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Distearoyl phosphatidylglycerol liposomes improve surface
and transport properties of CF mucus
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Distearoyl phosphatidylglycerol liposomes improve surface and transport properties of CF
mucus. S. Girod de Bentzmann, D. Pierrot, C. Fuchey, J-M. Zahm, J-L. Morancais, E.
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ABSTRACT: We have previously shown that a decreased level of phosphatidylglycerol
in cystic fibrosis (CF) respiratory mucus is partly responsible for its marked adhesive-
ness and stickiness, which impair mucus transport, and that distearoyl
phosphatidylglycerol (DSPG) was the most efficient form of phosphatidylglycero! in the
enhancement of respiratory mucus clearance. The aim of our study was to analyse the
effect of distearoyl phosphatidylglycerol liposomes on the transport by cough and
cilia of cystic fibrosis respiratory mucus,

The surface and transport properties of mucus were measured: 1) on native cystic
fibrosis mucus; 2) on cystic fibrosis mucus complemented with DSPG liposomes at a
non-cytotoxic conecentration; and 3) on cystic fibrosis mucus complemented with water.

The work of adhesion of cystic fibrosis mucus was significantly decreased by DSPG
liposomes, but not by water. For muceciliary transport, the cystic fibrosis mucus was
transported at a higher rate with DSPG liposomes and water compared to native cystic
fibrosis mucus. The cough clearance of cystic fibrosis respiratory mucus was
significantly improved in the presence of DSPG and water, but the effect was more
pronounced with DSPG liposomes than with water.

We conclude that the use of DSPG liposomes as a lubricating agent proves to be an
interesting therapeutic approach for improving the cough and mucociliary transport in

*INSERM U 314, CHR Maison Blanche,
Reims, France. **L'Oreal, Département de
Synthése et de Physico-chimie, Aulnay-
Sous-Bois, France.

Correspondence: S. Girod de Bentzmann
INSERM U 314

45 rue Cognacq Jay

51092 Reims Cédex

France

Keywords: Cystic fibrosis
liposomes

mucus clearance
phospholipids

Received: January 5 1993
Accepted after revision June 4 1993

This work was supported by a grant
INSERM-Synthelabo and a grant from
Association Frangaise de Lutte contre la
Mucoviscidose.

cystic fibrosis patients.
Eur Respir J., 1993, 6, 1156-1161.

The respiratory mucus which covers the ciliated respira-
tory mucosa, is a protective barrier against inhaled exogenous
particles and bacteria. The mucus layer is continuously
cleared by ciliary beating. In cystic fibrosis (CF), hyper-
secretion is generally associated with an impairment in
mucociliary transport. It has been shown [1-4] that among
the various biochemical components of respiratory mucus,
there is an increased content of total lipids in CF, which is
related to the degree of infection [5]. Generally, there is an
imbalance between the different lipid subclasses in CF
airway mucus. In particular, total phospholipids are signifi-
cantly increased in cystic fibrosis [2, 4], as compared with
chronic bronchitis or with normal individuals. Among
the phospholipids, it has been clearly demonstrated that
surface-active fractions, such as phosphatidylcholine or
phosphatidylglycerol, are significantly decreased in CF
respiratory mucus [2, 3], compared with normal mucus
[3]. Conversely, rigidifying phospholipid fractions, such as
sphingomyelin, and the ratio phosphatidylserine/phosphatidy-
linositol are significantly increased in CF disease [2, 3].
This shift towards a rigidifying phospholipid profile
induces changes in the physical properties of the respiratory
mucus. GALABERT ef al. [1] demonstrated that the reduced
content of phosphatidylglycerol was cormrelated to a high
elastic modulus of CF respiratory mucus. We have

recently reported [2] that the reduced content of phospha-
tidylglycerol also increases the adhesiveness of CF respir-
atory mucus. The relative decrease in phosphatidylglycerol
of CF respiratory mucus contributes, along with dehyd-
ration, to a marked adhesiveness and stickiness responsible
for mucus transport impairment and severe bronchial
obstruction. We have previously demonstrated [6] that the
distearoyl phosphatidylglycerol (DSPG) is the most efficient
form of PG in the enhancement of respiratory mucus
clearance by cough.

The present study tested the hypothesis that adding
liposomes of DSPG to the surface layer of CF mucus
and its surrounding fluid would reduce its adhesiveness and
accelerate its transport by ciliary activity and by cough.

Materials and methods

Preparation of liposomes

Distearoyl phosphatidylglycerol (DSPG) was provided by
Sigma and the high purity of the phospholipid (39%) was
controlled by monodimensional thin layer chromatography.
Ten milligrams of DSPG were suspended in 10 ml of
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distilled water. The preparation was shaken for 2 hours in
a water bath at 70°C, at a frequency of 700 oscillations per
minute (Oscill 12 Prolabo) in order to form liposomes. The
suspension was gently cooled overnight to room temperature
and was sterilized by using filtration units (Millipore) with
pores of 0.22 pm diameter under aseptic conditions. The
liposomes were stored at two different temperatures (4°C
and 20°C). The initial concentration of phosphatidyl-
glycerol in the suspension was 1.25x10- M.

Characterization of liposomes

The measurement of size distribution of the liposomes be-
fore and after filtration was performed by quasi-elastic light
scattering using a Coulter N4 particle analyser (Coultronics).
The flocculation tendency or the presence of lipid crystals
in the liposome preparation was controlled by observation
under phase contrast microscopy. Before filtration, the
sizes of the DSPG liposomes were too highly polydispersed
to be analysed properly. The filtration process reduced the
polydispersity, and after filtration the average diameter of
the liposomes was 83.1+1.3 nm and the polydispersity
index was 0.2330.02. The liposome size distribution
remained identical for one month, whatever the storage
temperature (4 or 20°C). The observation through phase
contrast microscopy showed that there was neither crystal
formation nor a tendency for flocculation. During this
period, the DSPG liposomes remained sterile.

Cytotoxicity assay

The cytotoxicity of the liposomes was controlled on
the outgrowth culture of human respiratory surface epithelial
cells [7]. Briefly, human respiratory epithelium was
obtained from nasal polyps of nonallergic patients under-
going polypectomy due to nasal obstruction. The tissue
was cut into small explants (2 mm?), which were seeded
onto collagen I matrix. After three days of culture in
culture medium RPMI 1640, supplemented with hormones
and growth factors, the explant was surrounded by an
outgrowth containing ciliated and non-ciliated cells.

Concentrations of DSPG in the liposome suspension
were adjusted to 1.25x10? M, 1.25x10# M, 2.5x10% M,
1.25x105 M and 1.25x10¢ M in RPMI 1640. Cultures at
day 3 of culture were incubated with the different liposome
dilutions for 5 h at 37°C. During the incubation period,
the ciliary beat frequency (CBF) was measured by a
videomicroscopic technique developed by Zanm et al. [8].

Cell cultures were then fixed in a 2.5% glutaraldehyde
solution in a 0.1 M phosphate buffered saline, postfixed in
1% osmium tetroxide, dehydrated through graded concen-
trations of ethanol and embedded in agar resin. Semi-thin
and thin sections were observed with light and transmission
electron microscopy.

Mucus transport

Collection of CF respiratory mucus. Patients suffering
from CF (between 8-23 yrs of age, mean 15.5 yrs) were
included in this study. They had a forced expiratory
volume/forced vital capacity (FEV /FVC) ranging from

57-106% of the predicted values, and were all colonized by
Pseudomonas aeruginosa. The respiratory mucus was
collected by physiotherapy, and expectoration was protected
from salivary contamination by using dental cotton-wool
swabs [9].

Surface and transport properties. Surface properties and
clearance were analysed on native CF mucus, on CF
mucus complemented with DSPG liposomes, and on CF
mucus complemented with water.

Surface properties. Two surface parameters were studied:
the contact angle, ©, and the surface tension, Y,,, of
respiratory mucus. The measurement of the contact angle
was performed as previously described [6, 10]. The
contact angle was measured on a 50 pl drop of respiratory
mucus, placed on the surface of a glass slide. The contact
angle of CF mucus was also measured after adding DSPG
liposomes or water: 5 pl of DSPG liposomes or water were
deposited onto the glass slide before addition of the CF
mucus drop. The glass slides were then placed into a
chamber with 100% relative humidity, where the contact
angles were measured by an image analysis technique
[10].

The surface tension of samples was measured by the
platinum ring method [11]. In brief, a fixed platinum
ring was put in contact with the sample, which was then
moved downwards at a constant speed. A transducer
connected to the ring measured the force required to
separate the ring and the sample. The measurements of the
contact angle, ©, and of the surface tension, Y,,, of
respiratory mucus allowed us to calculate the mucus work
of adhesion, Wad, according to the following equation:

Wad = Y, (I + cos ©)

Cough clearance: The experiments were performed using
the cough machine developed by KinG and co-workers
[12-14]. An eight litre tank was used as a reservoir for
pressurized gas, and simulated the capacitive function of the
lung and the smaller airways. Cough was simulated by
opening a solenoid valve, releasing the pressurized gas
through the model trachea connected to the tank. The gas
flow through the model trachea was 8 s, The floor of
the model trachea was made of the glass slide on which
respiratory mucus was placed, in order to obtain the contact
angle measurement.

Both the positions of the centre of the mucus drop
before cough and of the front edge of mucus after cough
were recorded. The distance expressed in millimeters
between the two positions represents the mucus cough
clearance (CC).

Mucociliary transport: In vitro measurements of the
mucus transport velocity were made using the frog palate
method [15]. Isolated palates from frogs (Rana esculenta)
were placed in a plexiglass chamber at a controlled
temperature and humidity (30°C and 100% relative humi-
dity). The mucus transport rate was measured by following
the displacement of calibrated aluminium discs through a
stereomicroscope. The transport rate of the discs progressively
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decreased and stopped after 24 h, when the endogenous
secretion of mucus was exhausted. At this stage, a drop of
mucus (2 pl) taken from the palate of a recently killed
frog, was placed on the depleted palate and its transport
velocity was measured. The transport velocity of the CF
respiratory mucus was then measured and expressed as a
mean value of three measurements. The results are
expressed in terms of relative transport velocity t, corres-
ponding to the ratio of respiratory mucus transport velocity
to the control frog mucus transport velocity. The transport
velocity of CF respiratory mucus was also measured in the
presence of DSPG liposomes or water, by briefly dipping
the mucus either into the appropriate dilution of DSPG
liposomes or into water, in order to mimic an aerosolization
procedure. The quantity of DSPG liposome suspen-
sion picked up during this procedure was approximately
evaluated by weighing, to 25% of the total mucus vol-
ume.

Statistical analysis

The effect of the addition of water or DSPG liposomes
on the mucus clearance by cough or ciliary beating, and on
the mucus work of adhesion, was studied by a Student’s t-
test. The ciliary beat frequency (CBF) of respiratory
ciliated cells in culture in the presence of DSPG liposomes
at various dilutions was compared to the CBF measured in
the control cultures by a Student's t-test.

The different values were presented as meantstandard
deviation.

Results

Cytotoxicity assay

After 4.5 h of incubation with DSPG liposomes at
various dilutions, the CBF was compared to the control
values, measured just before adding the liposomes. The
CBF was significantly reduced (p<0.001) when respiratory
cells were incubated with 1.25x103 M of DSPG and
1.25x10* M of DSPG in the form of liposomes. Conver-
sely, the CBF was not modified after the incubation period
when the respiratory cells had been incubated with DSPG
at concentrations of 2.5x105 M, 1.25x105 M and 1.25%106
M. The CBF of the control culture remained stable during
incubation in the control defined medium (table 1).

Table 1. - Ciliary beat frequency (meantsb) of ciliated
cells of epithelial cell culture before (TO) and after 4.5 h
incubation with various dilutions of distearoyl phospha-
tidylglycerol (DSPG) and without DSPG (Control).

Ciliary beat frequency Hz

Time incubation TO 45h p values
Control 11.7+1.9 11.2+17 NS
1.25x10° M 11.0+1.3 79+1.4 <0.001
1.25x10+ M 9.7+1.3 8.3+1.2 <0.001
2.5x10° M 12:541.7 12.4+1.6 NS
1.25x105 M 11.2+1.9 12.242.2 NS
1.25x10¢ M

11.3£1.7 10.8+1.7 NS

Ns: non signficant.

Fig. 1. — At 2.5x10° M of DSPG, the respiratory cells in culture are well-preserved and exhibit a morphological aspect in the explant (la, bar = 10 pum),
as well as in the outgrowth (1b, bar = 10 pm), similar to the control culture (not shown). The transmission electron microscopic observation
confirmed the well-preserved morphology of the respiratory cells in culture after exposure with DSPG liposomes at a final concentration of 2.5x10* M

of DSPG (Ic, bar = 1.5 um). DSPG: distearoyl phosphatidylglycerol.
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The culture was well-preserved after the 5 h incubation
period in the presence of 2.5x10° M of DSPG in the
form of liposomes (fig. 1), and the morphological aspect
was similar to that observed in the control culture. The
concentration of 2.5x10° M of DSPG in the liposome
suspension was selected as the best non-cytotoxic concen-
tration for analysing the effect of the DSPG liposomes
on the surface and transport properties of CF respiratory
mucus.

Mucus work of adhesion

The surface tension was 72.8 mN-m! for water and
63.5 mN-m for DSPG liposomes at 2.5x105 M in water.
The work of adhesion of the native CF mucus (Wad=
134.6£15.8 mN-m) was significantly lowered in the
presence of DSPG liposomes (Wad=118.143.8 mN-m!,
p<0.05) but the addition of water to the CF mucus samples
did not change their work of adhesion (Wad=13443.2
mN-m") (fig. 2).
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Fig. 2. — Work of adhesion (Wad) of: 1) native CF mucus; 2) CF
mucus complemented with DSPG liposomes; and 3) CF mucus
complemented with water. The DSPG liposomes significantly
decreased the work of adhesion of CF mucus, as compared to native
CF mucus (p<0.05), or CF mucus complemented with water (p<0.001).
CF: cystic fibrosis; DSPG: distearoyl phosphatidylglycerol.

Mucociliary transport

It is interesting to note that the very low mucociliary
transport (1,=0.5620.07) of CF respiratory mucus was
significantly improved in the presence of water (1=0.92+
0.13, p<0.05), as well as of DSPG liposomes (t=1.0340.2,
p<0.001) (fig. 3). Nevertheless, the mucociliary transport
was not significantly faster with DSPG than with water
alone.

Cough clearance

The cough clearance of native CF mucus (CC=22.217.6
mm) was also significantly improved with DSPG liposomes
(CC=48.6£13.9 mm, p<0.001), and with water (CC=38+
14.5 mm, p<0.05). The effect of DSPG on cough clearance
was significantly greater than the effect of water (p<0.05)

(fig. 4).
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Fig. 3. — Relative mucociliary transport velocily evaluated on the frog
palate (1) measured by following the displacement of a calibrated
aluminium disc deposited on a drop of: 1) native CF mucus; 2) CF
mucus complemented with DSPG liposomes; and 3) CF mucus
complemented with water. The DSPG liposomes significantly enhanced
the mucociliary transport of native CF mucus (p<0.001). For abbreviations
see legend to figure 2.
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Fig. 4. — In virro cough clearance in the simulated cough machine of: 1)
native CF mucus; 2) CF mucus complemented with DSPG liposomes; and
3) CF mucus complemented with water. The difference was significant
between native CF mucus and CF mucus complemented with DSPG
liposomes (p<0.001), between native CF mucus and CF mucus
complemented with water (p<0.05), between CF mucus complemented with
DSPG liposomes and CF mucus complemented with water (p<0.05).
For abbreviations see legend to figure 2.

Discussion

We have previously shown that the phospholipid profile
of respiratory mucus is altered in cystic fibrosis (CF),
with an increased content of the rigidifying phospholipid
fractions associated to a decreased content of surface-
active fractions [2]. Furthermore, we have shown that
the reduced phosphatidylglycerol content induced alterations
in the rheological [1], as well as in the surface properties
[2], of CF respiratory mucus, which could be responsible
for the mucus transport impairment, Supplementing exo-
genous pulmonary surfactant into the trachea has already
been proposed for the treatment and the prevention of the
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respiratory distress syndrome in premature infants [16],
and in adults [17]. Distearoyl phosphatidylglycerol is,
among the phosphatidylglycerol forms, the most efficient
component for enhancing mucus cough clearance by de-
creasing mucus adhesiveness [6]. Stable liposomes of
DSPG were prepared without the addition of traditionally
used stabilizing agents, such as cholesterol, which possesses
rigidifying properties [18-20]. The aqueous phase in
which DSPG liposomes were prepared was distilled water,
because we were not able to obtain a stable dispersion in
an ionic solution. DSPG has a negative electric charge
and, in an ionic solution, it is particularly difficult to
prepare a stable liposome suspension. This is probably due
to the partial neutralization of this electric charge. Never-
theless, the liposomes prepared in water could be subseg-
uently resuspended in a physiological buffer, without any
change in their size distribution. A monodisperse and
sterile liposome population was obtained by filtration,
without the addition of any antibacterial agent. In addition,
DSPG, which is a saturated phospholipid, does not become
oxidized when exposed to light or air [21]. It was interesting
to note that no difference in size was observed, whether
liposomes were stored at 4°C or 20°C.

The DSPG liposome suspension adjusted to 2.5x105
M, which was found to preserve the ciliary activity as
well as the morphological aspect of the respiratory epithelial
cells in culture, was consequently used for the functional
study. The cytotoxic assay was performed directly on a
culture model of respiratory epithelium [7], which was
not protected by the mucus layer as is the case in vivo.

In vivo, DSPG liposomes are more likely to interact
directly [22] with the mucus layer rather than with the
respiratory epithelium, and could act as a lubricating agent
at the mucus-mucosa interface.

In the present work, we added DSPG liposomes or
water to CF mucus which is known to be adhesive due to
poor hydration [23-28], high osmolarity [29], and lack
of surface-active fractions [1-4].

In our in vitro experiments, water or liposomes were
placed at the interface between the mucus and the subsirate,
recreating a periciliary sol phase, which significantly
enhanced the transport of mucus by cough and by ciliary
activity. As emphasized by Scherer [30], during the
cough, the gel mucous layer moves as a rigid slab above
the sol phase, which acts as a lubricant between the
mucous gel phase and the mucosa. The role of this
lubricating layer in allowing airflow to move mucus has
already been described by Zanm er al. [31] and GRUENAUER
et al. [32]. The addition of a surface-active agent, such as
DSPG, to this lubricating layer decreases the interfacial
forces between the mucosa and the mucus, leading to a
better transport of mucus by cough. This lubricating
effect of the sol phase is also obvious on the transport
of mucus by ciliary activity. During active beating, the
cilia penetrate the upper gel phase of the mucociliary
system and propel the mucus forward. The strength of this
mechanical contact probably depends on the adhesive
properties of the gel mucus. Introducing a surface-active
agent, such as DSPG, would allow cilia to disengage from
mucus at the start of their recovery stroke and, therefore,
ciliary beating would be improved, inducing an increase in

mucociliary transport.

The dipping procedure, intended to coat the mucus with
a surface-active sol phase, was designed to mimic an
aerosol application. The alterations in the physical proper-
ties of mucus were not due to a dilutional effect or to poor
mixing, since the addition of surface-active fractions to
water significantly improved this effect. Moreover, Zanm
et al. [31] have previously reported that addition of a
periciliary phase, as in the present study, did not change
either the viscosity or the elastic modulus of the mucus.

The administration of liposomes could be performed
by an aerosol or by instillation. When an aerosol of soy
phosphatidylcholine liposomes [33] was given to healthy
human volunteers to breathe, they suffered no deleterious
effects on lung spirometry or arterial oxygen saturation.

The addition of DSPG in an aqueous phase to patho-
logical respiratory mucus, such as cystic fibrosis mucus,
could be a very promising therapy for bronchial obstruction
due to hypersecretion: distearoyl phosphatidylglycerol
liposomes can reduce the adhesiveness of CF respiratory
mucus. Our results show that distearoyl phosphatidyl-
glycerol liposomes improve cough clearance and may also
acelerate mucociliary transport.

Acknowledgements: The authors thank F. Pennaforte
and C. Perrot-Minot for having kindly provided the cystic
fibrosis respiratory mucus.

References

1. Galabert C, Jacquot J, Zahm IM, Puchelle E. — Relation-
ship between the lipid content and the rheological properties of
airway secretions in cystic fibrosis. Clin Chim Acta 1987, 164:
139-149.

2. Girod S, Galabert C, Lecuire A, Zahm JM, Puchelle E. —
Phospholipid composition and surface-active properties of
tracheobronchial secretions from patients with cystic fibrosis and
chronic obstructive pulmonary diseases. Pediatr Pulmonol 1992;
13: 22-27.

3. Gilljam H, Anderson O, Ellin A, Roberison B, Strandvik B.
— Composition and surface properties of the bronchial lipids in
adult patients with cystic fibrosis. Clin Chim Acta 1988; 176:
29-38.

4. Slomiany A, Murty VLN, Aono M, Snyder CE, Herp A,
Slomiany BL. — Lipid composition of tracheobronchial secretions
from normal individuals and patients with cystic fibrosis. Biochim
Biophys Acta 1982; 710: 106-111.

5. Houdret N, Perini JM, Galabert C, ef al. — The high
lipid content of respiratory mucins in cystic fibrosis is related to
infection. Biochim Biophys Acta 1986; 880: 54-61.

6. Girod S, Galabert C, Piemrot D, ef al. — Role of phospho-
lipid lining on respiratory mucus clearance by cough. J Appl
Physiol 1991; T1(6): 2262-2266.

7. Chevillard M, Hinnrasky J, Zahm JM, Plotkowski MC,
Puchelle E. — Proliferation, differentiation and ciliary beating of
human respiratory ciliated cells in primary culture. Cell Tiss Res
1991; 264: 49-55.

8. Zahm JM, Dionisius JP, Pierrot D, Chevillard M, Puchelle
E. — Video measurement of the ciliary beating frequency.
Innov Tech Biol Med 1990; 11: 118-129,

9.  Puchelle E, Tournier JM, Zahm JM, Sadoul P. — Rheology
of sputum collected by a simple technique limiting salivary
contamination. J Lab Clin Med 1984, 103: 347-353.

10. Vaguez-Girod S, Zahm JM, Dionisius JP, Pierrot D, Puchelle



ENHANCEMENT OF MUCUS TRANSPORT BY LIPOSOMES 1161

E. — Automatic measurement of the wetting properties of
biological fluids. Innov Tech Biol Med 1988; 9: 402-412.

11. Puchelle E, Zahm JM, Jacquot J, Plotkowski MC, Duvivier
C. - A simple technique for measuring adhesion tension
properties of human bronchial secretions. Eur J Respir Dis
1987; 71: 281-282.

12. King M, Brock G, Lundell C. — Clearance of mucus by
simulated cough. J Appl Physiol 1985; 58: 1776-1782.

13. King M. - Role of mucus viscoelasticity in cough
clearance. Eur J Respir Dis 1987; 71: 165-172.

14. King M, Zahm JM, Pierrot D, Vaquez-Girod S, Puchelle E.
— The role of mucus gel viscosity, spinnability and adhesive
properties in clearance by simulated cough. Biorheology 1989,
26: 737-745.

15. Puchelle E, Toumier JM, Petit A, ef al. — The frog palate
for studying mucus transport velocity and mucociliary frequency.
Eur J Respir Dis 1983; 74: 293-303.

16. Kending JW, Notter RH, Cox C, ef al. — A comparison of
surfactant as immediate prophylaxis and as rescue therapy in
newboms of less than 30 weeks' gestation, N Engl J Med 1991;
324: 865-871.

17. Mason RJ. - Surfactant in adult respiratory distress
syndrome. Eur J Respir Dis 1987; 71: 229-236.
18. Jain MK. - Role of cholesterol in biomembranes and

related systems. Curr Top Membr Transp 1975; 6: 1-57.

19. Olfield E, Chapman D. - Dynamics of lipids in mem-
branes. Heterogeneity and the role of cholesterol. FEBS Lett
1972; 23: 285-297.

20. Szoka F, Papahadjopoulos D. — Comparative properties and
methods of preparation of lipid vesicles (liposomes). Ann Rev
Biophys Bioeng 1980; 9: 467-508.

21. Hemandez-Caselles T, Villalain J, Gomez-Femandez JC.
— Stability of liposomes on long-term storage. J Pharm
Pharmacol 1990; 42: 397-400.

22. Margolis LB, Bergelson LD, — Lipid-cell interactions.

Induction of microvilli on the cell surface by liposomes. Exp Cell
Res 1979; 119: 145-150.

23. Boucher R, Knowles M, Stutts J, Gatzy J. — Epithelial
dysfunction in cystic fibrosis lung disease. Lung 1983; 161: 1-17.
24. Chazalette JP, Galabert C, Lippens MF, Filliat M, Gheri B.
— Anomalies du mucus et Mucoviscidose. In: Mucus et Mala-
dies respiratoires. Amsterdam, Excerpta Medica, 1989; pp. 67-73.
25. Galabert C, Filliat M, Lamblin G. — Lipid analysis of
sputum from patients with chronic bronchial diseases. Bull Eur
Physiopathol Respir 1981; 17: 197-208.

26. Lewis RW. — The biochemical basis of cystic fibrosis: an
hypothesis based upon the polyelectrolytes of mucus. Texas
Rep Biol Med 1978; 36: 33-39.

27. Willumsen NJ, Davis CW, Boucher RC. - Cellular CI
transport in cultured cystic fibrosis airway epithelium. Am J
Physiol 1985; 256 (Cell Physiol 25): C1045-C1053.

28. Puchelle E, Jacquot J, Beck G, Zahm JM, Galabert C. -
Rheological properties of airway secretions in cystic fibrosis:
relationships with the degree of infection and severity of the
disease. Ewr J Clin Invest 1985; 15: 380-394,

29. Pillai RS, Chandra T, Miller F, Llyod-Still J, Yeates DB. —
Work of adhesion of respiratory tract mucus. J Appl Physiol
1992; 72(4): 1604-1610.

30. Scherer PW. — Mucus transport by cough. Chest 1981;
80: 830-833.

31. Zahm JM, Piemot D, Vaquez-Girod S, Duvivier C, King M,
Puchelle E. — The role of mucus sol phase in clearance by
simulated cough. Biorheology 1989; 26: 747-752.

32. Gruenauer LM, Grotberg JB, Miller IF, Yeates DB. -
Fluid transport by asymetric oscillatory airflow (Abstract). Am
Rev Respir Dis 1987; 135: A366.

33. Thomas DA, Myers MA, Wichert B, Schreier H, Gonzalez-
Rothi RJ. — Acute effects of liposome aerosol inhalation on
pulmonary function in healthy human volunteers. Chesr 1991; 99:
1268-1270.



