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Abstract 

Methacholine, phenylephrine and histamine produced highly significant and salbutamol significant in- 
creases in the rate of  mucus secretion from the ferret trachea. 
Methacholine, phenylephrine and histamine all produced highly significant increases in the rate of  out- 
put of lysozyme, but the concentration of lysozyme in the mucus was significantly increased only by 
phenylephrine. 
Salbutamol produced no significant change in the output of  lysozyme, and the concentration of lyso- 
zyme in the mucus was significantly decreased. 
It is concluded that methacholine, phenylephrine and histamine are potent stimulators of  serous cell 
secretion whereas salbutamol has only a weak secretory action on these cells. Methacholine, histamine 
and salbutamol probably stimulate secretion from mucous cells as well as from serous cells. 
The increase in the concentration of lysozyme produced by phenylephrine may be due to stimulation 
of a fluid reabsorption mechanism. 

Introduction 

Histological studies have shown that the ferret 
trachea contains very few epithelial goblet cells 
[1] and so the secretion of mucus is almost entire- 
ly from mucous and serous cells in the submucos- 
al glands. Therefore the ferret trachea is a good 
model to use for examining the effects of drugs on 
mucus secretion from these glands. 
Immunocytochemical and morphometric studies 
have suggested that mucous cell secretion from 
the ferret trachea is stimulated more potently by 
fl-adrenoceptor and cholinoceptor agonists than 
by a-adrenoceptor agonists, whereas serous cell 
secretion is stimulated more potently by a-ad- 
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renoceptor and cholinoceptor agonists than by 
fl-adrenoceptor agonists [2, 3]. However, there is 
little evidence from functional or biochemical 
studies to indicate whether secretions produced 
by cholinergic and adrenergic agonists are from 
serous or mucous cells. Furthermore, there has 
been no attempt to investigate the cellular origin 
of the secretion produced by inflammatory me- 
diators such as histamine. 
Lysozyme is a bactericidal enzyme found in re- 
spiratory tract fluid. Immunocytochemistry has 
shown that lysozyme is located in the secretory 
granules of  serous but not mucous cells in the 
submucosal glands of ferrets [4] and is therefore a 
useful marker for serous cell secretion. We have 
used a turbidimetric assay for lysozyme to exam- 
ine further the actions of methacholine (musca- 
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rinic agonist), salbutamol (fl-adrenoceptor ago- 
nist), phenylephrine (a-adrenoceptor agonist) 
and histamine on mucous and serous cell secre- 
tion from the ferret in vitro whole treachea. 

Methods 

The preparation of the ferret in vitro whole tra- 
chea has previously been described in detail [5]. 
Briefly, the trachea of an anaesthetised ferret was 
exposed and cannulated 5 mm below the larynx 
with a special perspex cannula. The ferret was 
killed and the chest opened along the midline. 
The trachea was cleared of adjacent tissue, can- 
nulated at the carinal end and was mounted, air- 
filled and laryngeal end-down, in an organ bath 
filled with Krebs-Henseleit buffer containing 
0.1% (w/v) glucose. The buffer was maintained at 
37~ and gassed with 95% 02/5% CO2. Se- 
cretions were carried by gravity and mucociliary 
transport to the lower cannula where they col- 
lected and were periodically withdrawn into a 
polyethylene catheter. The catheters were sealed 
at both ends and stored frozen until required. Af- 
ter unfreezing the secretions were washed out of 
the catheters with 0.5 ml distilled H20 into 1.5 ml 
vials. The vials were frozen and stored for use in 
the lysozyme assay. Secretion volumes were es- 
timated by the differences in the weight of the 
catheters with secretions and dried without se- 
cretions: and the secretion rates were expressed as 
~tl min -~ (assuming 1 g is equivalent to 1 ml). 
After two 30-min control periods one of the drugs 
under investigation was added to the buffer bath- 
ing the trachea. Any secretion was withdrawn 
30 min after the addition of the drug. The trachea 
was then washed twice and fresh buffer contain- 
ing no drugs was placed in the organ bath. Be- 
tween two and four 30-min control periods were 
allowed before addition of the next drug, depend- 
ing on how long it took for the secretion rate to 
return to the basal level; results for only the 
30 min control periods immediately before and 
after the drug periods are assessed in Results. At 
least three of the four drugs to be examined were 
administered to each trachea. The concentrations 
of drugs used in these experiments have previous- 
ly been shown to produce a highly significant 
(p < 0.01) increase in mucus secretion rate [6]. 

Assay for lysozyme 

The lysozyme concentration of the mucus samples 
was determined using a turbidimetric assay which 
relies on the ability of lysozyme to break down 
cell walls from the bacterium Micrococcus ly- 
sodeiktieus [7]. Addition of lysozyme to a solution 
of the bacteria reduces the turbidity of the solu- 
tion, leading to a fall in the optical density (OD) 
at 450 nm. 
A stock suspension of M. lysodeikticus was pre- 
pard which, when diluted 10-fold (the dilution in 
the assay), gave an OD of approximately 0.6 at 
450 nm. Various known concentrations of hen egg 
white lysozyme (0.5 to 100 ng ml -i) or 20 btl of a 
mucus sample were incubated in 1.5 ml potassi- 
um phosphate buffer (50 mM, pH 7.4) containing 
M. lysodeikticus (0 .3mgml-1) ,  sodium azide 
(1 mgml~  1) and bovine serum albumin (BSA, 
1 mg ml--1). The reaction mixtures were incubated 
for 18 h at 37~ After incubation the OD of each 
solution was measured at 450 nm with potassium 
phosphate buffer containing BSA (1 mg ml -~) as 
a blank. A standard curve relating fall in OD to 
concentration of hen egg white lysozyme was con- 
structed, and the concentration oflysozyme in the 
mucus samples was determined by reference to 
this standard curve. The rate of output of lyso- 
zyme was also determined by dividing the total 
amount of lysozyme in a mucus sample by the 
time period over which the sample was collected. 
All comparisons between drug-induced and con- 
trol periods were made using the Student's t-test 
for paired observations. 

Results 

The results are summarised in Figure 1. 
Methacholine (0.02 mM), phenylephrine 
(0.1 mM) and histamine (0 .3mM) produced 
highly significant (p<0.01), and salbutamol 
(0.1 mM) significant (p<0.05) increases in the 
rate of mucus secretion from the ferret trachea 
compared to the previous control values. With 
these concentrations the secretion rate pro- 
duced by methacholine was significantly higher 
(t7 < 0.05) than that due to any of the other drugs, 
and there was no significant difference between 
the secretion rates due to the other drugs. The 
changes in secretion rate produced by methacho- 
line and histamine were accompanied by highly 
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Figure 1 
The effects of salbutamol (0.1 mM), rnethacholine (0.02 mM), 
phenylephrine (0.1 mM) and histamine (0.3 mM) on mucus se- 
cretion rate, lysozyme output and the lysozyme concentration of 
the mucus samples obtained from the ferret trachea. The open 
columns are results from control periods immediately before 
and immediately after addition of drug, and the shaded 
columns are from drug-induced periods, each column re- 
presenting a 30 min period. Each column is the mean of six de- 
terminations, and the vertical bars represent s.e.m.'s. *Signifi- 
cantly different (p < 0.05) and **highly significantly different 
(p < 0.01) from control period before drug addition. 

significant (p<0.01) increases in the output of 
lysozyme but no significant changes in lysozyme 
concentrations of the mucus samples. Phenyl- 
ephrine produced highly significant (p < 0.01) in- 
creases in both lysozyme output and concentra- 
tion. Salbutamol produced a small non-signifi- 
cant (p > 0.05) increase in the output of lysozyme 
but a highly significant (1o < 0.01) decrease in the 
lysozyme concentration. 
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The increases in lysozyme output produced by 
methacholine, phenylephrine and histamine were 
significantly reduced (p<0.05) after removal of 
the drug from the bathing medium. However, the 
output oflysozyme was still significantly higher in 
the control period after removal of the drug than 
in the control period before addition of the drug. 

Discussion 

We have not obtained dose-response curves, but 
instead have chosen single concentrations of each 
agonist which are known from previous studies 
with the same preparation to give near-maximal 
increases in mucus secretion rate for each drug 
[6]. In this respect methacholine can produce a 
large flow of mucus, whereas salbutamol, al- 
though it can increase the output of labelled gly- 
coprotein, has never been found to cause more 
than a very small increase in mucus volume flow 
rate. The concentrations used were unlikely to be 
within the therapeutic range, except possibly for 
salbutamol given as aerosol; however, we were 
concerned with secretory mechanisms rather than 
clinical significance. 
The increases in the output of lysozyme produced 
by methacholine, phenylephrine and histamine 
suggest that these drugs produce a potent stimu- 
lation of serous cell secretion from the submucos- 
al glands of the ferret trachea. Methacholine and 
histamine produced roughly proportionate in- 
creases in secretion flow rate and lysozyme out- 
put, the former drug being several times more ac- 
tive. Moreover, with methacholine and histamine 
there were no significant changes in the concen- 
tration of lysozyme associated with the increases 
in the mucus secretion rate; therefore these drugs 
probably produce secretion from mucous cells as 
well as from serous cells, and the magnitude of 
the secretory action is similar on both cell types. 
Similar conclusions have been reached from his- 
tological observations [2, 3]. 
Phenylephrine significantly increased the concen- 
tration of lysozyme as well as the output. It is not 
clear how this increase in concentration is pro- 
duced. The release of lysozyme from serous cells 
may be proportionately higher than the increase 
in the output of water, thus leading to an increase 
in lysozyme concentration. However, if this were 
true, methacholine and histamine should also in- 
crease the lysozyme concentration by their ac- 
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tions on serous cells. It is possible that phenyl- 
ephrine stimulates a fluid reabsorptive mecha- 
nism in the epithelium or the gland ducts of the 
ferret trachea, leading to a reduced output of 
water and an increase in the concentration of 
lysozyme. 
The small, non-significant increase in lysozyme 
output produced by salbutamol suggests a weak 
secretory action on serous cells, which agrees with 
previous histological observations [3, 4]. However, 
the small significant increase in mucus secretion 
rate and the clear significant reduction in lyso- 
zyme concentration indicates that salbutamol 
produces secretion from sources other than serous 
cells. The source of this secretion is not known. 
However, it may be coming from mucous cells 
and there is histological evidence that fl-ad- 
renergic receptor stimulation results in mucous 
cell degranulation [2]. It is also possible that sal- 
butamol has a stimulatory action on the ion-me- 
diated movement of water across the tracheal epi- 
thelium into the lumen. Indeed, stimulation of 
fl-adrenergic receptors has been shown to stimu- 
late chloride transport across the dog tracheal 
epithelium [8], which would lead to increased 
output of water into the lumen [9]. 
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