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1 Opioid agonists inhibit neurogenic mucus secretion in the airways. The mechanism of the inhibition is
unknown but may be via opening of potassium (K+) channels. We studied the e�ect on neurogenic
secretion in ferret trachea in vitro of the OP1 receptor (formerly known as d opioid receptor) agonist [D-
Pen2,5]enkephalin (DPDPE), the OP2 receptor (formely k) agonist U-50,488H, the OP3 receptor (formerly
m) agonist [D-Ala2, N-Me-Phe, Gly-ol5]enkephalin (DAMGO), the ATP-sensitive K+ (KATP) channel
inhibitor glibenclamide, the large conductance calcium activated K+ (BKCa) channel blocker iberiotoxin,
the small conductance KCa (SKCa) channel blocker apamin, the KATP channel opener levcromakalim, a
putative KATP channel opener RS 91309, and the BKCa channel opener NS 1619. Secretion was
quanti®ed by use of 35SO4 as a mucus marker.

2 Electrical stimulation increased tracheal secretion by up to 40 fold above sham-stimulated levels.
DAMGO or DPDPE (10 mM each) signi®cantly inhibited neurogenic secretion by 85% and 77%,
respectively, e�ects which were reversed by naloxone. U-50,488H had no signi®cant inhibitory e�ect on
neurogenic secretion, and none of the opioids had any e�ect on ACh-induced or [Sar9]substance P-
induced secretion.

3 Inhibition of neurogenic secretion by DAMGO or DPDPE was reversed by iberiotoxin (3 mM) but
not by either glibenclamide or apamin (0.1 mM each). Iberiotoxin alone did not a�ect the neurogenic
secretory response.

4 Levcromakalim, RS 91309 or NS 1619 (3 nM± 3 mM) inhibited neurogenic secretion with maximal
inhibitions at 3 mM of 68%, 72% and 96%, respectively. Neither levcromakalim nor RS 91309 at any
concentration tested signi®cantly inhibited acetylcholine (ACh)-induced secretion, whereas inhibition
(60%) was achieved at the highest concentration of NS 1619, a response which was blocked by
iberiotoxin.

5 Inhibition of neurogenic secretion by levcromakalim (3 mM) or RS 91309 (30 nM) was inhibited by
glibenclamide but not by iberiotoxin. In contrast, inhibition by NS 1619 (30 nM and 3 mM) was blocked
by iberiotoxin but not by glibenclamide.

6 We conclude that, in ferret trachea in vitro, OP1 or OP3 opioid receptors inhibit neurogenic mucus
secretion at a prejunctional site and that the mechanism of the inhibition is via opening of BKCa

channels. Direct opening of BKCa channels or KATP channels also inhibits neurogenic mucus secretion. In
addition, opening of BKCa channels inhibits ACh-evoked secretion of mucus. Drugs which open BKCa

channels may have therapeutic anti-secretory activity in bronchial diseases in which neurogenic
mechanisms and mucus hypersecretion are implicated in pathophysiology, for example asthma and
chronic bronchitis.
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Introduction

Secretion of mucus in the airways is a protective response to
inhalation of airborne irritants and physiological stress and is
controlled by humoral and neuronal mechanisms. In

mammalian airways, the predominant neural control is
cholinergic with a minor adrenergic component (Rogers,
1997). Capsaicin-sensitive `sensory-e�erent' nerves also con-

tribute to neural control of secretion, although the magnitude
of their contribution varies with species (Ramnarine & Rogers,
1994). Suppression of airway neurogenic mucus secretion is of

interest, because neural mechanisms and mucus hypersecretion
are implicated in the pathophysiology of a number of severe
airway conditions, most notably asthma and chronic bron-
chitis (Barnes, 1986; Rogers, 1997).

Opioid agonist drugs are neural suppressants and have been
shown to inhibit neurotransmission in the airways (Barnes et

al., 1990). For example, with reference to the topic of the
present study, neurogenic goblet cell secretion in guinea-pig
trachea is inhibited by activation of opioid OP3 receptors

(formerly known as m-receptors; Dhawan et al., 1996) or OP1
receptors (formerly d-receptors), but not by OP2 receptors
(formerly k-receptors) (Kuo et al., 1992a). Opening of

potassium (K+) channels is a mechanism mediating opioid
inhibitory activity (North et al., 1987). Potassium channels
sensitive to intracellular concentrations of adenosine 5'-
triphosphate (KATP channels) inhibit a number of neurogenic
responses in the airways (Ichinose & Barnes, 1990; Burka et al.,
1991; Kuo et al., 1992b; Lei et al., 1993), but do not appear to
be the mediators of opioid inhibition in the lung. Rather, a K+

channel blocked by charybdotoxin, a scorpion venom extract
which acts on calcium-activated and voltage-dependent K+

channels (BKCa and KV respectively), appears to be the

endogenous mediator, at least of OP3 opioid receptor
inhibition of neurogenic bronchoconstriction (Stretton et al.,1Author for correspondence.
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1992; Miura et al., 1992). The K+ channel mediating OP1 and
OP3 opioid receptor inhibition of neurogenic mucus secretion
has not been determined.

In the present study, we investigated the involvement of K+

channels in opioid inhibition of neurogenic mucus secretion in
ferret trachea in vitro. Firstly, we determined the opioid

receptor type mediating inhibition of secretion with the OP1
receptor agonist [D-Pen2,5]enkephalin (DPDPE) (Mosberg et
al., 1983), the OP2 receptor agonist U-50,488H (Lahti et al.,
1982), and the OP3 opioid receptor agonist [D-Ala

2, N-Me-Phe,

Gly-ol5]enkephalin (DAMGO) (Gillan & Kosterlitz, 1982). We
then determined the class of K+ channel involved in the
inhibition by use of the KATP channel inhibitor glibenclamide

(Niki et al., 1989; Schmid-Antomarchi et al., 1990), the blocker
of KCa channels of small conductance (SKCa channels) apamin
(Banks et al., 1979), and the large conductance KCa (BKCa)

channel blocker iberiotoxin (Galvez et al., 1990; Garcia et al.,
1991). Finally, we investigated the e�ect on neurogenic
secretion of three K+ channel openers, namely an established
KATP channel opener levcromakalim (formely known as BRL

38227) (Hamilton et al., 1993), a new putative KATP channel
opener RS 91309, and the BKCa channel opener NS 1619
(Olesen, 1994; Olesen et al., 1994). We used 35SO4 as a marker

for mucus (Gashi et al., 1987; Davis et al., 1990).

Methods

Tissue preparation

Male ferrets (Regal Rabbits, Great Bookham, Surrey)
weighing 1.0 ± 2.0 kg were used and were housed `free range'
with free access to food and water. They were killed with

pentobarbitone sodium (Sagatal; 60 mg kg71, i.p.). Our
preparation of ferret tracheal segments for examination of
neurogenic mucus secretion has been described in detail

previously (Ramnarine et al., 1994). Brie¯y, tracheae were
excised, cleared of surrounding tissue and bathed in warm
(378C) aerated (95% O2+5% CO2) Krebs-Henseleit solution

of ®nal composition (mM): NaCl 118, KCl 5.9, MgSO4 1.2,
CaCl2 2.5, NaHCO2 25.5 and glucose 5.05, pH 7.4 after
aeration. Each trachea was cut longitudinally through the
smooth muscle band of the dorsal membrane, opened ¯at and

cut transversely into 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

chamber into a `luminal' (i.e. mucus producing) and
submucosal side. The exposed surface area of each segment
was 1.12 cm2. Each side of the tissue was bathed with 9 ml

warmed, oxygenated Krebs-Henseleit solution (see above)
which was circulated by use of gas-lift pumps. The tracheal
tissue segments could be subjected to a unipolar electrical

current to stimulate excitable tissue (for example nerves) via
two pairs of pins which pierced the tissue on either side and
were connected through outlet wires from the chambers to a
pulse generator (Multi-Stim System D330, Digitimer Ltd.,

Welwyn-Garden-City, Herts.). Stimulation was at 10 Hz,
50 V, 0.5 ms for the ®rst ®ve minutes of a 15 min incubation
period. We have previously found that these stimulation

parameters are optimal for inducing neurogenic mucus
secretion in ferret trachea (Ramnarine et al., 1994).

We have previously established the optimal conditions

under which collections are taken in order to de®ne baseline
secretion and to maximize detection of the secretory response
to drug addition and electrical stimulation (Meini et al., 1993;
Ramnarine et al., 1994). In order to label newly-synthesized

intracellular mucus, at time 0 h, 0.1 mCi Na2
35SO4 (Amersham

International plc, Aylesbury, Bucks.) was added to the
submucosal half of each chamber, where it remained

throughout the duration of the experiment. At unit time
intervals, the ¯uid in the luminal half chamber (containing
secretions) was collected and replaced with fresh Krebs-

Henseleit solution. Baseline stability of spontaneous output
of 35SO4-labelled macromolecules was reached 2.5 h after
addition of radiolabel, during which time six collections were
taken: four after 30 min incubation periods followed by two

after 15 min incubation periods. These collections were
discarded. After stabilization of secretion, drugs were added
and the tissues were electrically- or agonist-stimulated.

Measurement of 35SO4-labelled macromolecule secretion

Luminal ¯uid, approximately 9 ml and comprising secretions
in Krebs-Henseleit solution, was collected into tubes contain-
ing 5 g guanidine hydrochloride to solubilize the blebs of
collected mucus. The ®nal concentration of guanidine

hydrochloride in the ¯uid was 6 M. Following this, each
sample was exhaustively dialyzed against distilled water
containing excess Na2SO4 and sodium azide (10 mg l71), by

transferring the samples from the collection tubes into separate
bags of cellulose tubing (Medicell International Ltd., London),
which allowed molecules of 12 ± 14 kDa or less to pass

through. Sodium azide was used to limit bacterial contamina-
tion. Dialysis in this way was carried out in order to displace
non-covalently bound sulphate. The samples were recovered

after at least six changes of distilled water or until the
radioactive count of the water was the same after dialysis as
before dialysis (*17 disintegrations per minute (d.p.m.)). The
recovered samples were weighed and the remaining radio-

activity in 1 ml duplicates of each sample mixed with 2 ml
scintillant (Ultima Gold XR, Canberra Packard Ltd.,
Pangbourne) and determined by scintillation spectrometry

(model 1900CA Spectrophotometer, Canberra Packard Ltd.).
The total radioactivity of each sample was determined 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 e�ects of opioid agonists on stimulated mucus
secretion, each agonist was applied to the luminal side of the

tissue for the 15 min incubation period before the induction of
secretion (by electrical stimulation, ACh, or the selective
tachykinin receptor agonist [Sar9, Met(O2)

11] substance P (SP);

[Sar9]SP; Regoli et al., 1988), where they remained present for
the duration of the 15 min stimulation incubation period.
Concentrations of opioid agonists (0.1 mM and 10 mM) were
near maximal or maximal for inhibition of airway neural
contractile responses (Miura et al., 1992; Stretton et al., 1992).
Concentrations of ACh (0.1 mM) or [Sar9]SP (1 mM) were
submaximal for inducing secretion in ferret trachea in vitro

(Meini et al., 1993; Ramnarine et al., 1994). For each chamber,
two possible pieces of information are obtained, for example
the e�ect of drug on baseline secretion followed by its e�ect on

stimulated secretion. Thus, for one trachea, a possible eight
combinations of pieces of information can be gained.
Collections for four groups 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-, ACh-, or [Sar9]SP-stimulated), (2)
electrical, ACh or [Sar9]SP stimulation alone, (3) electrical
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stimulation in the presence of opioid agonist, (4) ACh or
[Sar9]SP stimulation in the presence of opioid agonist.

For the studies involving the e�ects of the K+ channel

openers on stimulus or agonist-evoked secretion, each opener
(RS 91309, levcromakalim or NS 1619; each at 3 nM, 30 nM or
3 mM) was added to the luminal half chamber for a 30 min

incubation period before the electrical stimulation (i.e. present
for two 15 min collection periods). K+ channel openers
remained present in the baths for the duration of the
stimulation incubation period. To determine the selectivity of

the K+ channel openers, the K+ channel inhibitors glib-
enclamide (3 mM), apamin (0.1 mM) or iberiotoxin (0.1 mM)
were added to the luminal half chamber 45 min before

stimulation (i.e. 15 min before addition of the opener), and
remained present in the baths along with K+ channel openers
for the duration of the stimulation incubation period. Near-

maximally e�ective concentrations of K+ channel blockers
were chosen from data in the literature (see Introduction).
Responses to six groups of treatment were obtained, namely:
(1) sham-stimulation (see above), (2) electrical stimulation

alone, (3) electrical stimulation in the presence of a K+ channel
opener, (4) electrical stimulation in the presence of a K+

channel blocker, (5) electrical stimulation in the presence of

K+ channel blockers and opener, (6) electrical stimulation in
the presence of K+ channel blocker and opioid agonist.

Drugs and chemicals

The following drugs were used: acetylcholine chloride, apamin,

DAMGO, dimethyl sulphoxide (DMSO) and glibenclamide
(Sigma Chemical Company Ltd., Poole); naloxone hydro-
chloride (Du Pont Ltd., Stevenage, Herts.); pentobarbitone
sodium B.P. (Sagatal; R.M.B. Animal Health Ltd., Dagen-

ham); [Sar9, Met(O2)
11]SP ([Sar9]SP) and DPDPE (Bachem

U.K. Ltd., Sa�ron Walden, Essex). U-50,488H (trans-(+)-3,4-
dichloro-N-methyl-N-(2-(1-pyrrolidinyl) cyclohexyl]-benzene-

acetamide methane sulphonate) was a gift from the Upjohn
Company (Kalmazoo, U.S.A.). Levcromakalim, RS 91309
(N-[ [ 4-(1,2-dihydro-2-oxo-1-pyridyl)-2,2-dimethyl-6-tri¯uoro-

methyl-2H-1-benzopyran-3-yl] methyl] -N-hydroxy-acetamide)
and NS 1619 (1-(2'-hydroxy-5'-tri¯uoromethylphenyl)-5-tri-
¯uoromethyl-2(3H)benzimidazolone) were gifts from Syntex
Research Centre (Edinburgh; courtesy Dr Peter Hicks).

Iberiotoxin samples were gifts from Syntex (as above) and
Merck Frosst Canada Inc. (courtesy Dr Ian Rodger).

The following drugs were prepared as stock solutions and

stored at7208C: K+ channel openers, 10 mM in 5% ethanol;
[Sar9]SP, 10 mM in distilled water; glibenclamide, 1 mM in
DMSO; apamin and IbTX, 1 mM in distilled water. Drugs

were diluted appropriately from stock on each day of
experimentation. Concentrations of drugs are ®nal concentra-
tions in the Ussing chambers.

Data analysis

Apart from baseline radioactivity, data in Results are the

arithmetic mean and s.e.mean, with n values the number of
animals. Data for baseline radioactivity (d.p.m.) are presented
as median and range to illustrate the variability in this

parameter. Because baseline d.p.m. displayed considerable
variability between tracheal segments, responses obtained from
individual segments were calculated to give percentage changes

in radiolabel output for the di�erences between response to
drug or electrical stimulation and the proceeding collection.
Signi®cance of changes in secretion pre- and post-drug or
electrical stimulation were assessed by use of the Wilcoxon

sign-rank sum test. The signi®cance of di�erences between
groups was assessed by the Mann-Whitney U-test. The null
hypothesis was rejected at P50.05 (two-tailed). Inhibition of

stimulated secretion by a K+ channel opener was considered
complete when the value for stimulation with activator was
signi®cantly di�erent from the value for stimulation without

opener and not signi®cantly di�erent from sham-stimulated
values.

Results

Median baseline radioactivity in the experiments described

below was of the order of 50 d.p.m. (range 10 ± 60 d.p.m.).
Median stimulated radioactivity was of the order of 90 d.p.m.
(range 40 ± 400 d.p.m.).

E�ect of opioid receptor agonists on secretion

In this series of experiments, electrical stimulation resulted in a

30 fold increase in (neurogenic) 35SO4 output above sham-
stimulated levels (Figure 1). At 10 mM, both DAMGO and
DPDPE signi®cantly inhibited neurogenic 35SO4 output by

85% and 77%, respectively (Figure 1), whereas at 0.1 mM
neither drug gave signi®cant inhibition (mean electrically-
stimulated increase of 125+24% in 35SO4 output in the

presence of DAMGO and 130+21% increase in the presence
of DPDPE, compared with 147+38% increase for electrically-
stimulated control group). At neither concentration did

U50,488H inhibit neurogenic 35SO4 output (126+31% at
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Figure 1 Opioid inhibition of neurogenic mucus secretion of ferret
trachea in vitro. Open column, sham stimulation; solid column,
electrical stimulation (50 V, 10 Hz, 0.5 ms, 5 min); hatched columns,
OP3 opioid receptor agonist DAMGO, OP1 receptor agonist
DPDPE, OP2 receptor agonist U 50,488H (all at 10 mM) and e�ect
of naloxone on response to DAMGO or DPDPE. Data are mean %
changes in output of macromolecules labelled in situ with 35SO4

(representing mucus) for 5 ± 8 animals per group; vertical lines show
one s.e.mean. ***P50.001 compared with sham stimulated group;
##P50.01 compared with electrical stimulation.
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0.1 mM; Figure 1 for 10 mM). In these experiments, neither
DAMGO, DPDPE nor U50,488H had any signi®cant e�ect on
baseline 35SO4 output. In a separate group of animals,

naloxone reversed the inhibitions of the neurogenic secretory
response observed with DAMGO or DPDPE (Figure 1).
Naloxone had no signi®cant e�ect on the lack of inhibition by

U50,488H.
ACh administration resulted in a 32 fold increase in 35SO4

output (mean increase of 161+34%, n=5, compared with
sham stimulated levels of 5+7%, n=7; P50.01). This

response was una�ected in the presence of either DAMGO,
DPDPE or U50,488H (all at 10 mM): 132+18% increase with
DAMGO, 145+32% with DPDPE, and 178+29% with

U50,488H (none signi®cantly di�erent from ACh-stimulated
output). Similarly, DAMGO (10 mM) did not signi®cantly
inhibit 35SO4 output induced by [Sar9]SP (1 mM): 143+28%

increase with [Sar9]SP (n=5), a 31 fold increase above sham
levels, compared with 102+15% increase with DAMGO with
[Sar9]SP (n=9).

E�ect of K+ channel blockers on opioid-induced
inhibition of secretion

In this series of experiments, electrical stimulation resulted in a
22 fold increase in mucus secretion above the sham-stimulated
group. Iberiotoxin (3 mM) reversed the inhibitions by

DAMGO or DPDPE of neurogenic 35SO4 output (Figure 2).
Iberiotoxin alone had no signi®cant e�ect on neurogenic 35SO4

output (188.7+20.4% increase in output, n=4, for stimula-
tion, compared with 191.0+18.0%, n=4, for stimulation in
the presence of 3 mM iberiotoxin). In contrast to iberiotoxin,

neither glibenclamide (0.1 mM; Figure 2) nor apamin (0.1 mM)
signi®cantly reversed the inhibitions of secretion by the opioid
agonist drugs. With apamin, DAMGO still inhibited neuro-

genic secretion by 94% (n=7, P50.01 compared with
stimulated levels) and DPDPE still inhibited secretion by
81% (n=7, P50.01 compared with stimulated levels).

E�ect of K+ channel openers on secretion

In this series of experiments, electrical stimulation resulted in a

38 fold increase in 35SO4 output above sham levels (Figure 3).
Levcromakalim, RS 91309 and NS 1619 all inhibited
neurogenic secretion, although with di�erent potencies and to

varying degrees. Levcromakalim (3 nM, 30 nM and 3 mM)
inhibited neurogenic secretion only at a concentration of 3 mM
(68% inhibition). In contrast, RS 91309 signi®cantly inhibited
neurogenic secretion at 30 nM (68% inhibition) and at 3 mM
(72% inhibition). Similarly, NS 1619 inhibited neurogenic
secretion in a concentration-dependent manner with inhibi-
tions of 82% at 30 nM and 96% at 3 mM (Figure 3). Sham-

stimulated secretion changed by 8.1+3.8% (n=7) compared
with the previous unstimulated incubation period and neither
levcromakalim (n=4± 5), RS 91309 (n=4±7) nor NS 1619

(n=4±5) at any of the concentrations tested produced any
signi®cant deviation from this value.

Administration of ACh (10 mM) resulted in a 19 fold

increase in 35SO4 output over control values (Figure 3). Neither
levcromakalim nor RS 91309 (3 nM± 3 mM, n=6 for each
drug) had any signi®cant e�ect on this response. In contrast,
although NS 1619 at 3 or 30 nM had no signi®cant e�ect on

ACh-induced secretion, at 3 mM NS 1619 partially inhibited
ACh-induced secretion by 60% (Figure 3). In the following
studies on the e�ect of K+ channel blockers on K+ opener
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Figure 2 E�ect of K+ channel blockers on opioid inhibition of
neurogenic mucus secretion of ferret trachea in vitro. Open column,
sham stimulation; solid column, electrical stimulation (50 V, 10 Hz,
0.5 ms, 5 min); hatched columns, e�ect of glibenclamide (0.1 mM) on
inhibition by DAMGO (OP3 opioid receptor agonist) or DPDPE
(OP1 receptor agonist) (both at 10 mM), and e�ect of iberiotoxin
(IbTX, 3 mM) on inhibition by DAMGO or DPDPE. Data are mean
% changes in output of macromolecules labelled in situ with 35SO4

(representing mucus) for 5 ± 7 animals per group; vertical lines show
s.e.mean. **P50.01 compared with sham stimulated group;
##P50.01 compared with electrical stimulation.
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Figure 3 E�ect of BKCa channel activator NS 1619 on neurogenic
(a) or acetylcholine (ACh)-induced (b) mucus secretion in ferret
trachea in vitro. Open columns, sham stimulation or control; solid
columns, electrical stimulation (50 V, 10 Hz, 0.5 ms, 5 min) or ACh
(10 mM); hatched columns, e�ect of NS 1619 on stimulated secretion.
Data are mean % changes in output of macromolecules labelled in
situ with 35SO4 (representing mucus) for 5 ± 9 animals per group;
vertical lines show s.e.mean. ***P50.001 compared with sham
stimulated group; #P50.05, ##P50.01 compared with electrical
stimulation.
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inhibition of neurogenic secretion, 3 mM levcromakalim was
used (sole e�ective concentration) and 30 nM RS 91309 was
used as the concentration giving e�ective inhibition of

neurogenic secretion. For NS 1619, both 30 nM and 3 mM
were used.

E�ect of K+ channel blockers on K+ channel opener
inhibition of secretion

In this series of experiments, electrical stimulation resulted in a

17 fold increase in 35SO4 output over basal levels. Levcroma-
kalim (3 mM) inhibited neurogenic secretion by 81%, and this
was reversed by glibenclamide (0.1 mM) but not by IbTX

(3 mM) (Figure 4). Similarly, RS 91309 (30 nM) resulted in an
82% inhibition of the neurogenic response which was inhibited
by glibenclamide (mean 232% increase in secretion above

unstimulated levels, comparable to the control stimulation of
267% in the absence of drugs) but was una�ected by IbTX
(86% inhibition). In contrast. 30 nM NS 1619 inhibited
neurogenic secretion by 86% which was una�ected by

glibenclamide but was reversed by IbTX (Figure 5). Inhibition
by 3 mM NS 1619 was also blocked by iberiotoxin (3 mM)
(188.7+20.4% for the simulated 35SO4 output, n=4;

85.4+18.7% for stimulation in the presence of NS 1619,
n=5, P50.05 compared with stimulated value; 195+31.1%
for stimulation in the presence of iberiotoxin and NS 1619,

n=6, P50.05 compared with value in the presence of NS
1619).

Administration of ACh (0.1 mM) resulted in a mean
245+83% increase in 35SO4 output above control levels
(n=5, P50.05). The inhibition of this response by 3 mM NS

1619 (see previous section) was inhibited by IbTX (mean
176+33% increase in secretion, n=5: not signi®cantly
di�erent from ACh response).

Discussion

In the present study, electrical stimulation of ferret trachea in
vitro markedly increased 35SO4 output which, in this
preparation, is a marker for mucus secretion by submucosal

glands. The major source of mucus in the preparation is the
submucosal glands because ferret trachea has few surface
epithelial goblet cells but large numbers of glands (Robinson et

al., 1986; Meini et al., 1993). By autoradiography, under basal
conditions there is selective uptake and retention of 35SO4 by
tracheal submucosal glands, rather than epithelium, in cat
(Davies et al., 1990) and ferret (Gashi et al., 1987), with some

labelling of cartilage. Stimulation of ferret trachea in vitro with
neuromimetic drugs increased radioactive counts in the
incubation medium with concomitant loss of autoradiographic

grains from the glands, compared with untreated or
antagonist-blocked glands (Gashi et al., 1987): neither
cartilage nor epithelium showed loss of grains. In the cat,

tracheal washings labelled with 34SO4 have a molecular weight
and buoyant density consistent with a typical mucus molecule
(Davies et al., 1990). Thus, the increased output of 35SO4
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Figure 4 E�ect of K+ channel blockers on levcromakalim inhibition
of mucus secretion in ferret trachea in vitro. Open column, sham
stimulation; solid column, electrical stimulation (50 V, 10 Hz, 0.5 ms,
5 min); hatched columns, inhibition by levcromakalim (3 mM) and
e�ect of glibenclamide (Glib; 0.1 mM) or iberiotoxin (IbTX, 3 mM).
Data are mean % changes in output of macromolecules labelled in
situ with 35SO4 (representing mucus) for 5 ± 9 animals per group;
vertical lines show s.e.mean. *P50.05 compared with sham
stimulated group; #P50.05 compared with control electrical
stimulation group.
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Figure 5 E�ect of K+ channel blockers on NS 1619 inhibition of
mucus secretion in ferret trachea in vitro. Open column, sham
stimulation; solid column, electrical stimulation (50 V, 10 Hz, 0.5 ms,
5 min); hatched columns, inhibition by NS 1619 (30 nM) and e�ect of
glibenclamide (Glib; 0.1 mM) or iberiotoxin (IbTX, 3 mM). Data are
mean % changes in output of macromolecules labelled in situ with
35SO4 (representing mucus) for 5 ± 9 animals per group; vertical lines
show s.e.mean. *P50.05 compared with sham stimulated group;
#P50.05 compared with control electrical stimulation group.
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observed herein is indicative of an increase in tracheal
submucosal gland mucus secretion.

We have characterized previously the neural pathways

involved in induction of mucus secretion by electrical
stimulation of ferret trachea in vitro (Ramnarine et al., 1994):
cholinergic nerves account for approximately 55% of the

response and sensory-e�erent nerves account for approxi-
mately 35% of the response. The identity of the minor
remaining neural pathway(s) is unknown, but may comprise
adrenergic nerves and/or release of neuropeptides including

vasoactive intestinal peptide (VIP) and neuropeptide tyrosine
(NPY) (Ramnarine & Rogers, 1994). In any event, tetrodotox-
in blocks the complete neurogenic secretory response

(Ramnarine et al., 1994). Thus, in the present study, activation
of nerves, predominantly cholinergic and sensory-e�erent
combined, accounts for the marked increase in tracheal mucus

secretion with electrical stimulation.
We found herein that opioid agonists selective for the OP1

or OP3 receptor types inhibited neurogenic mucus secretion.
The inhibitions were reversed by naloxone, which indicates

that the inhibitory e�ect of the agonists was via interaction
with opioid receptors. Opioid inhibition did not extend to
secretion induced by either ACh or [Sar9]SP. A similar lack of

inhibition has been observed for ACh-induced contraction in
vitro of bronchi of guinea-pig (Belvisi et al., 1990) or man
(Belvisi et al., 1992), and for ACh- or substance P-induced

bronchoconstriction in vivo (Belvisi et al., 1988). The latter
observations and our present data indicate that opioid
inhibition is at a prejunctional site on the nerves. The

neuroregulation may be via inhibition of neurotransmitter
release because OP3 receptors mediate inhibition of release of
substance P-like immunoreactivity (SP-LI) from rat trachea
(Ray et al., 1991) and, in a preliminary study, release of [3H]-

choline, a marker for acetylcholine, from guinea-pig and
human trachea (Belvisi et al., 1993). OP1 receptors did not
appear to be involved in inhibition of neurotransmitter release

in either of the latter two studies. Formal release studies in
ferret trachea need to be carried out to determine whether OP1
and OP3 opioid receptors mediate inhibition of neurotrans-

mitter release from cholinergic and sensory-e�erent nerves
controlling secretion.

The opioid agonists herein virtually blocked the total
neurogenic secretory response, which indicates inhibition of

both cholinergic and sensory-e�erent nerve activity. Opioid
inhibition of cholinergic and sensory-e�erent neural activity
has been observed previously in the airways, including

inhibition of cholinergic bronchoconstriction in guinea-pig
and human airways (Belvisi et al., 1990; 1992), cholinergic and
sensory-e�erent induction of neurogenic goblet cell secretion in

guinea-pig trachea (Kuo et al., 1992a), sensory-e�erent
induction of plasma exudation in guinea-pig airways (Belvisi
et al., 1989), and sensory-e�erent induced cough and re¯ex

bronchoconstriction in guinea-pigs (Karlsson et al., 1990). The
involvement of OP1 or OP3 receptor types in inhibition in the
present study is consistent with our previous observation that
both receptor types are involved in inhibition of neurogenic

goblet cell secretion in guinea-pig trachea in vivo (Kuo et al.,
1992a). In contrast, inhibition of cholinergic bronchoconstric-
tion in guinea-pigs in vivo (Belvisi et al., 1988) or sensory-

e�erent-induced airway smooth muscle contraction in vitro
(Belvisi et al., 1990) is mediated predominantly via the OP3
receptor. The reasons for the discrepancy are unclear but, from

the discussion above, would appear to be related more to
di�erences in the nerves involved in control of airway secretion
compared with smooth muscle contraction rather than to a
species di�erence or to di�erences between in vitro and in vivo

investigation. In the present study, the OP2 receptor agonist U
50,488H had no signi®cant inhibitory e�ect on neurogenic
mucus secretion, which is consistent with its lack of e�ect in a

number of other in vitro and in vivo airway preparations
(Belvisi et al., 1988; 1990; Kuo et al., 1992a), and in inhibiting
SP-LI release from rat trachea (Ray et al., 1991). However, it

should be noted that, at similar concentrations to those used
here, U 50,488H inhibits substance P release from cultured
primary sensory neurones (Chang et al., 1989), and reduces
neurogenic plasma exudation (Cox, 1988). In addition,

circumstantial evidence indicates that inhibition of cough and
re¯ex bronchoconstriction in guinea-pigs is mediated via OP2
and OP3 receptors (Karlsson et al., 1990). Thus, the results

indicate that for opioid inhibition in the airways, the OP3
receptor is ubiquitous and that the involvement of other
receptors, and their type, is dependent upon the experimental

system being used.
Opioid receptors are coupled, through G-proteins, to K+

channels (North et al., 1987; Ikeda et al., 1995). In the present
study, we found that the inhibitory e�ect on neurogenic

secretion of the OP1 and OP3 receptor agonists was reversed by
the selective BKCa channel blocker iberiotoxin (Galvez et al.,
1990; Garcia et al., 1991; Vantapour & Harvey, 1995).

Inhibition was not reversed by the SKCa channel blocker
apamin (Banks et al., 1979) or the KATP channel inhibitor
glibenclamide (Niki et al., 1989; Schmid-Antomarchi et al.,

1990). These data indicate that the inhibitory e�ects of OP1
and OP3 receptors in ferret trachea are mediated via BKCa

channels. However, since electrical stimulation of neurones

increases intracellular calcium, BKCa channels would be
anticipated to open and dampen the response. Inhibition of
these channels could produce a functional antagonism of any
inhibitory response, irrespective of its underlying mechanism.

This is unlikely to be the case in the present study because
iberiotoxin alone did not a�ect the neurogenic secretory
response. The lack of inhibition by apamin or glibenclamide

of opioid-inhibition of neurogenic secretion is unlikely to be
due to use of too high concentrations of opioids because the
concentrations used were not supramaximal and both

naloxone and iberiotoxin e�ectively blocked their inhibitory
e�ects (see above). In addition, levcromakalim e�ectively
inhibited a marked neurogenic secretory response, and this was
inhibited by glibenclamide. Thus, the concentration (0.1 mM)
of glibenclamide used in the present study is e�ective against
marked inhibition of the secretory response.

The suggestion that BKCa channels mediate the OP1 and

OP3 receptor-inhibition of neurogenic mucus secretion ob-
served herein extends previous observations that charybdotox-
in reverses opioid inhibition of cholinergic airway contraction

in guinea-pig, human and dog airways (Miura et al., 1992;
Tagaya et al., 1995) and of sensory-e�erent neural contraction
of guinea-pig bronchi (Stretton et al., 1992). Charybdotoxin is

a blocker of BKCa channels (Miller et al., 1985) which has
activity at other K+ channels, for example other KCa channels
and KV channels (Deutsch et al., 1991; Garcia et al, 1991;
Vantapour & Harvey, 1995). Our data here with iberiotoxin

indicate that opioid inhibition of neurogenic airway contrac-
tion (Miura et al., 1992; Stretton et al., 1992; Tagaya et al.,
1995) was via activation of BKCa channels.

Our present data, discussed above, indicate that opening of
BKCa channels rather than SKCa or KATP channels is the
endogenous mechanism for OP1 and OP3 opioid receptor

inhibition of neurogenic mucus secretion in ferret trachea in
vitro. Consistent with this was our observation that the BKCa

channel opener NS 1619 (Olesen, 1994; Olesen et al., 1994)
inhibited neurogenic mucus secretion. NS 1619 has also been
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shown to inhibit evoked ®ring of airway nerve ®bres and
neurogenic bronchoconstriction and cough; responses reversed
by iberiotoxin (Fox et al., 1997). Although NS 1619 opens

BKCa channels in a number of smooth muscle and neuronal
preparations, it also inhibits L-type calcium channels
(Edwards et al., 1994; Sellers & Ashford, 1994; Macmillan et

al., 1995; Holland et al., 1996). Concentrations of NS 1619
which have been demonstrated to open native or cloned BKCa

channels are in the mM range (usually 3 ± 30 mM; Olesen, 1994;
Dworetzky et al., 1996). In the present study, the inhibition of

neurogenic mucus secretion by a low concentration of NS 1619
may be an indication that inhibition is not due to an action on
BKCa channels but rather on neuronal calcium channels. Since

the latter channels are voltage-sensitive, functional antagonism
by iberiotoxin could occur since iberiotoxin would depolarize
the neuron and stimulate the opening of additional voltage-

sensitive calcium channels. However, functional antagonism
may not be involved in the e�ects of iberiotoxin in the present
study because it blocked the inhibitory e�ects of NS 1619 at all
concentrations tested, including the concentration of 3 mM
which opens BKCa channels (see above). In addition, inhibition
here by NS 1619 of tracheal neurogenic secretion was not
blocked by glibenclamide which precludes a non-selective

action of NS 1619 on KATP channels.
In addition to the inhibitory e�ect of NS 1619, we found in

the present study that the channel KATP openers levcromaka-

lim and RS 91309 also inhibited neurogenic mucus secretion.
Levcromakalim (formerly BRL 38227) is the active enantiomer
of the racemate cromakalim which is an established KATP

channel opener (Hamilton et al., 1993). Inhibition herein by
levcromakalim or RS 91309 of neurogenic mucus secretion was
reversed by glibenclamide but not by iberiotoxin, which is
consistent with an action of these two drugs on KATP channels

in ferret trachea. KATP channel opener drugs have been shown
previously to inhibit a number of airway neurogenic responses,
including bronchoconstriction and goblet cell secretion

(Ichinose & Barnes, 1990; Kuo et al., 1992b).

In the present study, we found that NS 1619, at a
concentration of 3 mM, but not at the lower concentrations
tested, inhibited secretion induced by ACh and that the e�ect

was reversed by iberiotoxin. This observation suggests that
there are BKCa channels on the mucus secretory cells of the
ferret trachea which, when activated, inhibit secretion. The

mechanism of the inhibition is unexplored in the present study,
but may be related to the mechanisms underlying inhibition of
secretion of neurotransmitter(s) by nerve cells. In contrast,
neither levcromakalim nor RS 91309 inhibited ACh-induced

secretion. This is consistent with the observation that
levcromakalim had no e�ect on ACh- or SP-induced goblet
cell secretion in guinea-pig trachea in vivo (Kuo et al., 1992b).

However, it is in contrast to the inhibition by levcromakalim
and other KATP channel openers of sustained secretion of
lysozyme from submucosal gland serous cells in the in vitro

ferret whole trachea preparation (Gri�n, 1995). It would be of
interest to determine whether di�erent classes of K+ channel
have a di�erent distribution over serous and mucous gland
cells and regulate di�erent aspects of the airway secretory

process.
In summary, we have shown that, in ferret trachea in vitro,

opioid drugs which interact with OP1 or OP3 receptors inhibit

neurogenic mucus secretion at a prejunctional site and that the
mechanism of the inhibition is probably due to the opening of
BKCa channels. Similarly, drugs which directly open BKCa

channels or KATP channels also inhibit neurogenic mucus
secretion. In addition, opening of BKCa channels inhibits ACh-
evoked secretion of mucus. Thus, drugs which open BKCa

channels may have therapeutic anti-secretory activity in
bronchial diseases in which neurogenic mechanisms and mucus
hypersecretion are implicated in pathophysiology, for example
in asthma and chronic bronchitis (Rogers, 1996).

We thank the National Asthma Campaign (U.K.) and Syntex
Research, Riccarton, Scotland for ®nancial support.

References

BANKS, B.E.C., BROWN, C., BURGESS, G.M., BURNSTOCK, G.,

CLARET, M., COCKS, T.M. & JENKINSON, D.H. (1979). Apamin
blocks certain neurotransmitter-induced increases in potassium
permeability. Nature, 282, 415 ± 417.

BARNES, P.J. (1986). Neural control of human airways in health and
disease. Am. Rev. Respir, Dis., 134, 1289 ± 1314.

BARNES, P.J., BELVISI, M.G. & ROGERS, D.F. (1990). Modulation of
neurogenic in¯ammation: novel approaches to in¯ammatory
disease. Trends Pharmacol. Sci., 11, 185 ± 189.

BELVISI, M.G., CHUNG, K.F., JACKSON, D.M. & BARNES, P.J. (1988).
Opioid modulation of non-cholinergic neural bronchoconstric-
tion in guinea-pig in vivo. Br. J. Pharmacol., 95, 413 ± 418.

BELVISI, M.G., ROGERS, D.F. & BARNES, P.J. (1989). Neurogenic
plasma exudation: inhibition by morphine in guinea-pig airways
in vivo. J. Appl. Physiol., 66, 268 ± 272.

BELVISI, M.G., STRETTON, C.D. & BARNES, P.J. (1990). Modulation
of cholinergic neurotransmission in guinea-pig airways by
opioids. Br. J. Pharmacol., 100, 131 ± 137.

BELVISI, M.G., STRETTON, C.D., VERLEDEN, G.M., LEDINGHAM,

S.J., YACOUB, M.H. & BARNES, P.J. (1992). Inhibition of
cholinergic neurotransmission in human airways by opioids. J.
Appl. Physiol., 72, 1096 ± 1100.

BELVISI, M.G., WARD, J.K., PATEL, H.J., TADJKARAMI, S.,

YACOUB, M.H. & BARNES, P.J. (1993). m-Opioids inhibit
electrically-evoked acetylcholine release in human and guinea
pig trachea. Am. Rev. Respir. Dis., 147 (suppl.), A502.

BURKA, J.F., BERRY, J.L., FOSTER, R.W., SMALL, R.C. & WATT, A.J.

(1991). E�ects of chromakalim on neurally-mediated responses
of guinea-pig tracheal smooth muscle. Br. J. Pharmacol., 104,
263 ± 269.

CHANG, H.M., BERDE, C.B., HOLZ, G.G., STEWARD, G.F. & KREAM,

R.M. (1989). Sufentanil, morphine, met-enkephalin, and kappa
agonist (U-50,488H) inhibit substance P release from primary
sensory neurons: a model for presynaptic spinal opioid actions.
Anaesthesiology, 70, 672 ± 677.

COX, B.M. (1988). Actions of opioids in sensory nerves. In The Opioid
Receptor. ed. Pasternak, G.W. pp.392 ± 393. Clifton, New Jersey:
The Humana Press.

DAVIS, J.R., CORBISHLEY, C.M. & RICHARDSON, P.S. (1990). The
uptake of radiolabelled precursors of mucus glycoconjugates by
secretory tissues in the feline trachea. J. Physiol., 420, 19 ± 30.

DEUTSCH, C., PRICE, M., LEE, S., KING, V.F. & GARCIA, M.L. (1991).
Characterisation of high a�nity binding sites for charybdotoxin
in human T lymphocytes. J. Biol. Chem., 266, 3668 ± 3674.

DHAWAN, B.N., CESSELIN, F., RAGHUBIR, R., REISINE, T.,

BRADLEY, P.B., PORTOGHESE, P.S. & HAMON, M. (1996).
International Union of Pharmacology, XII. Classi®cation of
opioid receptors. Pharmacol. Rev., 48, 567 ± 592.

DWORETZKY, S.I., BOISSARD, C.G., LUM-RAGAN, J.T., MCKAY,

M.C., POST-MUNSON, D.J., TROJNACKI, J.T., CHANG, C.P. &

GRIBKOFF, V.K. (1996). Phenotypic alteration of a human BK
(hSlo) channel by hSlobeta subunit coexpression: changes in
blocker sensitivity, activation/relaxation and inactivation ki-
netics, and protein kinase A modulation. J. Neurosci., 16, 4543 ±
4550.

EDWARDS, G., NIEDERSTE-HOLLENBERG, A., SCHNEIDER, J.,

NOACK, TH. & WESTON, A.H. (1994). Ion channel modulation
by NS 1619, the putative BKCa channel opener, in vascular
smooth muscle. Br. J. Pharmacol., 113, 1538 ± 1547.

Neuroregulation of tracheal mucus secretion 1637S.I. Ramnarine et al



FOX, A.J., BARNES, P.J., VENKATESAN, P. & BELVISI, P.J. (1997).
Activation of large conductance potassium channels inhibits the
a�erent and e�erent function of airway sensory nerves in the
guinea pig. J. Clin. Invest., 99, 513 ± 519.

GALVEZ, A., GIMENEZ-GALLEGO, G., REUBEN, J.P., ROY-CON-

TANCIN, L., FEIGENBAUM, P., KACZOROWSKI, G.J. & GARCIA,

M.L. (1990). Puri®cation and characterisation of a unique,
potent, peptidyl probe for the high conductance calcium-
activated potassium channel from venom of the scorpion. Buthus
tamulus. J. Biol. Chem., 265, 11083 ± 11090.

GARCIA, M.L., GALVEZ, A., GARCIA-CALVO, M., KING, V.F.,

VASQUEZ, J. & KACZOROWSKI, G.J. (1991). Use of toxins to
study potassium channels. J. Bioenerget. Biomemb., 23, 615 ± 646.

GASHI, A.A., NADEL, J.A. & BASBAUM, C.B. (1987). Autoradio-
graphic studies of the distribution of 35sulfate label in ferret
trachea: e�ects of stimulation. Exp. Lung Res., 12, 83 ± 96.

GILLAN, M.G. & KOSTERLITZ, H.W. (1982). Spectrum of the mu,
delta- and kappa-binding sites in homogenates of rat brain. Br. J.
Pharmacol., 77, 461 ± 469.

GRIFFIN, A. (1995). The e�ect of potassium channel openers on
submucosal gland function and epithelial transport of the ferret
trachea, in vitro. Eur. J. Pharmacol., 280, 317 ± 325.

HAMILTON, T.C., BEERAHEE, A., MOEN, J.S., PRICE, R.K., RAMJI,

J.V. & CLAPHAM, J.C. (1993). Levcromakalim. Cardiovasc. Drug
Res., 11, 199 ± 222.

HOLLAND, M., LANGTON, P.D., STANDEN, N.B. & BOYLE, J.P.

(1996). E�ects of the BKCa channel activator, NS 1619, on rat
cerebral artery smooth muscle. Br. J. Pharmacol., 117, 119 ± 129.

ICHINOSE, M. & BARNES, P.J. (1990). A potassium channel activator
modulates both noncholinergic and cholinergic neurotransmis-
sion in guinea pig airways. J. Pharmacol. Exp. Ther., 252, 1207 ±
1212.

IKEDA, K., KOBOYASHI, T., ICHIKAWA, T., USUI, H. & KUMA-

NISHI, T. (1995). Functional couplings of the d- and k-opioid
receptors with the G-protein-activated K+ channel. Biochem.
Biophys. Res. Commun., 208, 302 ± 308.

KARLSSON, J.A., LANNER, A.S. & PERSSON, C.G. (1990). Airway
opioid receptors mediate inhibition of cough and re¯ex
bronchoconstriction in guinea pigs. J. Pharmacol. Exp. Ther.,
252, 863 ± 868.

KUO, H.-P., RHODE, J.A.L., BARNES, P.J. & ROGERS, D.F. (1992a).
Di�erential inhibitory e�ects of opioids on cigarette smoke,
capsaicin and electrically-induced goblet cell secretion in guinea-
pig trachea. Br. J. Pharmacol., 105, 361 ± 366.

KUO, H.-P., RHODE, J.A.L., BARNES, P.J. & ROGERS, D.F. (1992b).
K+ channel activator inhibition of neurogenic goblet cell
secretion in guinea-pig trachea. Eur. J. Pharmacol., 215, 297 ±
299.

LAHTI, R.A., VONVOIGTLANDER, P.F. & BARSUHN, C. (1982).
Properties of a selective kappa agonist, U-50,488H. Life. Sci., 31,
2257 ± 2260.

LEI, Y.-H., BARNES, P.J. & ROGERS, D.F. (1993). Inhibition of
neurogenic plasma exudation and bronchoconstriction by a K+

channel activator, BRL 38227, in guinea-pig airways in vivo. Eur.
J. Pharmacol., 293, 257 ± 259.

MACMILLAN, S., SHERIDAN, R.D., CHILVERS, E.R. & PATMORE, L.

(1995). A comparison of the e�ects of SCA40, NS 004 and NS
1619 on large conductance CA2+-activated K+ channels in
bovine tracheal smooth muscle cells in culture. Br. J. Pharmacol.,
116, 1656 ± 1660.

MEINI, S., MAK, J.C.W., RHODE, J.A.L. & ROGERS, D.F. (1993).
Tachykinin control of ferret airways: mucus secretion, bronch-
oconstriction and receptor mapping. Neuropeptides, 24, 81 ± 89.

MILLER, C., MODCZYDLOWSKI, E., LATORRE, R. & PHILLIPS, M.

(1985). Charybdotoxin, a protein inhibitor of single Ca2+-
activated K+ channels from mammalian skeletal muscle. Nature,
313, 316 ± 318.

MIURA, M., BELVISI, M.G., STRETTON, C.D., YACOUB, M.H. &

BARNES, P.J. (1992). Role of K+ channels in the modulation of
cholinergic neural responses in guinea pig and human airways. J.
Physiol., 455, 1 ± 15.

MOSBERG, H.I., HURST, R., HRUBY, V.J., GEE, K., YAMAMURA,

H.I., GALLIGAN, J.J. & BURKS, T.F. (1983). Bis-penicillamine
enkephalins possess highly improved speci®city toward delta
opioid receptors. Proc. Natl. Acad. Sci. U.S.A., 80, 5871 ± 5874.

NIKI, I., KELLY, R.P., ASHCROFT, S.J.H. & ASHCROFT, F.M. (1989).
ATP-sensitive K-channels in HIT T15 b-cells studied by patch-
clamp methods, 86Rb e�ux and glibenclamide binding. P¯uÈgers
Arch., 415, 47 ± 55.

NORTH, R.A., WILLIAMS, J.T., SUPRENANT, A. & CHRISTIE, M.J.

(1987). m and d receptors belong to a family of receptors that are
coupled to potassium channels. Proc. Natl. Acad. Sci. U.S.A., 84,
5487 ± 5491.

OLESEN, S.-P. (1994). Activators of large conductance Ca2+-
dependent K+ channels. Exp. Opin. Invest. Drugs, 3, 1181 ± 1188.

OLESEN, S.-P., MUNCH, E., MOLDT, P. & DREJER, J. (1994). Selective
activation of Ca2+-dependent channels by novel benzimidazo-
lone. Eur. J. Pharmacol., 251, 53 ± 59.

RAMNARINE, S.I., HIRAYAMA, Y., BARNES, P.J. & ROGERS, D.F.

(1994). `Sensory-e�erent' neural control of mucus secretion:
characterisation using tachykinin receptor antagonists in ferret
trachea in vitro. Br. J. Pharmacol., 113, 1183 ± 1190.

RAMNARINE, S.I. & ROGERS, D.F. (1994). Non-adrenergic, non-
cholinergic neural control of mucus secretion in the airways.
Pulm. Pharmacol., 7, 19 ± 33.

RAY, N.J., JONES, A.J. & KEEN, P. (1991). Morphine, but not sodium
cromoglygate, modulates the release of substance P from
capsaicin-sensitive neurones in the rat trachea in vitro. Br. J.
Pharmacol., 102, 797 ± 800.

REGOLI, D., DRAPEAU, G., DION, S. & COUTURE, R. (1988). New
selective agonists for neurokinin receptors: pharmacological
tools for receptor characterisation. Trends Pharmacol. Sci., 9,
290 ± 295.

ROBINSON, N.P., VENNING, L., KYLE, H. & WIDDICOMBE, J.G.

(1986). Quantitation of the secretory cells of the ferret
tracheobronchial tree. J. Anat., 145, 173 ± 188.

ROGERS, D.F. (1997). Neural control of airway secretions. In
Autonomic Control of the Respiratory System. ed. Barnes, P.J.
pp. 201 ± 227. The Netherlands: Harwood Academic Publishers
GmbH.

ROGERS, D.F. (1996). Scorpion venoms: taking the sting out of lung
disease. Thorax, 51, 546 ± 548.

SCHMID-ANTOMARCHI, H., AMOROSO, S., FOSSET, M. & LAZ-

DUNSKI, M. (1990). K+ channel openers activate brain
sulfonylurea-sensitive K+ channels and block neurosecretion.
Proc. Natl. Acad. Sci. U.S.A., 87, 3489 ± 3492.

SELLERS, A.J. & ASHFORD, M.L.J. (1994). Activation of BKCa

channels in acutely dissociated neurones from the rat ventrome-
dial hypothalamus by NS 1619. Br. J. Pharmacol., 113, 659 ± 661.

STRETTON, C.D., MIURA, M., BELVISI, M.G. & BARNES, P.J. (1992).
Calcium activated potassium channels mediate prejunctional
inhibition of peripheral nerves. Proc. Natl. Acad. Sci. U.S.A., 89,
1325 ± 1329.

TAGAYA, E., TAMAOKI, J., CHIYOTANI, A., YAMAWAKI, I.,

TAKEMURA, H. & KONNO, K. (1995). Regulation of airway
cholinergic neurotransmission by Ca2+-activated K+ channel
and Na+-K+ adenosinetriphosphatase. Exp. Lung Res., 21,
683 ± 694.

VANTAPOUR, H. & HARVEY, A.L. (1995). Modulation of acetylcho-
line release at mouse neuromuscular junctions by interaction of
three homologous scorpion toxins with K+ channels. Br. J.
Pharmacol., 114, 1502 ± 1506.

(Received July 16, 1997
Revised December 10, 1997
Accepted January 21, 1998)

Neuroregulation of tracheal mucus secretion1638 S.I. Ramnarine et al


