are expressed as a percentage of the reference contraction to

y3 Ž .10 M acetylcholine. C Effect of the tachykinin NK receptor specific3
Ž . Ž .agonist, senktide v, ns3 and neurokinin B `, ns6 on isolated

tracheal strips. Mean responses are expressed as a percentage of the
reference contraction to 10y3 M acetylcholine. Vertical bars indicate

) Ž .S.E.M. Denotes a statistically significant P -0.05, unpaired t-test
difference between treatment groups.
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Acetylcholine had a higher potency and E than his-max
Ž .tamine at the concentrations studied Fig. 1A, Table 1 .

All the tachykinins studied produced concentration de-
pendent contractions in ovine tracheal smooth muscle,
however, maximal contractile responses were not always
achieved for each tachykinin at the concentrations used.
Therefore, EC and pD values could not be determined50 2

Ž .for all tachykinins. An EC value see Section 2 , how-25

ever, was calculated for each tachykinin and a rank order
Ž .of potency established Table 2 , this being neuropeptide

gamma ) neurokinin A ) substance P G neurokinin B.
Neuropeptide gamma was approximately 10 times more
potent than neurokinin A, pD values 7.92"0.10 and2

Ž6.67"0.08, respectively P-0.05, unpaired t-test, Table

Ž . Ž . Ž .Fig. 4. Mean cumulative concentration–response curves for acetylcholine A, ns6 ; substance P B, ns6 ; neurokinin A C, ns6 ;
w 9 Ž .11 x Ž . Ž . Ž . Ž .Sar ,Met O substance P D, ns4 ; and histamine E, ns3 . v and ` , first and second cumulative concentration–response curves respectively,2

in the same tracheal strip. Contractile responses are expressed as a percent of the maximal response in the first cumulative concentration–response curve
Ž . ) Ž .First CCRC E . Vertical bars indicate S.E.M. Denotes a statistically significant difference P-0.05, paired t-test from first cumulativemax

concentration–response curves.
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Table 4
Ž . Ž .Mean maximal effect E and mean EC values for agonists of first and second cumulative concentration–response curves CCRC in ovine trachealmax 50

smooth muscle strips
a b Ž .Agonist n E EC Mmax 50

second CCRC first CCRC second CCRC
y6 y6 y6 y6 y6 y5Ž . Ž .Acetylcholine 6 82.5"10.3 3.15=10 1.03=10 , 9.62=10 4.57=10 1.70=10 , 1.23=10
y7 y8 y7 y7 y8 y7Ž . Ž .Substance P 6 101.1"6.1 1.92=10 5.14=10 , 6.78=10 1.50=10 2.67=10 , 8.48=10
y7 y8 y7 y7 y8 y7Ž . Ž .Neurokinin A 6 93.9"7.3 1.39=10 5.34=10 , 3.63=10 2.10=10 4.63=10 , 9.48=10

c y5 y5 y4 y4 y4 y3 cŽ . Ž .Histamine 3 58.0"6.0 7.53=10 1.78=10 , 3.17=10 6.86=10 2.96=10 , 1.59=10
9 11 c y9 y9 y8w Ž . x Ž .Sar , Met O substance P 4 15.3"9.4 9.87=10 1.70=10 , 5.73=10 NC2

a Ž .Values for maximal contractile response E are expressed as mean"S.E.M. as a percentage of the maximal contraction achieved in the firstmax

cumulative concentration–response curve.
b Ž .Geometric mean EC values and 95% confidence limits in parenthesis were calculated from each individual experiment.50

n, is the number of animals used per group.
c Ž .P-0.05, significantly different from first cumulative concentration–response curve paired t-test .
NC, not calculated due to low activity at 10y5 M.

. y61 . At 3=10 M, similar efficacies for neuropeptide
gamma and neurokinin A were observed, E 58.4"max

11.7% acetylcholine and 65.0"3.7% acetylcholine, re-
Ž .spectively, Fig. 1B . Substance P and neurokinin B had

y5 Ž .similar E values at 10 M Table 1 and potencies asmax
Ž .reflected in the calculated EC values Table 2 .25

3.2. Effect of neutral endopeptidase inhibition

Phosphoramidon did not cause any significant change in
baseline tension. Neutral endopeptidase inhibition in-
creased the amplitude of contractions to substance P and

Ž y5 .neurokinin A. Phosphoramidon 10 M produced a left-
ward shift in the cumulative concentration–response curve
for substance P, neurokinin A and neuropeptide gamma

Žcompared to control tracheal smooth muscle strips Fig.
.2A, B and C, respectively . This leftward shift, however,

was only statistically significant for substance P and neu-
Ž .rokinin A as reflected in the lower EC values Table 3 .25

Phosphoramidon did not change the amplitude of contrac-
tion or shift the cumulative concentration–response curve

w 9for the tachykinin NK receptor selective agonist, Sar ,1

Ž .11 x Ž .Met O substance P Fig. 2D , and nor to senktide2
Ž .results not shown .

3.3. The effect of specific NK , NK and NK receptor1 2 3

agonists

The contractile effects of the specific tachykinin NK ,1
w 9 Ž .11 xNK and NK receptor agonists Sar , Met O sub-2 3 2

w 10 x Ž .stance P, Nle neurokinin A- 4–10 and senktide are
shown in Fig. 3A, B and C, respectively. In each graph
contractile responses to the corresponding endogenous
tachykinin is also shown. The specific tachykinin NK1

Ž .receptor agonist Fig. 3A is relatively inactive in ovine
tracheal smooth muscle with an E at 10y5 M of onlymax

11.4"2.8% acetylcholine compared with substance P.
w 10 xThe selective tachykinin NK agonist, Nle neurokinin2

Ž .A- 4–10 elicited significant contractions in tracheal
smooth muscle strips, however, this again was lower than

Ž .that seen with neurokinin A Table 1, Fig. 3B . Senktide
was inactive in the tracheal smooth muscle preparation
with an E of 0.5"0.3% acetylcholine compared withmax

Ž .neurokinin B E 31.4"8.4% acetylcholine, Fig. 3C .max

Table 5
Ž .Mean maximal effect E and mean EC values for agonists in the second cumulative concentration–response curve in control and atropine treatedmax 50

tracheal strips
a b Ž .Agonist n E EC Mmax 50

control atropine control atropine
c y6 y6 y5 y3 c y4 y3Ž . Ž .Acetylcholine 6 102.4"3.0 46.0"4.6 4.50=10 1.75=10 , 1.16=10 1.15=10 7.09=10 , 1.85=10

y7 y8 y7 y8 y9 y6Ž . Ž .Substance P 4 95.7"7.6 101.2"5.3 1.20=10 6.08=10 , 2.38=10 9.39=10 6.21=10 , 1.42=10
y7 y8 y7 y7 y8 y7Ž . Ž .Neurokinin A 4 100.1"9.6 100.9"4.2 1.52=10 2.52=10 , 9.2=10 1.26=10 2.47=10 , 6.40=10

a Ž .Values for maximal contractile response E for second cumulative concentration–response curve are expressed as mean"S.E.M. as a percentage ofmax

the maximal contraction achieved in the first cumulative concentration–response curve.
b Ž .Geometric mean EC values and 95% confidence limits in parenthesis were calculated from the mean EC values of the second cumulative50 50

concentration–response curve in each individual experiment.
c Ž .P-0.05, significantly different between control and atropine treated tissue paired t-test .
n, is the number of animals used per group.
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3.4. Effect of atropine and pyrilamine on substance P,
[ 9 ( )11]Sar , Met O substance P and neurokinin A contractil-2

ity

In order to determine if acetylcholine, substance P,
w 9 Ž .11 xneurokinin A, Sar , Met O substance P and histamine2

demonstrated tachyphylaxis, successive cumulative con-

Ž .Fig. 5. Mean second cumulative concentration–response curves for A
Ž . Ž . Ž . Ž . Ž .substance P ns4 , B neurokinin A ns4 , C acetylcholine ns6

Ž . Ž . y6in the absence ` and presence v of 10 M atropine. Contractile
responses are expressed as a percent of the maximal response in the first

Ž .cumulative concentration–response curve First CCRC E . Verticalmax
) Žbars indicate S.E.M. Denotes a statistically significant difference P -

.0.05, paired t-test between control and atropine treated tissue.

Ž . Ž . y6Fig. 6. Effect of the absence ` and presence v of 10 M atropine
w 9 Ž .11 xon Sar , Met O substance P contractions in paired tracheal smooth2

muscle strips. Points represent mean values from 4 animals. Contractile
responses are expressed as a percentage of the reference contraction to
10y3 M acetylcholine. Vertical bars indicate S.E.M. ) Denotes a statisti-

Ž .cally significant difference P -0.05, paired t-test between control and
atropine treated tissue.

centration–response curves were obtained for each agonist
separated by 90–100 min. Results for the consecutive
cumulative concentration–response curves for acetyl-

w 9 Ž .11 xcholine, substance P, neurokinin A, Sar , Met O sub-2

stance P and histamine are shown in Fig. 4A–E, respec-
tively. No significant decrease in E or shift in themax

cumulative concentration–response curve for acetyl-
choline, substance P and neurokinin A was seen, compared
with the first cumulative concentration–response curve
Ž .Fig. 4A–C, Table 4 . Substance P, neurokinin A and
acetylcholine, did not exhibit tachyphylaxis. In contrast a

w 9tachyphylactic response to successive Sar ,
Ž .11 xMet O substance P and histamine cumulative concen-2

tration–response curves was observed in tracheal smooth
Ž .muscle Fig. 4D–E, Table 4 .

In the absence of tachyphylaxis, each tissue’s contrac-
tile response can be normalized to a standard contraction
Ži.e., the maximal effect obtained in the first cumulative

.concentration–response curve and thus allows for direct
comparisons between tissues receiving different treat-
ments. Atropine at 10y6 M did not reduce the magnitude
of substance P and neurokinin A induced contractions, nor

Ždid it affect the potency of these agonists Table 5, Fig.
.5A–B . Adequate atropine blockade was achieved as evi-

denced by the significant 285-fold rightward shift of the
acetylcholine cumulative concentration–response curve in
the presence of 10y6 M atropine, Table 5, Fig. 5C.

Since consecutive cumulative concentration–response
w 9 Ž .11 xcurves for Sar , Met O substance P exhibited tachy-2

Ž . w 9phylaxis Fig. 4D the effect of atropine on Sar ,
Ž .11 xMet O substance P contractility was examined in paired2

Ž y6 .tissue samples. In these experiments atropine 10 M
was added to one of the paired tissues while the other bath
received no treatment. The presence of atropine signifi-
cantly attenuated the contractile response to the tachykinin
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w 9 Ž .11 x ŽNK receptor agonist, Sar , Met O substance P Fig.1 2
. y36 ; E being 8.3"2.8% and 2.0"1.3% of 10 Mmax

acetylcholine, in the absence and presence of atropine,
Ž .respectively P-0.03 .

Pyrilamine, an histamine H receptor antagonist, had no1

affect on the cumulative concentration–response curve for
Ž .substance P Fig. 7A . In order to establish that adequate

histamine receptor antagonism was achieved with pyril-
Ž y6 .amine 10 M , cumulative concentration–response

curves for histamine were performed in paired tissue sam-
ples, since consecutive cumulative concentration–response

Ž .curves for histamine exhibited tachyphylaxis Fig. 4E . In
this series of experiments pyrilamine was added to one of
the paired tissues 30 min prior to obtaining the cumulative
concentration–response curve for histamine. Fig. 7B docu-
ments that 10y6 M pyrilamine was sufficient to signifi-
cantly antagonize histamine contractility in ovine tracheal

Ž .Fig. 7. A Mean second cumulative concentration–response curves for
Ž . Ž . Ž . y6substance P ns3 in the absence ` and presence v of 10 M

pyrilamine. Contractile responses are expressed as a percent of the
maximal response in the first cumulative concentration–response curve
Ž . Ž .First CCRC E . Vertical bars indicate S.E.M. B Effect of themax

Ž . Ž . y6absence ` and presence v of 10 M pyrilamine on histamine
contractions in paired tracheal smooth muscle strips. Points represent
mean values from 3 animals. Contractile responses are expressed as a
percentage of the reference contraction to 10y3 M acetylcholine. Vertical

) Žbars indicate S.E.M. Denotes a statistically significant difference P -
.0.05, paired t-test between control and pyrilamine treated tissue.

smooth muscle, causing a significant rightward shift in the
Ž .cumulative concentration–response curve Table 4 . The

additions of atropine and pyrilamine to the organ baths did
not cause any significant change in baseline tone.

4. Discussion

We have demonstrated that, neuropeptide gamma, sub-
stance P, neurokinin A and neurokinin B contract ovine
tracheal smooth muscle in a concentration-dependent man-
ner. The rank order of potency was neuropeptide gamma
)neurokinin A)substance PGneurokinin B. The con-
tractile responses to substance P and neurokinin A were
increased by inhibition of neutral endopeptidase.
Tachykinin-induced contraction in vitro appears to be pre-
dominantly mediated by tachykinin NK receptors, al-2

though, tachykinin NK receptors also appear to be in-1

volved. Substance P and neurokinin A contractions were
not mediated by cholinergic mechanisms. However, a sig-

w 9nificant cholinergic component was present in Sar ,
Ž .11 xMet O substance P induced tracheal smooth muscle2

contraction. Repeated exposure of tracheal smooth muscle
to either acetylcholine, substance P or neurokinin A did
not exhibit tachyphylaxis although, tachyphylaxis was ob-

w 9 Ž .11 xserved to Sar , Met O substance P and histamine. In2

the case of substance P, the contractile effect was not
Žmediated indirectly through histamine release Foreman

.and Jordan, 1983 .
To our knowledge, this study is the first to characterize

the contractile effects of neuropeptide gamma, substance
P, neurokinin A, and neurokinin B in ovine tracheal smooth
muscle. Of the tachykinins studied, neuropeptide gamma
was the most potent which has also been found for isolated

Ž .airways from rabbits Black et al., 1992 , guinea pigs
Ž .Warner et al., 1990; Burcher et al., 1991b and human

Ž .bronchi Burcher et al., 1991a; Qian et al., 1994 . For
Žneuropeptide gamma, neurokinin A and substance P, in

.the absence of phosphoramidon the rank order of potency
parallels that seen in human, rabbit, and guinea pig air-

Žways Advenier et al., 1987; Naline et al., 1989; Black et
.al., 1990, 1992; Warner et al., 1990; Qian et al., 1994 .

Furthermore, we show that neuropeptide gamma and neu-
rokinin A are more potent contractile agonists than acetyl-
choline and histamine.

The rank order of potency for carbachol, acetylcholine
and histamine in ovine tracheal smooth muscle is similar
to that reported for human and rabbit isolated airway
smooth muscle. The pD values for acetylcholine and2

carbachol reported in this study are similar to those re-
Žported by others for sheep Tomioka et al., 1991; Jack-

.owski et al., 1993 and are more similar to those deter-
Žmined in isolated human airways Cerrina et al., 1989;

.Naline et al., 1989; Knight et al., 1990; Qian et al., 1994
than for rabbit and guinea pig airway smooth muscle
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ŽAdvenier et al., 1987; Devillier et al., 1988; Goroumaru-
. Ž .Shinkai et al., 1992 Table 6 .

Contractile responses to substance P and neurokinin A
were sensitive to the inhibition of endopeptidase by phos-
phoramidon. Phosphoramidon produced a non-uniform in-
crease in the potency of substance P, neurokinin A and

Žneuropeptide gamma 93-fold, 16-fold and 4-fold leftward
.shift of the EC , respectively . However, the change for25

neuropeptide gamma failed to reach significance.
The reason for the apparent lack of potentiation by

phosphoramidon with neuropeptide gamma is unclear. Dif-
ferences in the magnitude of augmentation following neu-
tral endopeptidase inhibition have been observed in guinea
pig and human bronchi, where substance P and neurokinin
A enhancement is greater than that for neuropeptide gamma
ŽNaline et al., 1989; Warner et al., 1990; Qian et al.,

.1994 , indicating substance P and neurokinin A are more
sensitive to neutral endopeptidase degradation. Further-
more, the potentiating effect of neutral endopeptidase inhi-
bition for a given tachykinin is more pronounced in smaller

Žairways than in tracheal tissue Black et al., 1990; Gor-
.oumaru-Shinkai et al., 1992 . Therefore, the lack of poten-

tiation for neuropeptide gamma we observed in tracheal
smooth muscle may reflect regional distribution of neutral
endopeptidase and the susceptibility of specific tachykinins
to neutral endopeptidase degradation. The lack of enhance-

w 9 Ž .11 xment of the Sar , Met O substance P contractile re-2

sponse by phosphoramidon was not surprising since sub-
stance P-analogues substituted in position 9 are relatively

Žinsensitive to neutral endopeptidase inactivation Crimi et
.al., 1990 .

The contractile response to tachykinins in ovine tracheal
smooth muscle appears to be predominantly mediated by
tachykinin NK receptors as evidenced by the significant2

contraction observed with the specific tachykinin NK 2
w 10 x Ž .receptor agonist, Nle neurokinin A- 4–10 . However,

tachykinin NK receptors appear to participate, as the1
Žw 9tachykinin NK receptor specific agonist Sar ,1

Ž .11 x .Met O substance P did induce some contraction in2

tracheal smooth muscle. The lack of a contractile effect of
senktide indicates tachykinin NK receptors are not func-3

tionally present on ovine tracheal smooth muscle. The
w 10 xhigher E for neurokinin A compared to Nle neuro-max

Ž .kinin A- 4–10 at equimolar concentrations is likely to be
due to non-specific binding of neurokinin A to tachykinin
NK receptors.1

We have shown, in vitro, that substance P and neu-
rokinin A induced contractions are not mediated by a
cholinergic mechanism, since their effect remained un-
changed in the presence of atropine. An important finding
of this present study, is that the contractile response to the

w 9highly selective tachykinin NK receptor agonist Sar ,1
Ž .11 xMet O substance P was atropine sensitive and exhib-2

ited tachyphylaxis. In isolated human, guinea pig, and

Table 6
Comparison of mean pD for various agonists found in ovine, human, guinea pig and rabbit, tracheala and bronchialb tissue2

Agonist Mean pD2

present study human other sheep guinea pig rabbit
a b,c a,n a,c a,dCarbachol 7.49 6.26 7.59 6.86 6.99
a b,g a,j a,c a,iAcetylcholine 5.31 5.53 5.37 5.89 6.43
a b,k a,c a,dHistamine 4.93 5.07 ND 6.05 4.99
a b,l a,h a,iNeurokinin A 6.67 6.99 ND 8.18 7.33

10 a b,l a,hw x Ž .Nle neurokinin A 4–10 6.26 6.22 ND 7.25 —
p a b,m b,o a,fNeuropeptide gamma 8.21 8.35 ND 8.74 8.80

b,l a,h a,eSubstance P NC 4.92 ND 6.03 5.60
b,l a,hNeurokinin B NC Inactive ND 6.83 —

a Tracheal smooth muscle.
b Bronchial smooth muscle.
c Ž .Advenier et al. 1987 .
d Ž .Armour et al. 1985 .
e Ž .Black et al. 1990 .
f Ž .Black et al. 1992 .
g Ž .Cerrina et al. 1989 .
h Ž .Devillier et al. 1988 .
i Ž .Goroumaru-Shinkai et al. 1992 .
j Ž .Jackowski et al. 1993 .
k Ž .Knight et al. 1990 .
l Ž .Naline et al. 1989 .
m Ž .Qian et al. 1994 .
n Ž .Tomioka et al. 1991 .
o Ž .Zeng et al. 1994 .
p Ž y5 .In each case, the pD was determined in the presence of phosphoramidon 10 M .2

ND, not previously determined in this species.
NC, not calculated due to low agonist activity at 10y5 M in this tissue.
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hamster airways substance P-induced contractions are re-
ported to be via a direct effect, as antihistamines and

Ž .antimuscarinic agents atropine have no effect on the
Žcontractile response Lundberg et al., 1983; Uchida et al.,

.1987; Maggi et al., 1989 . However, in isolated ferret
trachea substance P-induced contractions appear to be

Žpartially mediated by a cholinergic mechanism Sekizawa
.et al., 1987a,b , while in the rabbit there are conflicting

data for either a direct or indirect effect of tachykinins on
Žairway smooth muscle Tanaka and Grunstein, 1984; Ar-

.mour et al., 1991; Colasurdo et al., 1995 . In all those
studies substance P which lacks specificity was the agonist
used. Our data, using specific tachykinin NK and NK1 2

receptor agonists show that the effect of substance P on
tracheal smooth muscle can be partitioned into two mecha-
nisms. Firstly, substance P acts via tachykinin NK recep-1

tors associated with postganglionic nerves in tracheal
smooth muscle, resulting in the release of acetylcholine,
and secondly by a direct effect on tracheal smooth muscle
tachykinin NK receptors.2

It would appear that in in vitro studies the apparent
absence or presence of a cholinergic mechanism in species
is due to the different methodologies which result in
changes to the relative contribution of the tachykinin NK1

and NK receptor mediated-effects of substance P on2

tracheal smooth muscle. In the rabbit, Tanaka and Grun-
Ž . Ž y8stein 1984 used small doses of substance P 4–8=10

.M on tracheal smooth muscle which preferentially acti-
vate prejunctional tachykinin NK receptors on cholinergic1

nerves rather than the smooth muscle tachykinin NK 2
Ž .receptors Cook et al., 1990 thus accentuating the cholin-

Ž .ergic component. Armour et al. 1991 , used higher doses
Ž y5 .of substance P 10 M which would tend to mask a

small cholinergic effect of substance P in tracheal smooth
muscle via prejunctional tachykinin NK receptors because1

of the overriding predominant effect of substance P on
tachykinin NK receptors. Furthermore, in rabbit bronchial2

smooth muscle the atropine sensitive component disap-
peared indicating that substance P-induced contractions
were mediated by a direct action on both tachykinin NK1

Ž .and NK receptors Cook et al., 1990 . Cholinergic path-2

ways appear to be less important in smaller airways as
cholinergic receptor density and sensitivity decrease from

Žproximal to distal airways Barnes et al., 1983; Armour et
.al., 1985 , while tachykinin receptor sensitivity and density

Žincreases from larger to smaller airways Black et al.,
.1990 . Tachykinin-induced contractions in human bronchial

smooth muscle are solely mediated by tachykinin NK 2
Ž .receptors Naline et al., 1989; Advenier et al., 1992 while

in the guinea pig tachykinins mediate their contractile
effects in tracheal smooth muscle and bronchial smooth
muscle via tachykinin NK and NK smooth muscle re-1 2

Ž .ceptors Ireland et al., 1991; Maggi et al., 1991 .
Our in vitro results demonstrate that the predominant

action of substance P and neurokinin A is to induce
contraction in tracheal smooth muscle via a direct effect on

tachykinin NK receptors. However, in vivo studies in2

sheep, substance P administered intravenously is a more
potent bronchoconstrictor than neurokinin A, and the air-

Žway response is cholinergically mediated Corcoran and
.Haigh, 1992; Parsons et al., 1992; Rice et al., 1995b . It is

postulated that, in vivo, exogenous tachykinins induce
bronchoconstriction by the activation of cholinergic nerves
resulting in the prejunctional release of acetylcholine from
postganglionic nerves, and by the release of mast cell
mediators, in addition to any direct contractile effect on
airway smooth muscle. In addition, the relative contribu-
tions of each of these mechanisms to the overall bron-
choconstrictor response appears to differ between species
Ž .Joos et al., 1994 . From our in vivo sheep studies,
tachykinin-induced bronchoconstriction appears to be pre-
dominantly mediated by an tachykinin NK receptor1

cholinergic mechanism given the tachykinin NK receptor1

antagonist and atropine sensitivity of the observed bron-
Ž .choconstriction Rice et al., 1995b . The lack of a direct

tachykinin NK -mediated bronchoconstrictor effect to sub-2

stance P in vivo, may simply reflect the relatively small
amounts of substance P reaching tachykinin NK smooth2

muscle receptors, since a significant proportion of both the
aerosol and intravascular substance P doses would be
inactivated by neutral endopeptidase and angiotensin-con-

Ž .verting enzyme Joos et al., 1994 .
The use of two consecutive cumulative concentration–

response curves has been suggested as the most valid
method for comparing the effect of different treatments on
contractile responses. Contractions are normalized to a
standard contraction, thus eliminating the confounding ef-
fects of variability in the actual magnitude of contraction
Ž .Marthan et al., 1987; Black et al., 1989 . Using this
experimental approach we have demonstrated, in vitro, that
substance P and neurokinin A induced airway smooth
muscle contractions do not exhibit tachyphylaxis. The
absence of tachyphylaxis to substance P and neurokinin A
has also been observed in isolated hamster, ferret and

Žguinea pig airways Sekizawa et al., 1987b; Maggi et al.,
.1989; Ireland et al., 1991 , however, there is conflicting

Ževidence for tachyphylaxis in rabbit airways Tanaka and
.Grunstein, 1984; Cook et al., 1990; Armour et al., 1991 .

This discrepancy once again, is most likely due to the
Ž .differences in experimental design see above which would

change the relative contributions of the tachykinin NK1
Ž .cholinergic effect which does exhibit tachyphylaxis in

tracheal smooth muscle contractions induced by substance
P.

Ovine tracheal smooth muscle did exhibit tachyphylaxis
to histamine, a phenomenon that has been shown both, in

Ž .vivo and in vitro, in dogs Antol et al., 1988 , but appears
Žnot to occur in isolated human airways Marthan et al.,

.1987; Black et al., 1989 . In vivo, human subjects have
Ždemonstrated tachyphylaxis to inhaled histamine Manning

.et al., 1987 , however, an absence of tachyphylaxis to
Žhistamine inhalation has also been observed Ruffin et al.,
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.1981 and has been attributed to corticosteroid use in this
group of subjects.

The lack of a tachyphylactic effect to histamine in
Ž .isolated ovine smooth muscle reported by Eyre 1969 may

be explained by the fact that his study simply used single
bolus doses of agonist whereas, we conducted formal
cumulative concentration–response studies. This latter ap-
proach allows for a more detailed assessment of agonist
efficacy and potency, without failing to detect tachyphy-
laxis.

In conclusion, we have demonstrated that airway in
vitro responses to tachykinins, acetylcholine and histamine
in sheep are similar to those in man, and indeed, more so
than those of the guinea pig or rabbit. Given the regional
differences in tachykinin contractility observed in other

Žspecies Manzini et al., 1989; Black et al., 1990, 1992;
.Goroumaru-Shinkai et al., 1992 , further experiments are

required to characterize tachykinin receptor function in
smaller ovine airways.
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