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Abstract
Background-Mucociliary clearance is
an important component of pulmonary
defence. Maximum clearance is thought
to depend on an optimal depth of the sol
layer, allowing the most efficient interac-
tion between the cilia and the overlying
mucus layer. Sodium absorption, the
major ion transport in human airways, is
thought to be important in the regulation
of the depth of the sol layer. In the air-
ways of patients with cystic fibrosis
sodium absorption is increased and
mucociliary clearance decreased.
Amiloride, a sodium channel blocker,
has been shown to improve pulmonary
mucociliary clearance in patients with
cystic fibrosis. However, its effects on
nasal mucociliary clearance in either
normal subjects or those with cystic
fibrosis are unknown. A study was there-
fore performed to investigate whether
nebulised amiloride improves nasal
mucociliary clearance in normal or cys-
tic fibrosis subjects.
Methods-Nasal mucociliary clearance
was measured by the saccharin clearance
technique in 12 normal subjects and 12
with cystic fibrosis. For the control study
measurements were made on two con-
secutive days and the mean time for each
subject averaged. For the drug study
measurements were also made on two
consecutive days, after administration of
nasally nebulised amiloride or placebo
(saline) in a double blind manner. Nasal
potential difference was measured in
eight patients with cystic fibrosis after
the administration of amiloride or
placebo to assess the efficacy of deposi-
tion and duration of action.
Results-Baseline values of mucociliary
clearance were significantly faster in the
normal subjects than in those with cystic
fibrosis. In both groups mucociliary
clearance was increased after both saline
and amiloride, with no significant differ-
ence between either treatment. As previ-
ously reported, baseline nasal potential
difference was significantly more nega-
tive in the subjects with cystic fibrosis.
Amiloride significantly reduced the
potential difference for at least 60 min-
utes in these subjects.
Conclusions-Nebulised saline signifi-

cantly improves nasal mucociliary clear-
ance in both normal subjects and those
with cystic fibrosis. Amiloride did not
appear to exert any additional effects in
either group of subjects, despite evidence
of its efficacy of deposition.

(Thorax 1993;48:812-816)

Mucociliary clearance is an important com-
ponent of the pulmonary defence system.
Normal function is thought to depend on the
amount and viscoelastic properties of the air-
way surface liquid, together with the number
and function of the cilia. A defect in muco-
ciliary transport has long been implicated in
the pathogenesis of lung disease in cystic
fibrosis.' More recently, the genetic defect in
cystic fibrosis has been linked to altered regu-
lation of epithelial chloride channels in
response to the cAMP-mediated second mes-
senger pathway,2 whilst in airway epithelium
there is also increased reabsorption of
sodium.3 It is hypothesised that these changes
lead to the reduction in water content of air-
way secretions found in cystic fibrosis.4
Relative airway dehydration may affect either
component of the airway surface liquid, the
mucus (gel) layer or the periciliary fluid (sol)
layer. Dehydration of the gel layer may result
in impaired viscoelastic properties of the
mucus, while drying of the sol layer may dis-
rupt the interactions between cilia and
mucus.5 Either or both of these effects could
impair mucociliary clearance, leading to
chronic infection and bronchiectasis.
The transepithelial potential difference is

increased (more negative) in the airways of
patients with cystic fibrosis, principally
because of the increased sodium absorption.6
Amiloride, a drug which blocks sodium
channels,7 therefore produces a significantly
greater reduction in airway potential differ-
ence in patients with cystic fibrosis than in
normal subjects. Initial studies of amiloride
showed that, after oral administration,
insufficient levels were found in the airways
to affect ion transport.8 Direct delivery to the
airways via nebulisation in sheep achieved
adequate levels to alter potential difference.9
Studies in subjects with cystic fibrosis have
shown that nebulised amiloride improves pul-
monary mucociliary clearance, both acutely'0
and over a three week trial period."I However,
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measurements of pulmonary mucociliary
clearance in adults with cystic fibrosis are
complicated by the presence of bronchiectasis
and retained secretions in the airways. In
contrast, the respiratory epithelium of the
nose demonstrates the cystic fibrosis bioelec-
tric defect,3 but is less affected by anatomical
abnormalities and retained secretions. Studies
of nasal mucociliary clearance may therefore
provide a more direct measure of the link(s)
between mucociliary clearance and ion trans-
port defects in patients with cystic fibrosis.
The saccharin clearance test, first proposed

by Andersen et al,12 has been widely used to
investigate nasal mucociliary clearance. This
method was used to study whether amiloride
improves mucociliary clearance more than
diluent (saline) in patients with cystic fibrosis
or normal subjects. The duration of the effect
of amiloride was confirmed by measurement
of nasal potential difference.

Methods
SUBJECTS
Twelve non-smoking subjects of mean age 27
(range 21-42) years with no history of nasal
surgery or trauma, asthma, allergic rhinitis, or
sinusitis were studied as normal controls.
They were taking no medication other than
the oral contraceptive. Subjects with cystic
fibrosis with no history of nasal surgery or
trauma or chronic sinusitis were recruited. All
had abnormal sweat tests and clinical features
suggestive of cystic fibrosis. In the baseline
study 12 patients with cystic fibrosis of mean
age 21 (range 16-30) years, forced expiratory
volume in one second (FEV1) 39% predicted
(range 17-85%), and forced vital capacity
(FVC) 59% predicted (range 30-101%) were
studied. For practical reasons the drug study
was performed on a second group of 12 sub-
jects with cystic fibrosis having very similar
characteristics: (mean age 25 (range 19-36)
years, mean FEV, 36% predicted (range
12-82), and mean FVC 56% predicted
(range 21-114)). Normal medications for the
baseline and drug study groups were very
similar and included inhaled fl2 sympatho-
mimetics (baseline 12, drug study 12), sys-
temic /32 sympathomimetics (baseline 4, drug
study 4), theophylline (baseline 2, drug study
3), oral prednisolone (baseline 2, drug study
2), inhaled corticosteroids (baseline 8, drug
study 8), inhaled antibiotics (baseline 6, drug
study 8), and pancreatic supplements (base-
line 11, drug study 11). No subjects were tak-
ing intranasal corticosteroids. No medications
were changed within the 48 hours before
study. Sputum culture showed chronic
colonisation with Staphylococcus aureus (four
patients from each group), Pseudomonas
aeruginosa (11 patients from each group), and
Pseudomonas cepacia (one patient from each
group). All subjects gave informed consent
and the trial was approved by the Ethics
Committee of the hospital.

MEASUREMENT OF MUCOCILIARY CLEARANCE
Nasal mucociliary clearance was measured by
the saccharin clearance test described by

Andersen et al.'2 Testing was performed at
least four weeks after the subjects had last
suffered from an upper respiratory tract infec-
tion. For the normal and both groups of sub-
jects with cystic fibrosis, baseline and drug
tests were performed on two successive days.
Before the first test the patency of both nos-
trils was assessed by direct vision, with the
more patent nostril being used for the entire
study. Subjects were instructed to refrain
from taking substances containing caffeine for
at least four hours before each test, and in the
subjects with cystic fibrosis the test was per-
formed at least four hours after the last
inhaled medication. Before each test the sub-
jects spent at least one hour in a constant
environment at a temperature of 20-24°C
and a relative humidity of 30-50%, with all
tests for each subject performed in the same
room. The nasal mucosa was inspected
before each test, and a 1 mm particle of a
commercially available saccharin tablet
(Sweetex) was then placed under direct vision
on the lateral aspect of the floor of the nose,
approximately 5 mm behind the anterior end
of the inferior turbinate. The subjects
remained seated, breathing normally through
their nose and mouth with their head inclined
approximately 100 forward. They were
instructed to swallow every 30 seconds, but
not to blow their nose, sniff, sneeze, eat or
drink during the test. The time to first tasting
of the saccharin was recorded in seconds.

In the drug study, tests were performed
immediately after administration of nasally
nebulised saline or amiloride in a double
blind protocol. Nebulisation for five minutes
using nasal prongs attached to an ultrasonic
nebuliser (Fisoneb) delivered a total volume
of 4-4-5 ml. After nebulisation the subjects
gently blew their nose to remove any excess
secretions and the saccharin test was com-
menced immediately.

MEASUREMENT OF NASAL POTENTIAL
DIFFERENCE
In eight subjects with cystic fibrosis from the
drug group the effect of amiloride on nasal
potential difference was measured using a
previously described method."3 Briefly, the
exploring electrode consisted of a modified 8
Fr Foley catheter filled with an equal mixture
of Ringer's lactate and ECG electrode cream
connected to a high impedance voltmeter by
a silver/silver chloride electrode. The refer-
ence electrode consisted of a second silver/
silver chloride electrode placed over an area
of abraded skin on the forearm, again con-
nected to the voltmeter. Before the recordings
the offset of the electrodes was measured and
appropriate corrections made to recorded
values.
The catheter, with the balloon deflated,

was slowly passed along the floor of the nose
and the maximum nasal potential difference
in each nostril was recorded and averaged to
give a single value for a given time point. (For
discussion purposes increases and decreases
refer to the absolute magnitude of potential
difference.)
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After three control readings (on each
side) nasally nebulised saline or amiloride
(1 mmol/l) was administered, again using a
double blind protocol. Readings were
repeated at 5, 15, 30, 45, and 60 minutes
after each nebulisation.

STATISTICAL ANALYSIS
Comparison of the saccharin clearance time
within the normal subjects was made using
the Wilcoxon signed rank test. As the subjects
with cystic fibrosis were different in the base-
line and drug studies, comparisons were
made using the Mann-Whitney U test.
Comparison of the nasal potential difference
before and after nebulised drugs was per-
formed using the Wilcoxon signed rank test
and between treatments using the Mann-
Whitney U test. The null hypothesis was
rejected at p < 0 05. Data are presented as
mean (SE) for convenience.

Results
SACCHARIN CLEARANCE TIME
In the normal subjects (n = 12) the mean
(SE) results of replicate tests of saccharin
clearance time were 568 (40) seconds and
627 (46) seconds (p = NS) on two consecu-
tive days. Both saline and amiloride signifi-
cantly reduced the saccharin clearance time
to 466 (51) seconds and 458 (44) seconds
respectively (p < 0 05); the difference be-
tween the two drugs was not significant (p =
0-95) (fig 1).

In the subjects with cystic fibrosis (n = 12)
the mean (SE) results of replicate tests of
baseline saccharin clearance time was 1640
(402) and 1554 (222) seconds (p = NS).
Saline significantly decreased the saccharin
clearance time to 959 (157) seconds, (p <
0-05),
cantly
Compa
after th
ferent (
Com

the twc
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Figure 1 Saccharin
clearance time in the
normal subjects: (LO)
baseline, (0) after saline,
and (A) after amiloride,
and in the subjects with
cystic fibrosis: (-)
baseline, (-) aftersaline,
(A) after amiloride.
*p < 0-05, **p < 0.01
compared with baseline for
that group; # p < 0 0001
compared with baseline in
the normal subjects.
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Figure 2 Nasal potential difference measured in the
subjects with cystic fibrosis following either saline (0)
or amilonide (a) given at time 0. ***p < 0-001,
**p < 0 01 compared with saline.

NASAL POTENTIAL DIFFERENCE
The mean (SE) baseline nasal potential dif-
ference in the eight subjects with cystic fibro-
sis was -43-2 (1.3) mV and -46-3 (1-3) mV
on the saline and amiloride days respectively
(p = NS). Nasally nebulised saline caused no
significant change in the nasal potential dif-
ference at 5, 15, or 45 minutes, but caused a
small, significant (p < 0 05) increase of -3 1
mV at 30 minutes and -4A4 mV at 60 min-
utes. Amiloride consistently diminished the
nasal potential difference in all eight cystic
fibrosis subjects to a mean potential differ-
ence of-19¢2 (1-5) mV at five minutes (p <
0-001 compared with saline). The potential
difference then slowly increased (more nega-
tive) to a value of -38-5 (2.0) mV at 60 min-
utes, which was still significantly reduced
from the saline values (p < 0 01) (fig 2).

whilst amiloride decreased it signifi- Discussion
to 786 (210) seconds (p < 0 01). For measurement of saccharin clearance time
rison of the saccharin clearance time we slightly modified the method of Andersen
te two drugs was not significantly dif- et al2 by placing the saccharin particle on the
p = 0.19) (fig 1). floor of the nose, allowing the same area of
Lparison of the baseline tests between nasal mucosa to be used for both the saccha-
) groups of subjects showed that sac- rin clearance and nasal potential difference
clearance time in the subjects with cys- measurements. Previous work has shown that
)sis was significantly slower than in the measurement of mucociliary clearance on the
subjects (p < 0 0001). floor of the nose is as reproducible as that on

the inferior turbinate.'4 This was confirmed
by the current baseline measurements of sac-
charin clearance time in the normal subjects
and those with cystic fibrosis. As expected,
saccharin clearance time was significantly
longer in the subjects with cystic fibrosis, with
wider variability both within and between
subjects, confirming previous findings."5 The
mean baseline values were similar to those in
previous reports (normal: 702 seconds,16 840

4bT seconds,'7 and 606 seconds15; cystic fibrosis:
1896 seconds5).

In both normal subjects and those with
- I * cystic fibrosis saline and amiloride increased

nasal mucociliary clearance (shorter saccharin
clearance time). Neither group showed a dif-
ference between the two agents. The appar-
ent lack of effect of amiloride was not due to

Baseline Saline Amiloride a delivery problem as the nasal potential dif-

n
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ference was decreased by 59% in the subjects
with cystic fibrosis five minutes after the end
of nebulisation and continued to decrease the
nasal potential difference for at least 60 min-
utes. Previous studies of the effect of
amiloride on respiratory epithelia in vivo are
limited. In sheep nebulised amiloride signifi-
cantly reduced the potential difference for
less than 30 minutes9 with a half life of
approximately 10-5 minutes. More recently,
in the human trachea, nebulised amiloride
has been shown to have a half life of approxi-
mately 40 minutes, although measurements
of the potential difference were not
reported."8 We are unaware of any other stud-
ies of the time course of the effect of
amiloride on the potential difference in the
human respiratory tract in vivo.
As there was a small but insignificant trend

to faster mucociliary clearance in the subjects
with cystic fibrosis after amiloride, we consid-
ered whether the other medications taken by
these patients may have been important. All
tests were performed at least four hours after
inhaled bronchodilators or antibiotics, but
five of the subjects were also taking at least
one form of systemic bronchodilator.
Subgroup analysis showed that amiloride
improved mucociliary clearance by at least 30
seconds in three of these five subjects and in
three of the other seven subjects.

It would appear, therefore, that amiloride
(1 mmol/l in saline) offers no benefit over
saline in improving mucociliary clearance in
the nose. Although amiloride has been shown
to improve pulmonary mucociliary clearance
in subjects with cystic fibrosis, there have
been no previous reports of the effect of
amiloride on nasal mucociliary clearance.
Kohler et al showed that nebulised amiloride
increased clearance of radioactively labelled
sputum in 10 of 14 subjects with cystic fibro-
sis 30 minutes after inhalation of amiloride.'0
In an extension of this study App et al
reported that the main effect of amiloride
occurred within the first 10 minutes."
Knowles et aP9 have also shown that, in sub-
jects who are taken off all other therapy,
amiloride lessens the rate of decline in lung
function over a 25 week period. Sputum col-
lected during amiloride treatment showed
improved indices of clearance.
More recently, however, Graham et aP'

have shown that the addition of amiloride to
existing treatment resulted in no significant
changes in either lung function or sputum
rheology over a similar time period. Thus,
although amiloride improves pulmonary
mucociliary clearance in subjects taken off all
other treatment, it may exert less effect on
subjects who continue on their normal med-
ications.

There are a number of possible mecha-
nisms that could account for the present find-
ing of increased mucociliary clearance
following nasally nebulised saline. Firstly, the
depth of the sol layer may have been
increased. Although it is generally believed
that the depth of the sol layer is optimal in
the bronchial tree, in the nose it may be

decreased as a result of drying by inspired air;
nebulised saline may increase the depth of the
sol layer, allowing better interactions between
mucus and cilia. The gel layer may also have
been affected: gentle blowing of the nose fol-
lowing nebulisation may have reduced its vol-
ume and any remaining mucus would have
been hydrated, improving its viscoelastic
properties and thus its clearance.

Ciliary beat frequency may also have
increased mucociliary clearance as nebulised
saline has been shown to induce a small but
significant increase in ciliary beat frequency
in vivo,2' although this effect has not been
found in vitro." We suggest that the most
likely reason for the increased mucociliary
clearance after saline is an increase in the
depth of the sol layer allowing better interac-
tion between cilia and mucus. However, as it
is generally accepted that the applied saccha-
rin moves in both the sol and gel layers,2' we
cannot discount the possibility of an effect on
the gel layer.

It is unlikely that the increased mucociliary
clearance after saline was simply the result of
saccharin movement through the nose on
gravity dependent fluid flow, as the volume of
nebulised fluid remaining in the nose after
nebulisation was minimised and, during the
test itself, the subject remained seated with
the head inclined 100 forward so that the
nasal floor was sloping upwards posteriorly.
Any gravitational fluid flow would therefore
have been anterior, against the active trans-
port.

In conclusion, inhaled saline and amiloride
significantly improved nasal mucociliary
clearance as measured by the rate of saccha-
rin clearance. Although ultrasonically nebu-
lised amiloride significantly reduced the nasal
potential difference for a period of at least 60
minutes in subjects with cystic fibrosis, it had
no significant additional effect on mucociliary
clearance in either the normal subjects or
those with cystic fibrosis.
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