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'Sensory-efferent' neural control of mucus secretion:
characterization using tachykinin receptor antagonists in ferret
trachea in vitro
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1 We characterized the tachykinin receptor(s) mediating 'sensory-efferent' neural control of release of
35SO4-labelled macromolecules (mucus) from ferret trachea in vitro in Ussing chambers using selective
tachykinin antagonists. Secretion was induced by substance P (SP), neurokinin A (NKA), capsaicin, the
NK, tachykinin receptor agonist [Sar9, Met(02)"]substance P ([SarlSP), or acetylcholine (ACh), or by
electrical stimulation of nerves. Antagonists used were FK888 and L-668,169, selective for the NK,
receptor, SR 48968, selective for the NK2 receptor, and FK224, a dual antagonist at NK, and NK2
receptors. The selectivity of FK888 and SR 48968 was examined on NKA-induced contraction of ferret
tracheal smooth muscle in vitro.
2 SP (1 jtM) increased mucus secretion by 695% above vehicle controls. FK888 (0.1 fLM-30 lM)
inhibited SP-induced secretion in a dose-dependent manner, with complete inhibition at 1OIM and an

ICso of 1 fLM. L-668,169 (1 ELM) also completely inhibited SP-induced secretion.
3 NKA (1 pLM) significantly increased mucus secretion by 271% above baseline, a response which was

completely inhibited by FK888 (10tiM) or L-668,169 (ftM). Secretion induced by ACh (10tiM: 317%
above baseline) was not inhibited by FK888 but was inhibited by atropine. Capsaicin (10 tM)-induced
secretion (456% above vehicle controls) was significantly inhibited by FK888 and by L-668,169 (111%
and 103% inhibition respectively).
4 Electrical stimulation (50 V, 10 Hz, 0.5 ms, 5 min) increased mucus output above baseline (increased
by 12 to 26 fold), a response blocked by tetrodotoxin (0.1 AM). FK888 (10 AM) inhibited the increase in
secretion due to electrical stimulation by 47%. Atropine, propranolol and phentolamine in combination
(APP) inhibited the response to electrical stimulation by 48%. The remaining NANC response, i.e. in
the presence of APP, was further reduced by 66% with FK888. FK224 (10 JiM) inhibited neurally-
evoked secretion by 73%. SR 48968 (0.1 fLM) had no effect on electrically-stimulated or [SarlSP-induced
secretion.
5 NKA (10nM- 1O iLM: in the presence of DMSO control vehicle) induced tracheal smooth muscle
contraction in a concentration-dependent manner with a maximal contraction of 30% of the maximal
response to ACh (10 mM) and an ECm of 0.3 JAM. SR 48968 (0.1 JiM in DMSO) inhibited the NKA-
induced contraction whereas FK888 did not. Neither antagonist had any inhibitory effect on ACh-
induced contraction.
6 We conclude that 'sensory-efferent' neurogenic mucus secretion in ferret trachea in vitro is mediated
via tachykinin NK, receptors with no involvement of NK2 receptors. Potent and selective tachykinin
antagonists may have therapeutic potential in bronchial diseases such as asthma and chronic bronchitis
in which neurogenic mucus hypersecretion may be aetiologically important.
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Introduction

Secretion of high molecular weight mucous glycoproteins
(mucus) onto the internal surface of the airways is a protec-
tive mechanism which can be induced by irritants and by
humoral and neuronal mechanisms. Electrical stimulation of
nerves both in vivo and in vitro induces mucus secretion in
the airways of a number of animal species and a proportion
of the secretion persists despite adrenoceptor and cholinocep-
tor blockade (Peatfield & Richardson, 1983; Borson et al.,
1984; Fung et al., 1992a,b). Two principle neural pathways
mediate the latter non-adrenergic, non-cholinergic (NANC)
component of neurogenic secretion (Ramnarine & Rogers,
1994). The first pathway comprises an orthodromic system of
adrenergic and cholinergic nerves which contain neuropep-
tides colocalized with the classical neurotransmitter including
vasoactive intestinal peptide (VIP) and neuropeptide Y
(NPY), both of which may increase or decrease mucus secre-
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tion or modulate stimulus-evoked secretion, depending upon
preparation. The second pathway comprises a system of
capsaicin-sensitive nerves which subserve a motor function
and may be termed 'sensory-efferent' nerves (Maggi & Meli,
1987). The neurotransmitters of the latter neural system are
collectively termed sensory neuropeptides and include cal-
citonin gene-related peptide (CGRP) and the tachykinins
substance P (SP) and neurokinin A (NKA) and NKB. Of
these, the tachykinins elicit significant mucus secretion (Lun-
dgren et al., 1989; Mizoguchi & Hicks, 1989; Rogers et al.,
1989; Webber, 1989; Gentry, 1991), whereas CGRP is a weak
secretagogue (Webber et al., 1991). In the absence of selective
receptor antagonists for VIP or NPY, the relevance of these
peptides to NANC neural control of mucus secretion is
difficult to assess. In contrast, potent and selective tachykinin
receptor antagonists are now available, and we investigated a
number of these in the present study.

Currently three classes of tachykinin receptor are recog-
nised and are designated NKI, NK2 and NK3 according to
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their preferential affinities for SP, NKA and NKB respec-
tively (Guard & Watson, 1991). The order of potency of the
natural tachykinins (i.e. SP>NKA>NKB: Lundgren et al.,
1989; Mizoguchi & Hicks, 1989; Rogers et al., 1989; Webber,
1989; Gentry, 1991), and of synthetic agonists selective for
the three classes of tachykinin receptor (Geppetti et al., 1993;
Meini et al., 1993) in inducing mucus secretion indicate that
tachykinin NK1 receptors mediate tachykinin-induced secre-
tion. However, the relevance of tachykinins to control of
mucus secretion induced by stimulation of sensory-efferent
nerves and the tachykinin receptor(s) involved in the res-
ponse is not reported. Consequently, in the present study we
determined the effects of selective tachykinin antagonists not
only on agonist-induced secretion, but more particularly on
secretion induced by electrical stimulation of nerves. We used
the selective NKI receptor antagonists, FK888 (Fujii et al.,
1992; Hirayama et al., 1993) and L-668,169 (McKnight et al.,
1988; Williams et al., 1988), the NK2 receptor antagonist SR
48968 (Advenier et al., 1992a,b; Edmonds-Alt et al., 1992;
Martin et al., 1992), and the dual NKI/NK2 receptor
antagonist FK224 (Morimoto et al., 1992; Murai et al., 1992;
Hirayama et al., 1993). We used the ferret trachea to study
sensory-efferent neural control of mucus secretion because:
(a) mucus secretion can be induced in this preparation via
NANC neural mechanisms (Borson et al., 1984); (b) the
source of mucus is identifiable because the trachea of this
species contains abundant submucosal glands and very few
epithelial goblet cells (Robinson et al., 1986; Meini et al.,
1993); (c) the ferret trachea is supplied by axons containing
sensory neuropeptides (Luts & Sundler, 1989); and (d) the
airway submucosal glands express SP receptors (Meini et al.,
1993). We used 3sSO4 as the mucus label, because it is a
marker predominately for tracheal submucosal gland mucous
glycoprotein in the ferret (Gashi et al., 1987). The selectivity
of FK888 and SR 48968 in the ferret was investigated by
determining their activity on NKA-induced tracheal smooth
muscle contraction in vitro, a preparation which synthetic
agonists indicate as essentially an NK2 receptor system (Gep-
petti et al, 1993; Meini et al., 1993). The selectivity of SR
48968 was further investigated against secretion induced by
[Sar9Met(02)"] substance P ([Sarl), a synthetic agonist selec-
tive for the NK1 receptor (Maggi et al., 1990) which induces
secretion in the ferret trachea (Meini et al., 1993). Some of
these results have been published in abstract form (Ram-
narine et al., 1993).

Methods

Tissue preparation for secretory studies

Male ferrets (Regal Rabbits, Great Bookham, Surrey)
weighing 1.0-2.0 kg were anaesthetized with pentobarbitone
sodium (Sagatal: 60 mg kg- ', i.p.). The tracheae were
removed, bathed in aerated (95% 02+ 5% CO2) Krebs-
Henseleit solution of the following composition (mM): NaCl
118, KCI 5.9, MgSO4 1.2, CaCl2 2.5, NaHCO2 25.5 and
glucose 5.05, and cut longitudinally through the dorsal mem-
brane, opened flat and cut transversely to give four segments.
Each segment was pinned and clamped across the aperture
separating the two halves of perspex Ussing-type chambers
so that the tissue divided the chambers into a 'luminal' (i.e.
mucus-producing) and 'submucosal' side. The chambers were
rectangular in cross-section to ensure optimal use of the
tissue. The exposed surface area of each segment was
1.12 cm2. Each side of the tissue was bathed with 9 ml
warmed (37°C) Krebs-Henseleit solution which was
oxygenated (95% 02:5% C02) and circulated with gas-lift
pumps. The tracheal segments could be subjected to an elect-
rical current (not alternating in polarity) to stimulate
excitable tissues (e.g. nerves). Two pins piercing the tissue on
either side were connected via outlet wires through the
chambers to a Grass stimulator (model S88; Grass Instru-

ments, Quincy, U.S.A.) (Borson et al., 1984). Tissues were
stimulated at 10 Hz, 50 V and 0.5 ms for the first 5 min of a
15min collection period.
We have previously established optimal conditions under

which collections are taken in order to define baseline secre-
tion and to maximize detection of the secretory response to
drug addition (Meini et al., 1993). At time Oh, Na235SO4
(0.1 mCi; Amersham International plc, Aylesbury, Bucks.)
was added to the submucosal half-chambers, in order to label
newly-synthesised intracellular mucus, where it remained
throughout the experiment. At unit time intervals, the fluid in
the luminal side of the chamber (containing secretions) was
collected and replaced with fresh Krebs-Henseleit solution.
Baseline stability of spontaneous output of 3504-labelled
macromolecules was achieved by taking four 30min collec-
tions followed by two 15 min collections (i.e. over 2.5 h
following addition of radiolabel). After stabilisation, drugs or
control solutions were added and the tissues were electrically
stimulated (see Protocols for secretory studies below).

Measurement of 35S04-labelled macromolecule secretion

Luminal fluid, approximately 9 ml and comprising secretions
in Krebs-Henseleit solution, was drained into tubes contain-
ing 5 g guanidine hydrochloride, to dissolve the mucus. The
final concentration of guanidine hydrochloride in the fluid
was 6 M. Following this, each sample was exhaustively
dialysed against distilled water containing excess Na2SO4 and
sodium azide (1Omg 1-') using cellulose tubing (Medicell
International Ltd., London) which allowed molecules of
12000-14000 Da or less to pass through. The sodium azide
was used to limit bacterial contamination. The samples were
recovered after at least six changes of distilled water when
the radioactive count of the dialysis water was the same after
dialysis as before dialysis (--20 disintegrations per minute
[d.p.m.]). The recovered samples were weighed and the
remaining radioactivity in 1 ml duplicates of each sample
mixed with 2 ml scintillant (Ultima Gold XR, Canberra
Packard Ltd., Pangbourne, Berks.) was determined by scintil-
lation spectometry (model 1900CA Spectrophotometer,
Canberra Packard Ltd.). The total radioactivity of each sam-
ple was estimated by multiplying the radioactivity present in
a 1 ml aliquot of that sample by the total weight of the
sample (assuming a 1 ml sample weighs 1 g).

Protocols for secretory studies

To examine the effects of antagonists on baseline and
stimulated secretion, drugs were added to the luminal half
chambers for varying times before stimulation: atropine,
phentolamine and propranolol (APP) in combination (all
1OJM) for 45 min (i.e. present for three 15 min collections),
SR 48968 (0.1 j1M) for 45 min prior, and FK888
(0.1 LM-30 tiM), FK224 (1I0tM) or L-668,169 (1 gAM) for
30 min prior to stimulation (i.e. present for two 15 min col-
lections). Antagonists were also present in the chambers dur-
ing the period of stimulation.
We have found previously that there is no significant

tachyphylaxis of secretion to consecutive additions of SP and
methacholine when additions are separated by 1.25 h (Meini
et al., 1993). In the present study we determined whether
there was tachyphylaxis between consecutive electrical
stimulations. We found that using at least a 1 h interval there
was no significant difference in magnitude of secretory res-
ponse to consecutive stimulations: mean increase (and
s.e.mean) above baseline in radiolabel output for the first
stimulation was 106.1% ± 52.6% (n = 8) and for the second
stimulation was 118.9% ± 38.8% (n = 8). Thus, for the four
chambers, eight possible combinations of stimulations could
be carried for each experiment.
The effect of FK888 or L-668,169 on SP-induced secretion

was tested to establish inhibitory concentrations for the
antagonists. At time 3 h, SP was added at a final concentra-
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tion of 1 gM to tissues pretreated with either - FK888
(0.1 LM-30 LM), L-668,169 (1 gM), or their vehicle, dimethyl-
sulphoxide (DMSO), the latter given at a concentration
equivalent to the highest concentration of antagonist used.
Collections were made so that data for baseline secretion, the
effect of DMSO, FK888 or L-668,169 on baseline, the effect
of SP, and the effects of DMSO, FK888 or L-668,169 on the
response to SP were assessed.
The effects of single concentrations of FK888 (10R M) or

L-668,169 (1 AM) on secretion induced by NKA (1 giM) or

capsaicin (10 gM) were also examined, as were those of
FK888 and atropine (10 gM) on ACh-evoked mucus secre-
tion. In addition, the effect of SR 48968 (0.1 gLM) on secretion
induced by [SarlSP (10 JM) was determined.

Single concentrations of FK888 or SR 48968 upon secre-
tion induced by electrical stimulation of the tissues was inves-
tigated. The effect of each tachykinin antagonist was inves-
tigated on secretion induced both in the absence of
autonomic receptor blockade and in the presence of
autonomic blockade by APP (the latter representing the
remaining NANC neural response). Responses to six com-

binations of treatment were obtained, namely (1) sham
stimulation (i.e. collections in the absence of electrical
stimulation but at the same time-point as other tissues were
electrically stimulated); (2) electrical stimulation alone (i.e.
without antagonist or vehicle, DMSO); (3) electrical stimula-
tion with antagonist vehicle (i.e. to determine the effect of
vehicle on the magnitude of the secretory response); (4)
electrical stimulation with FK888 or SR 48968 (i.e. to deter-
mine the effect of the antagonists on the total secretory
response to cholinergic, adrenergic and NANC stimulation);
(5) electrical stimulation with APP (to determine the mag-
nitude of the NANC neurogenic component of secretion);
and (6) electrical stimulation with APP and either FK888 or

SR 48968 (to determine how much of the NANC response is
reduced by these antagonists). The neural composition of the
electrically-induced increase in secretion was investigated by
use of tetrodotoxin, 0.1 JM given for 45 min before stimula-
tion.

Contractility studies

Studies of smooth muscle contraction in ferret tracheal strips
were performed in order to assess the specificity of SR 48968
and FK888. Ferret tracheae were cut longitudinally through
the cartilage and then cut transversely into 3-4 mm segments
(approximately 6 cartilage rings). On each day of experimen-
tation, three segments from each of two animals were
suspended from isometric force transducers connected to a
six channel polygraph (model 7D, Grass Instruments Co.,
Quincy, U.S.A.) in 5 ml organ baths containing warmed
(37-C), aerated (95% 02 + 5% C02) Krebs-Henseleit solution
(composition as for secretory studies) containing 10 JM
indomethacin to inhibit the effects on tracheal tension of
spontaneously-released prostaglandins. The polygraph was
calibrated to record a 4 g resting tension on the segments for
equilibration during which time the Krebs solution was
changed every 5-O min until a stable baseline was estab-
lished (approximately 1 h). A supramaximal dose of ACh
(10 mM) was added to all tissues to establish tissue viability
and responsiveness. Once the contraction peak to ACh had
plateaued the tissues were washed repeatedly until baseline
tension was restored. Following this a cumulative
concentration-response to NKA (10 JM-10 mM) for smooth
muscle contraction was carried out, with each sequential
addition of the tachykinin added after the effect of the
previous addition had plateaued. Tissues were then washed
again until baseline tension was restored after which they
were incubated with either drug vehicle (DMSO) or the
tachykinin antagonists before carrying out a second dose-
response to NKA (in the same concentration-range as used in
the initial dose-response determination). Thus, the effect of
vehicle or tachykinin antagonist on NKA-induced tracheal

contraction was investigated for each animal. Incubation
with DMSO or FK888 was for 45 min before NKA. With
SR 48968, preincubation was for either 120 min (n = 2) or
45 min (n = 4). Where incubation with SR 48968 was for
120 min before the second administration of NKA, the two
remaining tracheal strips from that animal were left un-
treated for the additional 75 min before administration of
either DMSO or FK888. Finally, ACh (10 mM) was added
again to the tissues to assess the responsiveness of the tissue
at the end of the experiment compared with the initial res-
ponse to ACh.

Drugs

The following drugs were used: SP, NKA, capsaicin,
indomethacin, tetrodotoxin and DMSO (Sigma Chemical
Company Ltd., Poole, Dorset), atropine sulphate (Phoenix
Pharmaceuticals Ltd., Pharma Hameln, G.m.b.H., Ger-
many), phentolamine mesylate (Ciba Laboratories, Horsham,
West Sussex), propranolol hydrochloride (Imperial Chemical
Industries Ltd., Macclesfield, Cheshire), pentobarbitone
sodium B.P. (Sagatal; RMB Animal Health Ltd., Dagenham,
Essex), [SarlSP (Bachem (UK) Ltd., Saffron Waden,
Essex).

Tachykinin receptor antagonists were kind gifts from the
Fujisawa Pharmaceutical Co. Ltd., Osaka, Japan (FK888
and FK224), Cambridge Research Biochemicals Limited,
Northwich, Cheshire (L-668,169), and Sanofi Recherche,
Montpellier, France (SR 48968). FK888 is a synthetic dipep-
tide with the structure N2-[(4R)-4-hydroxy-l-(l-methyl-lH-
indol-3-yl)carbonyl-L-prolyl]-N-benzyl-N-methyl-N-phenyl-
methyl-3-(2-napthyl)-L-alaninamide). FK224 is a modified
cyclic peptide with the structure N-(N2-(N-(N-(N-(2,3-dide-
hydro-N-methyl-N-(N-(3-(2-penthlyphenyl)-propionyl)-L-thre-
onyl]tyrosyl-L-leucynyl]-D-phenylalanyl)-L-allo-threonyl)-L-
asparaginyl-L-serine-v-lactone. L-668,169 is a cyclic dimer:
cyclo(Gln-D-Trp(NMe)Phe(R)Gly[ANC-2]LeuMet)2. SR
48968 is a non-peptide with the structure (S)-N-methyl-N[4-
(4-acetylamino4phenylpiperidino)-2-(3,4-dichlorophenyl)butyl]
benzamide.
FK888, FK224 and L-668,169 were dissolved in DMSO

(stock solutions of 10mM), SR 48968 was dissolved in dis-
tilled water (stock of 100 tM), and SP, NKA, ACh and
[SarlSP were dissolved in distilled water (stock solutions of
10mM). These stock solutions were divided into aliquots,
stored at - 20°C. Capsaicin was dissolved in ethanol (stock
solution of 10mgml-'), stored at 4°C. All stock solutions
were diluted in Krebs-Henseleit on each day of experimenta-
tion. Indomethacin was prepared in phosphate buffer
(pH 7.8) of composition: 20 mM KH2PO4 and 120 mM Na2
HPO4.

Data analysis

Data in Results are the arithmetic mean and one standard
error of the mean (s.e.mean), with n-values being the number
of animals. Responses obtained from individual tissue
segments were calculated to give percentage changes in
radiolabel output for the differences between response to
drug or electrical stimulation and the preceding collection.
The latter are presented in Results as mean ± s.e.mean,
whereas changes compared with another group are given
only as a percentage. Drug-induced changes in tension were
calculated as a percentage of the contraction to ACh
(10 mM). The concentration of antagonist causing 50%
inhibition (ICs) in secretion or contraction was calculated by
non-linear regression. Significance of changes in secretion pre
and post-drug or electrical stimulation were assessed with the
Wilcoxon sign-rank sum test. The significance of differences
between groups were assessed by the Mann-Whitney U-test.
The null hypothesis was rejected at P<0.05 (two-tail).
Inhibition of stimulated secretion by an antagonist was con-
sidered complete when the value for stimulations with
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antagonist were significantly different from stimulations with-
out antagonist and were not significantly different from the
value for sham stimulation.

Results

Effects of tachykinin NK, antagonists on SP-induced
secretion

Median baseline radioactivity in this series of experiments
was 51 d.p.m. (range 10-57 d.p.m.; n = 14) and median SP-
stimulated radioactivity was 184 d.p.m. (range 57-382
d.p.m.; n = 5). SP (1 jtM) increased radiolabel output by
695% above vehicle controls (Figure 1). FK888 inhibited this
response in a concentration-dependent manner with an IC5o
of 1 tIM (pIC5o = 6), and abolished the secretory response at
concentrations 3 ItM and greater (Figure 1). FK888 alone
caused minimal changes in basal secretion (range of - 4% to
+ 18% change in radiolabel output compared to baseline at
0.1I M-3 ftM FK888) which were not significantly different
from the response to DMSO (7.5% ± 3.7% increase). L-
688,169 (10 jIM) had no significant effect on baseline secretion
(increased by 9.0% ± 10.8%, n = 5) but inhibited SP-induced
secretion by 125% (i.e. reduced below baseline values:
baseline value was a 9.0% ± 10.4% increase above previous
collection, n = 8; response to SP was 58.0% ± 9.7% increase
above previous collection, n = 8, L-668,169 reduced the res-
ponse to SP to - 14.5% ± 15.1% below baseline value, in
separate tracheal segments).

Effects of NK, antagonists on NKA-, acetycholine- or
capsaicin-induced secretion

Median baseline radioactivity in this series of experiments
was 47 d.p.m. (range 7-143 d.p.m.; n = 13). Median
stimulated radioactivity was similar in all three agonist
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Figure 1 Effect of a tachykinin NKI receptor antagonist, FK888
(@), on mucus secretion induced by substance P (SP: 1 jsm; 0) in
ferret trachea in vitro. Data are mean percentage changes in output
of macromolecules labelled in situ with "sSO4 (representing mucus)
for the number of animals indicated in parentheses for each group;
s.e.mean are shown. *P<0.05, **P<0.0I compared with DMSO
group (dimethylsulphoxide, the vehicle for FK888, 0).

groups (combined median of 88 d.p.m., range 42-382 d.p.m.;
n = 16). The DMSO vehicle increased secretion by
15% ± 9% above baseline, although this was not significant
(P = 0.14; Figure 2). NKA (1 ItM), capsaicin (10 gsM) or ACh
(10 gM) induced significant increases above vehicle controls
in radiolabel output (271%, 456% and 317% increases
respectively) (Figure 2). FK888 (IO M) completely inhibited
NKA-induced and capsaicin-induced increases in secretion
(by 103% and 111% respectively), whereas the ACh-evoked
secretion was not significantly inhibited by FK888 (reduced
by 8%: Figure 2). Increase in radiolabel output due to ACh
was significantly inhibited by atropine (by 87%). L-668,169
also significantly (P<0.05) inhibited the secretion evoked by
both NKA and capsaicin by 107% and 103% for each
stimulant respectively (n = 5, for NKA, and n = 6).

Effects of tachykinin antagonists on secretion induced by
electrical stimulation

The magnitude of the response to electrical stimulation
differed by 127% between the two series of experiments.
Median baseline radioactivity in the first series of
experiments was 146 d.p.m. (range 52-330 d.p.m.; n = 7)
which was not significantly different (P = 0.6) from that of 69
d.p.m. (range 7-378 d.p.m.; n = 8) in the second series of
experiments. The median stimulated radioactivity was 402
d.p.m. (range 67-624 d.p.m.; n = 7) in the first series of
experiments and 134 d.p.m. (range 31-443 d.p.m.; n = 8) in
the second series of experiments.

In the first series of experiments (Figure 3), electrical
stimulation of the tissue at 50 V, 1O Hz, 0.5 ms for 5 min
resulted in a 26 fold increase in radiolabel output over sham-
stimulated values. The antagonist vehicle (DMSO) had no
significant effect on the stimulated increase in radiolabel
output. Adrenoceptor and cholinoceptor blockade with APP
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Figure 2 Effects of a tachykinin NK1 receptor antagonist, FK888
(10 M), on mucus secretion induced in vitro in ferret trachea by
neurokinin A (NKA, I gAM), capsaicin (Caps. I llM) or acetylcholine
(ACh 10WpM). Data are mean percentage change in output of mac-
romolecules labelled in situ with IsSO4 (representing mucus); s.e.mean
are shown. Open columns: DMSO (vehicle for FK888; n = 1 I for all
three sets); solid colums: DMSO = mucus stimulant (n = 5 for NKA
and ACh, n = 6 for capsaicin); cross-hatched columns: effect of
FK888 on stimulated secretion (n = 5 for NKA and ACh, n = 6 for
capsaicin); hatched column: atropine (10 gM) + ACh (n = 5).
*P< 0.05 compared with DMSO group.
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in combination significantly though partially inhibited the
latter increase in secretion by 48% leaving 52% of the res-
ponse due to NANC innervation. FK888 (10 tM) alone
significantly inhibited the total neurogenic response by 47%.
In combination with adrenoceptor and cholinoceptor
blockade, FK888 significantly inhibited the remaining NANC
response by 66% (Figure 3): thus, blockade of adrenoceptors,
cholinoceptors and tachykinin NKI receptors accounted for
83% of the total secretory response to electrical stimulation,
leaving 17% of the response which was insensitive to
blockade of the latter autonomic receptors. FK888 had no
significant effect on baseline secretion (mean increase of
17.9% ± 6.4% above baseline, n = 7). FK224 (10 LM) signi-
ficantly inhibited NANC neurogenic secretion by 73%.

In the second series of experiments (Figure 4), electrical
stimulation (50 V, 10 Hz, 0.5 ms for 5 min) resulted in a
12 fold increase in radiolabel output. The antagonist vehicle
(DMSO) had no significant effect on the stimulated increase
in radiolabel output. Adrenoceptor and cholinoceptor
blockade significantly reduced the latter response by 70%.
SR 48968 (0.1 fLM) did not inhibit the total neurogenic res-
ponse nor did it inhibit the remaining NANC neurogenic
response. SR 48968 had no significant effect on baseline
secretion (5.4% increase, n = 7). In this series of experiments,
tetrodotoxin (0.1 AIM) significantly (P <0.01) reduced
electrically-stimulated secretion from 114% ± 20.8% (a
significant increase above baseline, n = 10) to 27.3% ± 8.2%,
the latter value not being a significant increase above baseline
(P = 0.06, n = 5).
The lack of effect on tachykinin-induced secretion of SR

48968 was further investigated with [SarISP. [SarISP (I 9M)
evoked a 42.3% ± 8.4% (n = 6) increase above baseline in
radiolabel output, which was not inhibited by SR 48968
(increase of 53.8% ± 12.5% above baseline, n = 8).
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Figure 4 Effects of an NK2 tachykinin receptor antagonist, SR
48968 (0.1 pM), on mucus secretion induced in ferret trachea in vitro
by electrical stimulation (50 V, 10 Hz, 0.5 ms, 5 min). Data are mean
percentage change in output of macromolecules labelled in situ with
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inhibition with atropine, propranolol and phentolamine in combina-
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Figure 3 Effect of a tachykinin NK, receptor antagonist, FK888
(10ItM), on mucus secretion induced in ferret trachea in vitro by
electrical stimulation (50V, 10Hz, 0.5ms, 5min). Data are mean
percentage change in output of macromolecules labelled in situ with
35SO4 (representing mucus); s.e.mean are shown (n = 8-10 for each
experimental group). APP = adrenoceptor and cholinoceptor
inhibition with atropine, propranolol and phentolamine in combina-
tion (all at 10 iM); DMSO = dimethylsulphoxide (vehicle for
FK888). *P< 0.05, *** P <0.001 compared with sham stimulation;
#P<0.05, ##P<0.0l compared with DMSO and electrical
stimulation respectively.
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Figure 5 Effect of a tachykinin NK, receptor antagonist, FK888
(-; 10 gM) or a tachykinin NK2 receptor antagonist, SR 48968
(-; 0.1 JM), on ferret tracheal smooth muscle contraction induced
by neurokinin A (0) in vitro. All drugs were dissolved in dimethyl-
sulphoxide (DMSO). Data are mean tension developed expressed as
a percentage of the contraction to 10 mm ACh (ACh max) for n = 6
per group; s.e.mean are shown.
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Effect of FK888 and SR 48968 on tracheal smooth
muscle contraction

NKA (1O nM- 1IO M), given after tension had returned to
baseline following contraction to a supramaximal concentra-
tion of ACh, concentration-relatedly increased tracheal
smooth muscle tone (maximal contraction of 45% of the
ACh maximum and an EC50 of 0.471iM). The second dose-
response to NKA, although reduced, was not significantly
affected following 45 min preincubation with DMSO, the
drug vehicle (maximal contraction of 30% of the ACh max-
imum and an EC50 of 0.31 AM). No evidence was obtained
for a difference in magnitude of inhibition by SR 48968
(0.1 AM) when tissues were incubated for 45 min (n = 4) or
120 min (n = 2) and the data for the two groups were pooled.
SR 48968 (0.1 giM) inhibited NKA-induced tracheal contrac-
tion at concentrations of NKA above 0.3 JM (Figure 5).
FK888 (10 JM) had no significant effect on the contractile
response over the concentration-range of NKA used (Figure
5). None of the treatments had any significant effect on the
magnitude of contraction to ACh before or after drug
administration: mean percentage differences between initial
and final administrations of acetylcholine were 14.4%
(s.e.mean 5.2%) for the DMSO group, - 2.2% (s.e.mean
4.3%) for the FK888 group, and - 7.7% (s.e.mean 4.7%)
for the SR 48968 group (n = 6 each).

Discussion

In the present study, electrical stimulation in vitro of ferret
trachea increased secretion of 150S4-labelled macromolecules.
The increased output Of "SO4 is consistent with increased
mucus secretion from submucosal glands because: (1) ferret
trachea has few surface epithelial goblet cells (Robinson et
al., 1986; Meini et al., 1993) indicating that the main source
of mucus is the submucosal glands; (2) 1sSO4 is relatively
selective for labelling intracellular mucin in submucosal
glands of cat trachea (Davies et al., 1990); and (3)
autoradiographic localisation of 35 4 demonstrates preferen-
tial loss of label from ferret tracheal glands in response to
neuromimetic drugs (Gashi et al., 1987).
The secretory response observed herein was blocked by

tetrodotoxin indicating that the increase in "5SO4 output was
via stimulation of nerves associated with submucosal glands.
A proportion of the secretory response (30%-50%)
remained after inhibition of cholinergic and adrenergic
influences, an observation consistent with previous studies
(Fung et al., 1992a,b; Peatfield & Richardson, 1983; Borson
et al., 1984). Partial inhibition of neurogenic mucus secretion
in the present study in unlikely to be due to use of
insufficiently high concentrations of autonomic receptor
antagonists (10 gM) because in a similar preparation concent-
rations of 1-100 JAM of these antagonists gave comparable
degrees of partial inhibition of neurogenic secretion (Borson
et al., 1984). In the present study the sensory nerve stimulant
capsaicin (Holzer, 1991) induced mucus secretion. Capsaicin
also induces mucus secretion in human bronchi in vitro
(Rogers & Barnes, 1989). Thus, a portion of the remaining
NANC response may be due to activation of sensory-efferent
nerves and release of tachykinins.

In the present study, the NKI receptor antagonist, FK888,
partially inhibited secretion evoked by electrical stimulation.
In rodents, binding assays, bioassays and in vivo functional
studies demonstrate that FK888 has a high degree of selec-
tivity for the tachykinin NKI receptor (Fujii et al., 1992;
Hirayama et al., 1993; Miyayasu et at., 1993; Wang et at.,
1994). In the present study, FK888 inhibited SP-induced
mucus secretion with a pIC50 of 6. The concentration of SP
used is submaximal for secretion under the present experi-
mental conditions (Meini et al., 1993). The pIC50 found
herein is higher than the K, of 0.69 nM or pA2 of 9.3

reported for inhibition of [3H]-SP binding to guinea-pig lung
membranes or SP-induced contraction of guinea-pig ileum in
vitro (Fujii et al., 1992). However, it is consistent with the
pIC50 of 6.6 for inhibition of electrically-evoked contraction
of rabbit iris sphincter (Wang et al., 1994). The reasons for
the discrepancy between data in the guinea-pig and the data
in the rabbit and ferret are unclear but may be due to the
recently-reported species and tissue differences in affinities of
NKI receptor antagonists (Maggi et al., 1993; Hall et al.,
1993). In the present study the selectivity of FK888 was
established for the NKI receptor in the ferret trachea. It has
been demonstrated previously that only the selective synthetic
tachykinin NKI receptor agonist [SarISP induces mucus
secretion in this preparation (Geppeti et al., 1993, Meini et
al., 1993). In the present study, FK888 inhibited SP-induced
mucus secretion in a dose-dependent manner with maximal
inhibition at 10 JIM. The selectivity of FK888 at this concent-
ration was investigated further in ferret tracheal smooth mus-
cle in vitro where only a synthetic selective NK2 agonist
induces contraction. FK888 did not inhibit NKA-induced
tracheal contraction which indicates that FK888 does not
interact with NK2 receptors in this preparation. FK888 did
not exhibit non-selective activity in inhibiting stimulated
secretion because it did not inhibit ACh-induced mucus out-
put, a response which was blocked by atropine. Another NK1
antagonist, L-668,169 (McKnight et al., 1988; Williams et al,
1988), inhibited 3QSO4 labelled macromolecule secretion
evoked by SP which is further evidence for the involvement
of the NKI receptor in tachykinin-induced mucus secretion.
Both FK888 and L-688,169 blocked secretion evoked by
capsaicin and NKA, the latter indicating that NKA interacts
with NKI receptors in the in vitro ferret tracheal preparation.
The concentration of NKA used is submaximal for secretion
in vitro in ferret trachea (Mizoguchi & Hicks, 1989, Webber,
1989). It should be noted that in the isolated submucosal
gland of the cat trachea, secretion and glandular contraction
induced by SP are not blocked by peptide SP receptor
antagonists (Shimura et al., 1987). The reasons why the latter
antagonists failed to block SP-induced responses whereas
SP-induced secretion in the present study was blocked by two
different tachykinin NKI receptor antagonists is unclear but
may be related to the activity of the drugs used, to a species
difference, or to differences in use of an isolated glandular
preparation compared with the present intact preparation.

In contrast to previous studies using natural and synthetic
tachykinins (see above), a preliminary report on isolated cat
tracheal submucosal glands found an order of potency of
NKA> NKB> SP in inducing secretion of trichloroacetic
acid-predictable glycoconjugates (Nagaki et al., 1991) which
indicated that the tachykinin NK2 receptor mediated secre-
tion. In the present study, SR 48968 failed to inhibit
neurally-evoked secretion, either in the absence or presence
of adrenoceptor and cholinoceptor inhibition. In rodent
binding assays, bioassays and in vivo functional studies, and
in human airway smooth muscle in vitro, SR 48968 exhibits a
high degree of selectivity for the NK2 receptor (Advenier et
al., 1992a,b; Edmonds-Alt et al., 1992; Martin et al., 1992).
In the present study, SR 48968, at a dose of 0.1 JIM which
inhibits NK2-mediated but not NKI-mediated responses
(Advenier et al., 1992b; Edmonds-Alt et al., 1992), inhibited
NKA-induced tracheal smooth muscle contraction (NK2
receptor system: see above). In the guinea-pig, SR 48968 has
activity at tachykinin NK3 receptors and IA-opioid receptors
(Boyle et al., 1993). The involvement of the latter two recep-
tors in NKA-induced tracheal contraction is unlikely because
of the minimal effect of a selective NK3 agonist in inducing
contraction in this preparation (Geppetti et al., 1993; Meini
et at., 1993) and because a JA-OpiOid antagonist does not
inhibit SP-induced contraction of guinea-pig airway smooth
muscle (Belvisi et al., 1990). In contrast to inhibition of
NKA-induced tracheal contraction, SR 48968 did not inhibit
ACh-induced contraction or [SarlSP-induced mucus secre-
tion. The latter observations provide further evidence for the
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selectivity of SR 48968 for the ferret tracheal NK2 recep,
tor.

In the present study, a small secretory response remained
(-17%) after inhibition of adrenoceptors, cholinoceptors
and tachykinin NKI receptors. The neurotransmitter(s) of the
response are unknown. It is unlikely to be due to activation
of tachykinin NK2 receptors because the magnitude of the
inhibition by FK224, a tachykinin antagonist which is active
at both NKI and NK2 receptors (Morimoto et al., 1992;
Murai et al., 1992; Hirayama et al., 1993), was not greater
than that induced by the NK1 antagonist (FK888). The
remaining response may be mediated by vasoactive intestinal
polypeptide (VIP) and related peptides, or NPY (Ramnarine
& Rogers, 1994). The relevance of these and other neuropep-
tides to NANC neural control of mucus secretion awaits
development of selective antagonists.

In the present study, we found variability in secretion of
"SO4-labelled mucins. Variation in secretion is related to
uptake of label and its incorporation into mucus, to the
amount of gland present in different tissue segments, and to
the tenacity of the mucus, which affects its release from the
luminal surface and dispersion into the bathing medium. The
basal condition of the tissue does not appear to contribute
greatly to variability because baseline absolute counts of
released radioactivity did not differ significantly between ex-
perimental groups. Variation in secretory response to cap-
saicin has been noted previously (Rogers & Barnes, 1989).
The reasons for this are unclear but relate to accessibility of
capsaicin to the submucosa (the drug is applied luminally),
and to variation in distribution of sensory-efferent nerves,
tachykinin receptors and degradative enzymes between tissue
segments. Difference in magnitude of secretion between the
two nerve-stimulated groups is most probably due to
variability between batches of ferrets because baseline secre-
tion was not different between the groups.
The present data have clinical implications. Although

sensory-efferent neural control of mucus secretion can be
readily demonstrated in the airways of a number of non-
human animal species (Ramnarine & Rogers, 1994), the
involvement of these nerves in control of mucus secretion in
human airways is difficult to demonstrate (Baker et al., 1985)
and any increase in secretion is comparatively small (Rogers

& Barnes,41989). It is possible that sensory-efferent neural
pathways become important in control of mucus secretion in
certain diseases of the airways. In asthmatics, the number of
SP-immunoreactive nerves associated with airway sub-
mucosal glands is increased above that in non-asthmatics
(Ollerenshaw et al., 1991) and mRNA levels for NKI recep-
tors are increased in asthmatic airways (Adcock et al., 1993),
although this increase is not associated with increased recep-
tor number (Goldie, 1990). SP immunoreactivity is increased
in sputum of patients with asthma and chronic bronchitis
compared with healthy subjects (Tomaki et al., 1993). The
dual NKI/NK2 antagonist, FK224, has been found to reduce
sputum production and cough in patients with chronic bron-
chitis (Ichinose et al., 1993). Clarification of whether NKI
receptors are relevant -to human bronchial hypersecretory
disease requires information on whether reduction in sputum
represents a reduction in mucus production and the dual
activity of FK224 requires that inhibition of sputum produc-
tion be confirmed using a selective NKI antagonist.

In conclusion, the present study provides evidence that
sensory-efferent neural control of mucus secretion in vitro in
ferret trachea is via activation of tachykinin NKI receptors
whereas the involvement of NK2 receptors is minimal. Use of
selective and potent tachykinin antagonists will be invaluable
in elucidating the involvement of tachykinins in secretory
processes in the airways. However, the activity of the dual
antagonist FK224 demonstrates that although of value in
determining the role of tachykinins in disease, selective
tachykinin antagonists may be of limited use therapeutically
whereas development of compounds with multiple
antagonism at selected receptors may have greater
therapeutic potential.
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