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ABSTRACf

We have developed a new method to quantify the mucociliary transport force (MCTF). We validated the
method by examining the effects of isoproterenol (Iso), norepinephrine (NE), epinephrine (Epi), and
acetylcholine (ACh) on MCTF. In the first series of experiments, the effects of leukotrienes (LTs) on MCTF
were investigated. In accordance with previous studies, Iso, NE, and ACh induced increases in MCTF, but Epi
did not cause any significant effects. In the second series of experiments, LTC. induced a significant increase in
MCTF and LTD. induced a significant decrease in MCTF, although these effects were transient. Neither LTB.
nor LTE. affected MCTF. The effects of LTC. and LTD. were inhibited by a LT antagonist, FPL55712. These
results indicate that we have developed a useful and sensitive method for quantitative determination of the
immediate and direct effect of agonists on mucociliary transport, and that selective agonists may be involved in
the defense mechanism of the lung to carry mucus plugs or locally produced debris Ollt of the airways.
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INTRODUCfION

Activity of mucociliary transport has been studied by two different methods: mucociliary
transport clearance (MCC) (airway clearance of inhaled particles) and mucociliary transport velocity
(MCTV) (the transport rate of markers placed on a mucosa). MCC has been widely used to
determine regional clearance of inhaled particles in both animals and human subjects 1.2; MCTV has
been assessed in vitroJ

·
4 and in vivos.6 to determine surface mucus velocity.

The remarkable force of mucociliary transport has been suggested by Hilding, who examined the
transport of large mucus plugs occluding the lumen in the trachea7

. More recently, Stewart
examined the weight-carrying capacity of ciliated epithelium of the palate and reported that there
was neither decrease nor increase of particle transport at up to a pressure of 20 mg/mm2

H. Although
MCTVand MCC have been used conventionally to assess the function of mucociliary transport, it is
reasonable to consider that the force of mucociliary transport, rather than the velocity (MCTV) or
the clearance (MCC), is an important parameter of mucociliary function in carrying inhaled
particles, mucus plugs, or locally produced debris out of airways against gravity.

Accordingly, we developed a new method to determine the mucociliary transport force (MCTF) ,
defined as the tension developed by the mucus flow generated by the ciliated epithelium of a frog
palate9 Using this method, we can assess MCTF as a more practical index of the activity of
mucociliary transport. Moreover, our method has facilitated rapid and direct assessment of effects of
pharmacologic agents on mucociliary function, none of which can be examined by the conventional
methods.
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MATERIAL AND METHOD

Bullfrogs were anesthetized with intraperitoneal injection of pentobarbital (25 mg/kg). Each frog
was pithed, and its palate was dissected free and stored in Ringer's solution for frogs at 4°C for 48 hr
to eliminate possible effects of the anesthetic and pithing. Each palate was pinned onto a silicon
rubber bed lining the bottom of an organ bath with the mucosa facing upward. The organ bath (5 ml)
was continuously perfused with Ringer's solution (warmed to 25°C) using a peristaltic pump (Tokyo
Rikakikai, Tokyo, Japan) at a rate of 2 ml/min. A glass boat, consisting of two thin glass discs
(15 mm in diameter) connected by three columns weighing 300 mg, was placed on the surface of a
palate. One end of a silk thread was attached to the roof of the boat, and the other was tied
horizontally to a force transducer (FD-612-T, Nihonkoden, Tokyo, Japan) (Fig. 1, 2). In order to
eliminate the effects of changes in mucus volume retained between the bottom of the glass boat and
the ciliated epithelia on MCTF, a loading weight of 2 g was placed on the roof of the glass boat to
apply the boat firmly onto the ciliated epithelia, thus keeping the mucus volume between the boat
and membrane rather constant. A 2g weight was considered to be enough to eliminate the effect of
the mucus volume between them on MCTF in preliminary studies. Since the surface area of the
bottom of the boat was 1.8 cm2

, the pressure applied to the epithelium was calculated 12.2 mg/mm2
.
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Fig. 1 Experimental device.
The organ bath (5 ml) is filled and perfused with Ringer's
solution for frogs and maintained at 25°C (A). The glass
boat consists of two thin glass discs with three columns
between them. One end of a silk thread is attached to the
roof of a glass boat and the other end is tied horizontally
to a sensitive force transducer (B).
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After positioning the glass boat near the center of the frog palate by adjusting the length of the silk
thread, the force developed thereafter was monitored using a sensitive force transducer, amplifier
(RD-5, Nihonkoden, Tokyo, Japan), and signal recorder (RECTI-HORIZ-8-K, San-Ei Instrument,
Tokyo, Japan). The force developed gradually, reaching a plateau in a few minutes. Ringer's
solution was then exchanged for a test solution to examine the effects of drugs on MCTF. One palate
preparation was used for only one application of a drug.

In the first series of experiments, the effects of isoproterenol (Iso), norepinephrine (NE),
epinephrine (Epi), and acetylcholine (ACh) on MCTF were examined. All drugs were purchased
from Sigma Chemical (St. Louis, USA) and dissolved in Ringer's solution for frogs at a
concentration of 10-5 M. In the second series of experiments, the effects of leukotriene (LT) B4 ,

LTC4 , LTD4 , and LTE4 (Merk Frost, Kirkland, Canada) were investigated using the same method.
The concentrations of LTs used in this experiment were between 10- 7 M and 10-9 M. Changes in
MCTF were followed for 20 min after the application of test solutions or the control Ringer's
solution. MCTF values in Tables 1 and 2 were calculated by the tension assessed at the individual
time period with the following equation: TensionT/Tensiono x 100 (T = time period and 0 =
introduction of test drug). The values were expressed as the mean ± standard errors.

Statistical analyses were performed by unpaired t-test using the values of tension assessed every
5 min. Differences between the means were considered to be statistically significant when the
probability value was less than 0.05.
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Fig.2 Experimental system.
The determination is performed on a frog palate. When the glass boat is placed in the center
of a mucosa, the force, as the tension between the glass boat and the force transducer,
develops soon due to mucociliary transport. In order to eliminate the possible effect of the
changes in the mucus between the bottom of the glass boat and the ciliated epithelium on
MCTF, a loading weight of 2g is placed on the roof of the glass boat to apply the glass boat
tightly to the mucosa.
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RESULTS

Tension created by mucociliary transport developed rapidly after the glass boat was placed on the
center of a frog palate (Fig. 3,5), and reached a plateau at about 1.1 g. Table 1 and Fig. 3 and 4 show
the effects of NE, Epi, Iso, and ACh on MCTF. Fig. 3 shows a typical trace of MCTF for the control
(top), and the traces to demonstrate the effects of 10-5 M Iso (middle) and 10-5 MACh (bottom) on
MCTF. Iso, NE, and ACh induced rapid increases in MCTF, whereas Epi did not cause any
significant change in MCTF throughout the 20 min observation period. The changes in MCTF were
calculated with the following equation: (MCTFT - MCTFB)/MCTFB X 100 (T = test drug and B =
base line). Iso, NE, and ACh increased MCTF with percent increases of 19.2 ± 2.7%,10.0 ± 2.6%,
and 16.2 ± 3.1% at 20 min after the drug application, respectively (n = 10).

Table 1. Effects of adrenergic and cholinergic agents on MCTF.

5 10 15 20 (min)

Epinephrine 1O-5M 98.9±0.9 97.9 ±1.7 96.4 ±2.0 94.8 ±2.3
(n =10)

Norepinephrine 1O-5M 99.8 ±1.5 100.8±1.8T 101.3±2.1 TT 100.4±2.4 TT

(n=IO)

Isoproterenol 1O-5M 105.1 ± 1.41'1' 108.4 ± 1.71'1' 108.4 ±2.1 1'1' 108.7 ±2.31'1'
(n =10)

Acetylcholine 1O-5M 106.7±1.7 TT 109.1±2.1 TT 107.4±2.5TT 106.0±2.7 TT

(n =10)

Control (n =10) 98.4 ±0.6 96.1 ±0.5 93.3 ±1.0 91.2 ±1.4

l' : p <0.05, 1'1': P <0.005 mean ± SEM

The values are calculated by the tension assessed at individual time period. NE, Iso. and ACh induced
significant increases in MCTF, but Epi did not affect MCTF.
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Fig.3 Trace of MCTF of isoproterenol and acetylcholine.
Typical traces of MCTF for control (top), 10-5 M Iso (middle) and 10-5 M
ACh (bottom) are shown.
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Fig. 4 Effects of adrenergic and cholinergic agents on MCTF.
The changes in MCTF of 10- 5 M Iso, 10- 5 M NE, 10-5 M Epi, and 10- 5 MACh are
shown, The data were expressed as the mean ± standard errors. Iso, NE, and ACh
induced significant increases in MCTF (p < 0.(05), but Epi did not affect MCTF.
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Table 2, Fig. 5, and Fig. 6 show the effect of LTs on the MCTF of frog palates. Figure 5 shows a
typical trace of MCTF for the controls (top), and the traces to demonstrate the effects of 1O-7M
LTC4 (middle) and 10-7 M LTD4 (bottom) on MCTF. LTC4 induced a significant increase in MCTF
at 5 and 10min after introduction of the drug. LTC4 (1O-7M) increased MCTF with percent
increases of 6.1 ± 2.4%,6.6 ± 3.2%, and 7.0 ± 4.1 % at 5,10, and 15 min after the drug application
(n = 5), respectively while LTD4 induced a significant decrease in MCTF at 5 and lOmin after the
application. LTD4 (10-7M) decreased MCTF with percent decreases of 6.3 ± 1.7% and 3.5 ± 1.1 %

at 5 and 10 min after the application (n = 5), respectively. Decreases in MCTF induced by LTD4

were also observed at concentrations of 10-8 M and 10-9 M. The effects of these drugs were
transient and diminished at 20 min after the application. In contrast to these results, neither LTB4

nor LTE4 caused any significant effect on MCTF even at our highest concentration (10-7M).
To investigate the action of a LT antagonist against the changes of MCTF induced by LTC4 or

LTD4 , the frog palates were perfused with 10-8 M FPL55712 dissolved in the Ringer solution
together with 10-7 M LTC4 or LTD4• FPL55712 inhibited both the increase in MCTF induced by
LTD4 and the decrease in MCTF by LTD4 .

Table 2. Effects of leukotrienes on MCTF.

5 10 15 20 (min)

LTC410-7M (n=5) 104.4 +2.31" 102.4 +3.01" 99.8 +3.81" 98.1 +4.4
1O-8M (n =5) 99.3 +0.8 96.6 +1.1 93.5 +1.5 90.6 +2.1
1O-9M (n = 5) 97.8 +1.4 95.0+ 1.9 91.7 +2.0 89.0 +2.0

LTD4 10-7M (n = 5) 92.2 +1.81" 92.7+1.11" 90.0+2.1 87.4 +1.8
1O-8M (n = 5) 93.1 +1.61" 91.0 +1.61" 89.1 +2.1 86.7 +1.8
1O-9M (n =5) 96.6 +0.9 92.6+2.01" 89.6 +4.7 87.5 +1.7

LTB4 10-7M (n = 5) 98.7 +0.6 97.9+ 1.3 94.6 +2.2 92.5 +2.2
LTE410-7M (n=5) 97.1 +1.0 95.4 +1.0 92.4 +1.0 90.1 + 1.9

Control (n =10) 98.4 +0.6 96.1 +0.5 93.3+1.0 91.2 +1.4

T: p <0.05 mean ± SEM

The values are calculated by the tension assessed at individual time period. LTC4 induced a significant increase, and
LTD4 induced a significant decrease in MCTF. Neither LTB4 nor LTE4 affected MCTF.



MUCOCILIARY TRANSPORT FORCE

control ]
[~ 500"q

I
5 min

r_ko_t_n_,e_ne_c_,_~ ]500 mq

I
5 min

leukotriene o •

...
_r---]500mg

I
5 m.in

Fig, 5 Trace of MCTF of LTC4 and LTD4 ,

Typical traces of MCTF for control (top). 1O- 7 M LTC4 (middle). and
1O-7 M LTD. (bottom) are shown,
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Fig,6 Effects of leukotrienes on MCTF,
The changes in MCTF of 1O-7 M LTB•. 1O-7 M LTC•• 1O- 7 M LTD4 • and
10-7 M LTE. are shown, The data were expressed as the mean ± standard
errors, LTC. induced an increase in MCTF. and LTD. induced a decrease
in MCTF (p < 0,05), Neither LTB. nor LTE4 affected MCTF,
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DISCUSSION

The clearance of inhaled particles, mucus plugs, or locally produced debris from the
tracheobronchial tree by the action of mucociliary transport is an important pulmonary defense
mechanism against the development of various diseases. Conventional methods for the determina­
tion of the activity of mucociliary transport have their methodological limitations. For example,
assessment of MCC is possible only in vivo using radioactive particles, and the clearance patterns
thus obtained depend not only on mucociliary transport but also on the sites of particle deposition.
Although the determination of MCTV can be performed both in vivo and in vitro, MCTV is known
to vary considerably with the sites of measurement. Moreover, the in vivo determinations of MCC
and MCTV are invariably influenced by various factors, such as changes in air flow, mucus volume,
and the caliber of airway. These factors might make the changes in MCC and MCTV induced by
some agonists in the former studies much greater than those of MCTF that we observed in this study.
Moreover, MCTV, which determines the horizontal distance of the particle transported, can not be
a reliable index in the assessment of the activity of mucociliary transport to expel the particles or
mucus plugs upward out of the airways against gravity. Neither MCTV nor MCC has been able to
provide information on the immediate and direct effects of the agents on mucociliary transport.
Therefore, we have introduced a new method, by which the activity of mucociliary transport can be
assessed in a prompt and direct manner.

The function of mucociliary transport is known to be influenced not only by the ciliary motility
but also by the volume and the chemical and physical properties of mucus. Since we constantly
perfused the organ bath and used a 2 g weight on the glass boat, the effect of changes in mucus
volume on MCTF can be considered negligible. Thanks to this, we preliminarily validated good
reproducibility of the experiments and the precise determination of MCTF, which is considered to
be produced by the flow of mucus generated by ciliary activity. Advantages of measuring MCTF as
an index of the activity of mucociliary transport are its abilities to (1) determine the over-all
function of mucociliary transport generated by mucus flow and ciliary motility, (2) continuously
monitor the direct effects of drugs without being influenced by the changes in air flow and bronchial
constriction, etc., (3) apply drugs to mucociliary transport in homogeneous distributions and
conditions, and (4) assess the activity of mucociliary transport as an area rather than as a line, as in
the case of MCTV.

Effects of adrenergic and cholinergic agents on mucociliary transport have been studied
extensively by assessing the changes in frequency of ciliary beat lO

•
ll

, mucus secretion 12.13 rates of
mucociliary transport I4

•
15

, and clearance of inhaled particles I6
•
17

. These studies have shown that
administration of adrenergic agents stimulates the activity of mucociliary of adrenergic agents
stimulates the activity of mucociliary transport by increasing the ciliary beat frequency and the
mucus secretion. In accordance with these studies, we found that a beta-adrenergic agent, Iso or
NE, and a cholinergic agent, ACh, induce a prompt and significant increase in MCTF. Iso induced
the same degree of increase in MCTF as ACh, and induced a more significant increase than NE at a
concentration of 10-5 M. However, Epi induced only a slight increase in MCTF which was not
considered to be significant. Although the responses achieved by these drugs in our method were not
as remarkable as those reported in MCC and MCTV studies, this is probably due to the fact that the
responses in MCC and MCTV studies were augmented by various factors such as the changes in air
flow and the airway caliber. Changes in the mucociliary transport function per se could be found in
this method.

Effects of LTs have been studied and reported as follows: LTC4 increased the ciliary beat
frequency in vitro '8 ; LTD4 induced the secretion of mucus 19

•
20

; and FPL55712, a specific antagonist
of LTs, increased MCTV in the in vivo experiment using a dog2J . In our experiment, in which the
effect of mucus volume had been virtually eliminated, LTC4 increased MCTF but LTD4 decreased
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MCTF soon after the application. This finding is worth noting because both of these agents are
known to be potent constrictors of smooth muscles of the bronchi22 and because a decrease in MCC
or MCTV has been reported in patients with asthma23

•
24

. Since LTD4 induced greater change, a
decrease, in MCTF than LTC4 did at lower concentrations, LTD4 would seem to playa more
important role than LTC4 in the maintenance or the development of physiological or pathogenic
conditions.

In this study, we confirmed that the determination of MCTF by the use of our new method is
valid for the assessment of the activity of mucociliary transport, and found that not only Iso, NE,
and ACh, but also LTC4 and LTD4 alter the magnitude of MCTF. The effects of Iso, NE, and ACh
were more significant that those of LTC4 and LTD4 . Therefore, it is implicated that LTs partly
contribute to the maintenance or the determination of physiological function of mucociliary
transport.
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