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Mucus transportability: the bovine trachea and
frog palate models compared

P.J. Wills, K. Pritchard, P.J. Cole

The mammalian airway surface forms a major interface
between the individual and the environment. The mucocil-
iary escalator is an important defence against unwanted
airborne substances. Mucus with entrapped material is con-
veyed by the cilia towards the pharynx, where it is nor-
mally eliminated by swallowing.

In conditions characterized by sputum production, such
as acute respiratory infections, chronic bronchitis and
bronchiectasis, including cystic fibrosis (CF), mucociliary
clearance is delayed [1]. The abnormally prolonged reten-
tion of infected mucus in the airways is arguably a major
cause of the chronic inflammatory damage seen in these
chronic conditions [2].

Efficient mucociliary clearance requires that both the
cilia and the mucus function optimally. Ciliary damage
accounts in part for the mucus retention in these diseases
[2], but the continuing efforts to discover effective muco-
active drugs testify to the hope that it may be possible to
alter the mucus so that it is expelled more easily.

The ability of mucus to be cleared efficiently by cilia
can be measured ex vivo using explants of ciliated tissue
depleted of endogenous mucus. Traditionally, the frog pal-
ate has been used for this purpose in numerous studies of
respiratory mucus and other gels [3]. The authors have re-
cently developed a model with the same scope, but using
the bovine trachea. With this system two interesting obser-
vations were made that had not been reported with the
frog palate model. Firstly, sputum from patients with
bronchiectasis, CF and chronic bronchitis was transported
more slowly than mucus obtained from healthy human
and animal lungs [4, 5]. Secondly, increasing the hydra-

tion of sputum markedly impaired its transportability,
whereas increasing its osmolality by adding sodium chlo-
ride or removing water by evaporation caused its ciliary
transportability to increase [6]. These observations may
have particular relevance in the pathogenesis of CF, be-
cause in this illness an epithelial defect in sodium and
chloride transport results in life-shortening chronic bron-
chial infection [7].

It might be expected that if the bovine trachea model
yielded results different from the frog palate, it would bet-
ter reflect the properties of respiratory mucus that lead to
its efficient expulsion from the human lung. It is a mam-
malian respiratory system, faced with the same task as the
human airway. In contrast, the frog palate is an amphibian
digestive system, which functions mainly to trap and help
to ingest flies and other particles of food. Mucociliary trans-
port in the frog palate is in a caudal direction, whereas it is
cranial in the mammalian trachea. Therefore, a compari-
son of these models was undertaken, examining the trans-
portability of samples of sputum and healthy lung mucus
on both systems. An investigation was made of the effect
on ciliary transportability of inspissating sputum by evap-
oration of water and of directly altering its salinity. The
effect of altered salinity on the beat frequency of frog pal-
ate cilia was measured, as it had been previously for bov-
ine tracheal cilia [6].

Methods

Sputum samples (purulent or mucopurulent) were col-
lected from patients with CF or non-CF bronchiectasis,
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placed on ice immediately and frozen within 6 h. Samples
with visible amounts of saliva were not used. Addition to
sputum of 10% of its volume of saliva was easily detect-
able macroscopically, so salivary contamination of the
samples was considerably less than this in all cases. Bov-
ine tracheal mucus or frog palate mucus was collected
from the cut end of the preparations, where it collected
during the depletion process.

The transportability of sputum was measured at 37°C
on the mucus-depleted bovine trachea as described previ-
ously [4]. In brief, explants of bovine trachea (8 cm × 3
cm) were depleted of endogenous mucus by prolonged
incubation exposed to the air but kept moist with phos-
phate-buffered saline (PBS), followed by repeated appli-
cation of 0.5 mL of bovine tracheal mucus. The trachea
was deemed to be depleted of mucus when it no longer
transported small metal particles. The transport rates of
samples of sputum or bovine tracheal mucus were then
measured by placing approximately 50 µL at the distal
end and recording the distance travelled at 15 s intervals
using the naked eye. The transport rate was deduced from
at least four data points.

The frog palate system was used as described previ-
ously [3]. Palates of Rana pipiens were excised, washed in
frog Ringer solution and placed in a humid box. Mucus
depletion was accomplished by overnight incubation at
4°C followed by approximately 1 h at 25°C. Mucus tran-
sport was observed with a microscope, and its rate was
calculated from the time taken for a sample of mucus
(approximately 5 µL) to travel 0.5 cm. Measurements
were performed at least in triplicate and the mean was cal-
culated.

For both the frog palate and the bovine tracheal assays,
the transportability of a sputum sample was expressed as
an index. This was its rate of movement expressed as a
percentage of that of endogenous frog or bovine mucus
which had been collected during the depletion process.
For example, a sample with a transportability index of 25
was transported at a quarter of the rate of endogenous frog
or bovine mucus.

The within-day and between-day variability of the spu-
tum transportability measurements were assessed using
the frog palate system, as had previously been done with
the bovine trachea [4]. A sample of bronchiectasis sputum
was divided into six aliquots and frozen at -20°C. One
aliquot was thawed on each of 6 days, kept on ice and
assayed six times each day. 

Three samples of bovine tracheal mucus were each
assayed seven times on the frog palate, each sample on a
different day. The salinity of the sputum was altered either
by simply adding sodium chloride or by incubating in an
excess of saline solution. For the first method, sputum
samples from 14 patients with CF were divided into two
aliquots of approximately 0.5 mL and solid sodium chlo-
ride was added to a final concentration of 0.5% w/w; the
control aliquot was untreated. After incubating overnight
at 4°C, which allows full diffusion of the salt, the trans-
portabilities were measured. In this way, the salinated spu-
tum differs from the control only in having extra sodium
chloride. In the second protocol, approximately 1 mL of
sputum was incubated at 4°C for 48 h in excess (20 mL)
PBS (Dulbecco A (Oxoid Ltd., Basingstoke, UK), with
peni-cillin 50 units·mL-1, streptomycin 50 µg·mL-1 and
phenylmethylsulphonylfluoride 0.1 mM) in tonicities

ranging from 0–600 mosmol·L-1, and then removed with
forceps. Isotonic PBS contained 137 mM sodium chlo-
ride, 3 mM potassium chloride, 8 mM disodium hydrogen
phosphate and 1.5 mM potassium dihydrogen phosphate,
pH 7.3. PBS of different tonicities contained the same
proportion of solutes. Two CF and two non-CF samples
were used. Here, the sputum solute composition will be
nearly re-placed by that of the incubating solution, and it
is possible to lower as well as to raise the salinity of the
gel.

The osmolality of sputum was also increased by inspis-
sation. Sputum samples from 16 patients (eight CF and
eight non-CF bronchiectasis) were each divided into two
aliquots of 0.5–1.5 g. One aliquot was placed in a shallow
dish under a current of air for 2–3 h with occasional gentle
stirring until 48–52% of its original weight was lost; the
other aliquot was kept for the same time at ambient tem-
perature in a sealed container.

The ciliary beat frequency of the epithelium was meas-
ured photometrically as described previously [8]. Cilia
were viewed with transmitted light at a magnification of
320 and a Leitz MPV compact microscope photometer
(Wetzler, Germany) transduced the light intensity into an
electrical signal. The epithelium from an explant of bov-
ine trachea or a frog palate was dissected into 2–5 mm
pieces, then kept in isotonic PBS or frog Ringer solution
as appropriate. Samples were then placed in a transparent
dish containing PBS of different osmolarities for 15 min
at 37°C or 25°C, respectively, and the ciliary beat freq-
uency was measured. For each saline concentration, meas-
urements of the ciliary beat frequency were made from 10
different areas and the mean was calculated.

Nonparametric tests for significance were used through-
out, with the Minitab® statistical program (PA, USA).

Results

Reproducibility measurements

The mean transportability index of the sputum sample
assayed 36 times on the frog palate was 48 (range 9–138,
coefficient of variation 0.75, SD 36.4, SEM 6.1). This is app-
roximately three times the variability obtained in a sample
from the same patient with the bovine trachea in a similar
study [4]. The within-day coefficients of variation were
between 0.15 and 0.34, compared with between 0.08 and
0.28 with the bovine trachea.

Transportability of sputum and bovine tracheal mucus

The transportability indices (mean±SEM) of all 30 sputa
(from 22 patients with CF and eight with non-CF bron-
chiectasis) were 26±2.4 on the bovine trachea and 80±9.8
on the frog palate (p=0.001, Wilcoxon test). For the 22 CF
sputa the bovine and frog transportability indices were
29±2.6 and 74±10.7 (p=0.001, Wilcoxon test) and for the
eight non-CF bronchiectasis sputa the respective trans-
portability indices were 17±4.8 and 98±22.2 (p=0.014).

The three samples of bovine tracheal mucus had trans-
portability indices (mean±SEM for seven measurements) on
the frog palate of 40±5.0, 29±5.3 and 114±6.5. The over-all
mean transportability index of bovine tracheal mucus on
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the frog palate was 61. This was not significantly different
from the transportability of sputum on the frog palate
(p>0.13, Mann-Whitney U-test).

Addition of sodium chloride to sputum

The bovine tracheal and frog palate transportabilities of
sputa from 14 patients with CF, untreated and with added
salt, are shown in table 1. On the bovine trachea there was
a 129% (p<0.001) increase in transportability after adding
sodium chloride, as reported previously [6]. On the frog
palate, increasing the salinity of the sputum caused a 30%
(nonsignificant) fall in transportability.

Incubation of sputum in saline solution

Figure 1 shows the transportabilities of samples of CF
and bronchiectasis sputum after 48 h incubation in an ex-
cess of sodium chloride solution. On the bovine trachea a
clear saline dependence is apparent, with optimum trans-
portability occurring when the sputum was incubated in
300–500 mosmol·L-1 saline, as reported previously [6].
Sputa incubated in <100 mosmol·L-1 saline were virtually
untransportable on the bovine trachea. With the frog palate
model the transportability showed no obvious saline depen-
dence and sputa incubated in water were transported well.

Inspissation of sputum

The mean transportability indices of 16 sputa (eight
from CF and eight from non-CF bronchiectasis patients)
before and after inspissation are shown in table 2. Water
loss caused an 83% increase in transportability on the
bovine trachea, but a 60% fall in transportability on the
frog palate; both changes were highly significant.

Ciliary beat frequency

The beat frequency of the frog palate cilia as a function of
salinity is shown in figure 2. In contrast to bovine tracheal
cilia, unstimulated frog palate cilia were often stationary.

Table 1.  –  Transportability indices of 14 samples of
cystic fibrosis sputum with or without the addition of sod-
ium chloride, to 0.5%

Transportability index

Bovine trachea Frog palate

Untreated
Added NaCl
Change  %
p-value

28±4
64±5
+129
0.001

66±15
46±14

-30
0.68

Data are mean±SEM. Probabilities were calculated using the
Wilcoxon test.
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Fig. 1.  –  a) Frog palate and b) bovine tracheal transportabilities of two
cystic fibrosis (CF) (●) and two non-CF sputa (  ) after incubation in
excess phosphate buffered saline (PBS).

Table 2.  –  Bovine trachea and frog palate trans-
portabilities of 16 sputa before and after inspissation

Transportability index

Bovine trachea Frog palate
All CF non-CF All CF non-CF

Untreated
Inspissated
Change  %
p-value

24±3
44±6
+83

0.001

30±3
50±8
+67

0.035

17±5
38±8
+124
0.014

92±13
37±7
-60

<0.001

Data are mean±SEM of eight cystic fibrosis (CF) and eight non-
CF subjects. Probabilities were calculated using the Wilcoxon
test.
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Fig. 2.  –  Beat frequency of frog palate (●) and bovine tracheal (   ) cilia
as a function of the salinity of the surrounding liquid. PBS: phosphate-
buffered saline.
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Readings of ciliary beat frequencies were therefore made
immediately after a mechanical stimulus. With the frog
palate cilia, the ciliary beating frequency showed no clear
saline dependence and near-optimal beating occurred in
distilled water.

Discussion

The frog palate has been used in studies of ciliary activ-
ity since 1948 [9] and in studies of pulmonary mucus for
nearly three decades [10, 11]. The mucus-depleted bovine
trachea, a model with the same scope has recently been
described and in this work the performance of the two sys-
tems in assaying pulmonary mucus was compared. The
differences in the results obtained with the two models
could have important therapeutic implications.

Firstly, reproducibility was better using the bovine tra-
chea than the frog palate. When multiple aliquots of the
same sputum sample were assayed, both the within-day
and between-day agreement was much closer with the bov-
ine trachea model. The maximum and minimum values of
the transportability index of a sputum sample measured
36 times on the frog palate were 9 and 138, while on the
bovine trachea the respective values were 11 and 31 [4].

This study is the first, to the authors' knowledge, that
has specifically addressed the question of the reproduci-
bility of the frog palate model. In a previous study [3] up
to eight measurements were occasionally required to ob-
tain three within 10% of each other. The poor reproduci-
bility of the system is probably due mainly to its small
size. Because of this, the transport rate of a mucus sample
is deduced from the time taken to travel between two
points only. With the much longer bovine trachea, time is
allowed after application of the mucus sample for a steady
state speed to be reached, then the distance travelled at
several time points can be measured. A sputum sample
often moved more quickly in the first 30 s or so, before
slowing to a steady speed, possibly owing to an interac-
tion with the surface liquid. The smaller size of the sample
applied to the frog palate, another constraint imposed by
its small size, probably also contributes to its poorer
reproducibility, because of the greater and more variable
ratio of surface liquid to mucus. The effect of salinity on
sputum transportability using the bovine trachea is obs-
erved even if the mucus is dipped in the solution for <30 s.
Therefore, the solutes in the very small quantities of muc-
us applied to the frog palate would be expected to equili-
brate rapidly with the liquid on the surface of the palate.
In contrast, the tonicity of the larger quantities of mucus
that can be placed on the bovine trachea would not be
expected to approach that of the surface liquid. In addi-
tion, the smaller the sample size, the greater the risk that
lack of sample homogeneity could affect the result.

Secondly, the frog is a poikilothermic amphibian and
assays of sputum transportability are made at 25°C, where-
as the bovine trachea mucus transport measurements were
carried out at 37°C. It is possible that the rheology of air-
way mucus and, therefore, its transportability is tempera-
ture dependent, although the authors are unaware of data
on this matter.

Thirdly, the microscopic behaviour of the cilia was dif-
ferent in the two systems. Bovine tracheal cilia, like human
respiratory cilia, beat at a nearly constant rate, but the frog

cilia were often stationary and could be induced to beat
with a physical stimulus. It is not clear whether this results
in any difference in mucus transportability, but it shows
that frog and bovine cilia function differently despite their
ultrastructural similarities.

Fourthly, the salt dependence of the ciliary beat freq-
uency contrasted markedly. Frog palate cilia function near-
optimally in pure water, whereas bovine tracheal cilia did
so at an ionic strength of 300–600 mosmol·L-1. Tonicities
of <100 mosmol·L-1 caused complete stasis of bovine tra-
cheal cilia [6]. Presumably, this reflects the contrasting
demands placed on these different epithelia in vivo. The
frog palate serves a mainly digestive purpose and, like the
human palate, must be able to tolerate exposure to fresh
water. The mammalian trachea is never normally required
to withstand pure water, being exposed only to airway
secretions. Moreover, the tonicity of frog Ringer solution
is only approximately two thirds that of mammalian. The
poor transportability on the bovine trachea of sputum
incubated in very hypotonic solutions is probably due, in
part at least, to inhibition of ciliary beating.

Finally, the ciliary transportability of respiratory mucus
was different in the two models. On the frog palate, the
mean transportability index of the 30 samples (eight from
CF and 22 from non-CF bronchiectasis patients) assayed
in this study was three times that on the bovine trachea.
Analysing the CF and non-CF sputa separately yielded
similar conclusions, although there was a tendency for the
CF sputa to be transported more quickly than non-CF
sputa on the bovine trachea. The contrasting behaviour of
mucus from healthy animal lungs, which was transported
rapidly by the bovine trachea, and sputum, which was
transported poorly, was not seen with the frog palate model.
The marked increase in sputum ciliary transportability
observed on the bovine trachea when the salinity was in-
creased was also not apparent on the frog model. On the
contrary, there was a trend in the reverse direction, with
reduced frog palate transportability of the sputa with
added sodium chloride.

The most striking difference in transportability behav-
iour was seen with inspissated sputum. Samples of spu-
tum were subjected to a large evaporative water loss, so
that the original weight was halved. This procedure res-
ulted in a much thicker and stickier gel, which was trans-
ported 83% more quickly than untreated sputum on the
bovine trachea, but 60% more slowly on the frog palate.

Increasing the hydration of sputum by incubating it in
water also leads to opposite changes in transportability in
the two systems. Sputum incubated in water is rendered
virtually untransportable on the bovine trachea, as shown
in this study and elsewhere [6], whereas its transportabil-
ity on the frog palate is increased [12].

It is possible that the greater water permeability of the
bovine trachea allows changes to take place in the com-
position and rheology of that part of the sputum gel in
close contact with the cilia, which may not occur when the
sputum is placed on the less permeable frog palate. The
bovine tracheal model may therefore be measuring the
transportability of a sputum gel which has been modified
by an interaction with liquid that has been drawn out of
the tracheal epithelium in response to an osmotic stimu-
lus. Rapid shifts of liquid can occur across mammalian
airways in vivo, as illustrated by the prompt disappearance
from the lungs of inhaled liquid in cases of near drowning.
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Therefore, the two models make different predictions
for the value of therapeutic interventions. Using the frog
palate system, one would be tempted to conclude that add-
ing water to respiratory mucus makes it more transportable.
In contrast, the bovine model makes the possibly counter-
intuitive prediction that increasing the salinity or reducing
the hydration of mucus would aid its ciliary clearance and
that adding water or hypotonic solutions would be det-
rimental. Which model gives greater insight into the pa-
thophysiology of lung mucus retention? How have these
contrasting clinical predictions been fulfilled in practice?

Clinical studies of the effect of inhaled therapy suggest
that inhalation of water [13] and isotonic saline [14] has
little or no effect on mucociliary clearance. One study on
the use of nebulized water in bronchiectasis, as an adjunct
to postural drainage, suggested that clearance was im-
proved, but no attempt was made to distinguish ciliary
from cough clearance [15]. Water inhalation, like hyper-
tonic saline, is an irritant and could increase clearance by
provoking cough.

Long-term nocturnal mist tent therapy, once common
practice in many countries for the treatment of CF, has
long been abandoned. In contrast, hypertonic saline inha-
lations improve mucociliary clearance in CF [16], chronic
bronchitis [17], asthmatics and normal individuals [16].
Other therapies which would be expected to increase the
salinity of airway surface liquid have been shown to accel-
erate lung mucociliary clearance. Nebulized amiloride
increases the salinity of CF sputum without altering its hy-
dration [18] and in one study improved in vivo mucociliary
(and cough) clearance [14]. Nebulized uridine 5'-triphos-
phate, a chloride secretagogue, improves tracheobronchial
clearance in CF patients [19] and normal individuals [20].

The bovine tracheal model gives an insight into how
such therapies may work: they may simply increase the
salinity of the retained mucus, in particular the layer of
mucus in contact with the cilia. Such a change has a prok-
inetic effect if the sputum is tested on mammalian respira-
tory cilia, but not if the sputum is tested on frog palate
cilia. Increasing the salinity of sputum lowers its viscosity
and elasticity and the rheological change probably acc-
ounts for the improved transportability [6].

The use of a mammalian respiratory system for measur-
ing the ciliary transportability of airway mucus has obvi-
ous intuitive appeal. The mucus-depleted bovine trachea
model, in contrast to the frog palate model, has yielded res-
ults with considerable biological plausibility and appears
to have power to predict a clinical response, at least as far
as the effect of salt is concerned. Respiratory mucus reten-
tion is a common and often serious problem; it is suggested
that this model has given an insight into its pathophysiol-
ogy and indicates logical therapeutic approaches.
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