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Abstract. Mucociliary clearance (MC) is an important defense mechanism of the respiratory system to
eliminate inhaled and possibly noxious particles from the lung. Although the principal mechanics of MC
seem to be relatively clear there are still open questions regarding the long-term clearance of particles.
Therefore, we have developed a new set-up based on embryonic chicken trachea (ECT) to investigate
mucociliary particle clearance in more detail. ECT was placed in an incubation chamber after carbon
particles were applied and tracked using optical microscopy. The aim of the study was to validate this
model by investigating the impact of temperature, humidity and drugs on particle transport rates.
Particles were transported reproducibly along the trachea and clearance velocity (2.39+0.25) mm/min
was found to be in accordance to data reported in literature. Variation in temperature resulted in
significantly reduced MC: (0.40+0.12) mm/min (20 °C); (0.42+0.10) mm/min (45 °C). Decreasing
humidity (99-60%) had no significant effect on MC, whereas reduction to 20% humidity showed a
significant influence on particle clearance. The use of different cilio- and muco-active drugs (Propranolol,
Terbutalin, N-acetylcysteine) resulted in altered MC according to the pharmacological effect of the
substances: a concentration dependent decrease of MC was found for Propranolol. From our results we
conclude that this model can be employed to investigate MC of particles in more detail. Hence, the model
may help to understand and identify decisive physico-chemical parameters for MC and to answer open

questions regarding the long-term clearance phenomenon.
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INTRODUCTION

The human lung as application site for active substances
is of increasing importance for local (e.g. asthma, COPD) as
well as systemic (e.g. diabetes mellitus) therapy. The attrac-
tiveness of pulmonary drug delivery is attributed to the good
absorption due to a huge alveolar surface area (70-140 m?),
unique barrier properties and avoidance of the first-pass
effect (1). Beside these therapeutic aspects there is a constant
input of exogenous material into the lung triggered by
breathing. Mucociliary clearance (MC) is a most important
mechanism to eliminate inhaled and possibly noxious
particles, bacteria and toxins from the central airways. In
the field of inhalation toxicology the aerodynamic diameter is
termed to be a main decisive parameter. Particle classification
is based upon a precise nomenclature which is inevitable for
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avoiding misunderstanding and confusion. Thus, ultra fine
particles (UFP) are defined to be smaller than 100 nm in
diameter, whereas particulate matter (PM) can be divided
into inhalable PM;q (d<25 um) and respirable PM,s (d<
3.5 pm). Depending on the aerodynamic diameter and the
inhalation manoeuvre particles will deposit in different
regions within the respiratory system (2). Discrimination
between deposition site of the particles is realized due to three
different principal mechanisms: impaction, sedimentation and
Brownian motion (3). Particles sized >5 pm will mainly be
deposited in the oro-pharyngal region due to impaction,
whereas particles sized 1-5 um are suitable to enter the
tracheo-bronchial region. When particle size is reduced to
<1 um Brownian motion will be the decisive mechanism for
deposition in mainly peripheral regions of the lung. To date
exclusive deposition in either the bronchial or the alveolar
region is not feasible and only can be optimized using special
inhalation techniques (e.g. the shallow bolus technique for
targeting the airways) (4,5).

Depending on the site of particle deposition, clearance is
realized by different mechanisms: I. Mucociliary clearance
(MC) — the airways are covered by a mucus layer that is
transported by ciliary beating resulting in a fast removal of
deposited particles. II. Alveolar macrophages — in the lung
periphery no ciliated cells are present and alveolar macro-
phages are the defence mechanism in this region (6). The
present work describes the set-up of an in vitro test system to
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investigate the mucociliary clearance. Therefore, a closer look
at the detailed morphological architecture, conditions and
prerequisites in this area is appreciated.

The mucus layer in healthy individuals consist of the
upper gel layer and the lower periciliary layer. The periciliary
layer is a low viscosity fluid with a thickness of 5-7 um which
is slightly less than an extended cilium (7). The mucus layer
on top is a gel composed of a 3-dimensional polymer network
of mucus glycoproteins or mucins. These mucin macromole-
cules are 70-80% carbohydrate, 20% protein and 1-2%
sulphate bound to oligosaccharide side chains (8,9).

About 3% of the mucus layer consists of mucins, while
90-95% consist of water, with electrolytes, serum proteins,
immunoglobulins and lipids (10,11). Although optimum
concentration for all components seems likely to exist,
MUCS-AC and MUCS-B have been identified to be predomi-
nantly responsible for gel-forming and adhesive properties of
airway mucus (12,13). Alterations in secretion rate and
MUC5-AC to MUCS-B ratio correlated with impaired
mucociliary clearance can be found in several pathophysio-
logical conditions of the respiratory system e.g. asthma, cystic
fibrosis and COPD (14-16).

Within the human airways 30-65% of the epithelium is
covered with ciliated cells whereat each cell houses about 200
cilia (17). Cilia are motile hair-like appendages extending
5-7 um from the surface of epithelial cells. They contain a
central axoneme i.e. a bundle of microtubules arranged as
nine outer doublets and one central pair (9*2+2 arrange-
ment) (18).

Movement of the cilium is generated by sliding move-
ments of the microtubules under ATP depletion (19). Cilia
beat in close coordination and adjust their frequency and
phase of beating in response to neighbouring cilia (20).
Throughout the ciliary beat cycle, consisting of forward and
backward stroke, cilia transfer kinetic energy to the on top
located mucus layer during the forward stroke. Metachronal
coordination and beat mechanics result in transport of the
mucus layer towards the oesopharyngal region, where finally
the mucus and entrapped material is swallowed.

Scheuch and Stahlhofen could show that mucociliary
clearance removes all particles >6 um in diameter within 24 h
from the human airways in vivo. For particles <6 pm a certain
fraction was retained for more than 24 h. Further reduction in
particle size correlated with an increasing fraction of long-
term cleared particles (21-23). Despite the phenomenon of
long-term cleared particles the effects of inhaled ultra fine
particles and particulate matter on human health have been
for years and still are under debate (24). However, the
number of epidemiological studies indicating a correlation
between exposure to particulate matter and adverse health
effects increases constantly (25,26).

By today the decisive parameters and mechanisms of
particle long-term clearance are not understood and different
hypotheses are under discussion. Depending on particle size
and physico-chemistry a certain fraction of particles might
penetrate into and through the mucus layer and thus escape
from mucociliary clearance (27-31). In case that the mucus
layer is not a fully closed blanket covering the surface of all
airways, particles might penetrate after deposition directly
into the periciliary layer and thereby undergo fast elimination
(9,32). Another reason for delayed clearance is possibly the
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deposition of a certain particle fraction in the peripheral lung
although the airways are the primary target.

The aim of our study was to set up an in vitro model
based on chicken trachea to investigate mucociliary particle
clearance under more complex constraints such as various
temperatures, humidities and drugs. This model will allow for
exploring mucociliary clearance and mucus-particle inter-
actions based on functional interaction of cilia and mucus. It
is well suited for this approach since former experiments
showed that embryonic chicken trachea is a valid substitute
for human material in studying ciliary beat frequency and
ciliary toxicity (33-36). Furthermore, we examined the
models’ histology in order to check for functional develop-
ment of ciliated cells, goblet cells and differences compared to
human tissue morphology.

MATERIAL AND METHODS
Materials

Inorganic salts (E. Merck, Darmstadt, GE); Activated
carbon Ph.Eur. (E. Merck, Darmstadt, GE); Fertilized
chicken eggs (Lohmann Tierzucht GmbH, Cuxhaven, GE);
Propranolol hydrochloride (Sigma-Aldrich Chemie GmbH,
Steinheim, GE); Terbutalin hemisulfate (Sigma-Aldrich
Chemie GmbH, Steinheim, GE); N-acetylcysteine (Sigma-
Aldrich Chemie GmbH, Steinheim, GE); Uranyl acetate
(Fluka AG, Zirich, CH); Lead citrate (Leica AG, Heerbrugg;
CH); Eppon resin (Fluka AG, Zirich, CH). All chemicals
used in the experiments were of highest available quality.

Trachea Preparation

Chicken eggs of SPF quality (specific pathogen free)
were incubated in a breeding chamber (Hemel Breeding
Instruments GmbH, Verl, GE) at 37.8 °C/60% relative
humidity for 19-20 days. All clearance experiments were
performed using freshly harvested embryo chicken trachea.
After dissection the trachea was placed on gauze soaked with
Locke-Ringer solution (LR). LR is an isotonic solution of
NaCl 7.72 g (132 mmol), KCI 0.42 g (5.63 mmol), CaCl, x
H,O (0.16 g/1.24 mmol), NaHCOj; (0.15 g/1.79 mmol) and
glucose anhydrous (1.00 g/5.55 mmol) in 1 1 of water. Prior to
particle deposition the tracheal tube was cut oblong resulting
in two tracheal half-pipes. Particle deposition on the half-
pipes was realized utilizing a Dry Powder Insufflator™ Model
DP-4 (PennCentury Inc., Philadelphia, USA) adopted from
instillation experiments (37).

Clearance Experiments

Following particle deposition the tracheal tissue was
transferred to a temperature and humidity controlled incuba-
tion chamber and subsequently placed under the microscope
(Axiolmager-M3, ZEISS, GE). Carbon particles were applied
to establish the set-up due to easy visualization using transmis-
sion light microscopy. Particle size was 0.8-260 um as deter-
mined by static light scattering (MasterSizer-2000, Malvern
Inst., GB). Particle transport on the trachea was recorded for
10-20 s (AxioCam HSm, ZEISS, GE) at various positions on
the tracheal half-pipes using a LD Plan-Neofluar 10x/0.30
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Fig. 1. Tracheal half-pipes in the incubation chamber. Proof of
principle experiment: Particles are transported into different but
uniquely proximal direction after turning one of the tracheal half-
pipes by 180°

objective (ZEISS, GE). Clearance velocity was calculated from
three to eight videos, and three to six single particles were
calculated per video. Numbers beside the bars in the graphs e.g.
“100/5” account for 100 particles tracked on five tracheas.

The effects of three drugs, i.e. Propranolol, Terbutalin and
N-acetylcysteine, already known to influence either ciliary
beat frequency (CBF) or mucus rheology, have been inves-
tigated. Tracheal tubes were incubated for 60 s in LR/drug
solution or drug free LR solution (control) prior to particle
deposition. A significant effect for Propranolol 1% (m/v) on
CBF was already reported by Boek (34). To investigate the
model’s sensitivity for a concentration dependent effect on MC
we tested Propranolol at 1% (3.4 mM), 0.1% (0.34 mM) and
0.01% (3.4 pM). Terbutalin and N-acetylcysteine were both
tested at 1% (m/v). The influence of temperature (2045 °C)
and humidity (20-99%) in the incubation chamber was
investigated to test the models robustness for various experi-
mental conditions. Temperature and humidity were actively
controlled and monitored online using a system provided by
LIS (Life Imaging Services, Reinach, CH). Results were
examined for statistical differences by ANOVA using routine
statistical software (SigmaStat 3.0).

Histochemistry

Histology on Formalin-Fixed Lung Specimen. Tracheal tissue
was fixed in 10% neutral-buffered formalin and embedded in
paraffin at 58 °C. Sections (5 um) were cut from paraffin-
embedded tissue and mounted on glass slides. Routine histology
was then carried out as described previously using Alcian blue
staining (38).

SEM/TEM Imaging. For SEM imaging tracheal tissue
was cut into slices of about 5 mm in width, dehydrated in
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ethanol, critical point dried and sputter-coated with gold.
Samples were examined using a Philips XL 30-FEG scanning
electron microscope (Philips AG, Zuerich, CH) operating at
10 kV. For TEM imaging tissue was fixed for 24 h in 0.03 M
potassium phosphate buffer containing 2.5% glutar aldehyde.
After fixation tissue was embedded in Eppon resin and cut to
ultra-thin sections (60-80 nm) as described earlier (39). The
ultra-thin sections were transferred to uncoated 200-mesh
copper grids and stained with uranyl acetate and lead citrate
before examination in a Philips 300 transmission electron
microscope (Philips AG, Zuerich, CH) operating at 60 kV.

RESULTS
Clearance Experiments

Proof of Principle. Mucus and particles were clearly and
reproducibly transported along the tracheal tissue (see Video 1).
Clearance due to mucociliary interaction could be successfully
demonstrated by turning one of two tracheal half-pipes by
180°: particles were transported into different directions but
always to the proximal end of the trachea (Fig. 1). Mucus
exhibited characteristic appearance, i.e. mucus streams and
mucus flakes. Mucus transparency was according to the mucus
grades (MG) classified by Gerber et al. (40). Completely
transparent mucus (MG-1), transparent but slightly opaque
mucus (MG-2), opaque mucus with surface relief (MG-3) and
non-transparent, completely opaque mucus with marked
surface relief (MG-4) was present on the tracheal epithelium.

Temperature and Humidity. Decrease (20 °C) as well as
increase (45 °C) in temperature resulted in significant reduc-
tion (P<0.001) of particle transport rates (TR). TR deter-
mined for 20, 33 and 45 °C was (0.40+0.12) mm/min, (2.39+
0.25) mm/min and (0.42+0.10) mm/min, respectively (Fig. 2).

Variation of relative humidity between 60% and 99%
had no significant effect (P<0.001) on particle transport
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Fig. 2. Influence of temperature on mucociliary particle transport
rates. Decreased (20 °C) as well as increased (45 °C) temperature
resulted in significant reduction of particle transport rates. Numbers
beside the bars e.g. “100/6” represent 100 particles tracked on six
tracheas
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Fig. 3. Influence of drugs on mucociliary particle transport rates.
Clearance velocity under influence of drugs was significantly changed.
Terbutalin (1%) increased transport rates, whereas N-acetylcysteine
(1%) and Propranolol (0.01%) reduced mucociliary particle clear-
ance. Influence of Propranolol (0.1%) and Propranolol (1%) totally
inhibited particle transport. Numbers beside the bars e.g. “100/6”
represent 100 particles tracked on six tracheas

velocity. TR was (2.29+0.96) mm/min, (2.32+0.70) mm/min
and (2.39+0.25) mm/min for 60%, 75% and 99% relative
humidity experiments, respectively. Further reduction to 20%
relative humidity resulted in significantly (P<0.001) de-
creased clearance rates (0.54+0.37) mm/min.

Influence of Drugs. Particle clearance under influence of
three drugs known to affect mucociliary clearance was
investigated. Propranolol (Pp) was capable of reducing or
fully eliminating particle transport in a concentration depen-
dent manner. No transport of particles could be observed
after incubation in Pp-1% (3.4 mM) and Pp-0.1% (0.34 mM)
LR/drug solution.

Incubation in Pp-0.01% (0.034 mM) LR/drug solution
resulted in significantly (P<0.001) reduced transport (0.44+
0.21) mm/min compared to control experiments (C; 3.14+
0.41) mm/min, using only LR solution (Fig. 3). Clearance rate
under influence of Terbutalin (T) was significantly increased
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(P=0.001) to (4.90+0.62) mm/min, whereas N-acetylcysteine
(NAC) decreased transport velocity significantly (P<0.001)
to (0.66+0.20) mm/min (Fig. 3).

Histochemistry

TEM/SEM Images. Cilia were found to be comparable to
human respiratory cilia regarding cilia length (5-7 pm) and
ultrastructure of the microtubules (9%2+2 arrangement). Basal
bodies exhibited normal topology and orientation (Fig. 4).

Paraffin Sections. Cross sections of the tracheal tissue
showed normal morphology regarding cilia length and cilia
density. Presence of goblet cells and localisation of the upper
mucus layer was successfully determined by characteristic
staining using Alcian blue (Fig. 5).

DISCUSSION

Mucociliary clearance is a complex cleaning mechanism
of the airways. Decisive parameters for mucociliary transport
are ciliary beating, height of the periciliary layer (PCL) and
viscoelastic properties of the mucus. Metachronal coordina-
tion of the beat pattern results in directional mucus transport
only when transfer of kinetic energy from the cilia to the
mucus layer is efficient. Thus, ciliary beat frequency (CBF)
defines the maximum amount of kinetic energy to be
transferred from the cilia to the upper mucus. As known
from literature CBF is correlated to temperature. Clairy-
Meinesz reported that human cilia are almost immotile at 5 °C.
From 9 to 20 °C CBF increased constantly and values
approximately doubled as the temperature increased by 10 °C.
Between 20 and 45 °C CBF was found to be constant at around
8-11 Hz. At 50 °Ccilia rapidly became immotile and cooling did
not restore ciliary motility (41). Being aware of the CBF
plateau between 20 to 45 °C and the comparability of human
and chicken tissue at 33 °C reported by Boek (34), all control
experiments were realized at 33 °C and 99% relative humidity.
Rheological properties of the mucus are important parameters

morphology was found to be comparable to human tracheal tissue—all structures essentially required for mucociliary clearance are present. b
TEM image of tracheal epithelium and cilia cross sections. C Cilia, MV microvilli, 77 tight junction complexes. ECT morphology was found to
be comparable to human tracheal tissue—all structures essentially required for mucociliary clearance are present. Cilia ultrastructure exhibits
normal (9%2+2) arrangement of the central axoneme—a bundle of microtubules arranged as nine outer doublets and one central pair. ¢ SEM
image of ciliated epithelium. Cilia length (5-7 pm) and cilia density was found to be comparable to the human airway epithelium. Mucus
producing goblet cells are present and exhibit characteristic morphology
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regarding coupling efficiency, and correlation of mucus trans-
port rates and rheological properties have already been
reported (42). If the elastic and the viscous modulus are out
of range, kinetic energy will be lost and the mucus will not be
propelled at normal velocity.

The experimental results in this study demonstrate efficient
interaction of mucus and beating cilia. Mucus exhibited
characteristic transparency and structure (streams, flakes) and
entrapped particles were reproducibly and uni-directionally
transported along the tracheal tissue. The results from the
experiments at various temperatures clearly show a significant
influence of temperature (P<0.001) on mucociliary transport
(Fig. 1). Reduced clearance rates can be explained by a
combinatory effect of reduced or less coordinated CBF and
changes in mucus rheology (43-45). Clearance velocity (2.39+
0.25) mm/min for the control experiments (33 °C/99%) were
found to be comparable to data reported in literature.

Tracheal mucociliary clearance rates reported for rats,
guinea pigs and rabbits are (1.9+£0.7) mm/min, (2.7+1.4) mm/
min and (3.2+1.1) mm/min, respectively (46). In comparison,
average tracheal mucus velocities in healthy non-smokers, as
measured by non-invasive radiological techniques, were
found to range from 4-6 mm/min (47). The only reported
value for human mucus velocity in the main bronchi is about
2.4 mm/min (48) which is in good accordance with our data.

Decreasing relative humidity from 99% to 60% had no
significant effect on transport rates and can be explained by a
certain stability of MC mechanistics even under suboptimal
environmental conditions. Thus, duration of a single transport
experiment (~10 min) might not be sufficient to change
mucus rheology, PCL height or CBF to a significant extent.
Further reduction in relative humidity to 20% significantly
influenced transport rates, suggesting that the model is
sensitive for changes in humidity, moreover reflecting the in
vivo situation where small changes should not effect MC
dramatically.

The choice of different active substances was made with
respect to their impact on the mucociliary transport rate
respectively the CBF. All drugs tested had a significant
influence on mucociliary clearance (Fig. 3). Terbutalin and
Propranolol are both influencing CBF via p-receptors.

Fig. 5. Alcian blue staining of paraffin embedded tracheal tissue. A
mucus layer (M) and goblet cells (G) are present and exhibit
characteristic staining. Cilia (C) on ciliated cells. (x100, cross section)
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Terbutalin, acting as a p-adrenoceptor agonist, increases CBF
by increasing intracellular levels of cyclic adenosine mono-
phosphate (cAMP). On the contrary Propranolol, acting as {3-
blocker, reduces CBF via decrease of intracellular cAMP
(49). Mucaociliary clearance for both drugs changes according
to their respective pharmacological effect. For the experi-
ments using Propranolol a concentration dependent effect
could be determined, suggesting that the model exhibits
sensitivity for drugs in a concentration dependent manner.
The influence of N-acetylcysteine (NAC) resulted in a
significant reduction of mucociliary transport rates and can
be explained by a significant change of mucus rheology. NAC
is known to sever disulfide bonds, thus diminishing cross-
linking of the mucin network. As a consequence the viscosity
as well as the elasticity of the mucus gel is reduced and the
energy transfer from the cilia to the upper mucus layer is less
efficient (8).

Histochemistry was performed to investigate functional
development of ciliated cells, goblet cells and differences
compared to human tissue morphology. ECT morphology
was found to be comparable to human tracheal tissue. Cilia
length, cilia density and orientation of the basal bodies exhibit
characteristic structure and orientation. Presence of goblet
cells and a mucus layer was successfully determined by Alcian
blue staining (Fig. 5). Hence, all structures essentially required
for mucociliary clearance are present on embryo chicken
trachea.

Several model systems based on frog palate, horse or
bovine trachea are already available (50). Compared to those
in vitro models the ECT model is favourable for several
reasons. (1) Breeding eggs are commonly available in SPF
quality which reduces costs and the risk for biological
contamination of the experimentalist to a minimum. (2) Eggs
are easy to handle and can be stored for up to 1 week prior to
breeding. Thus, (3) high standardization for the ECT model is
possible. This argument gains importance considering the fact
that the ECT is an already validated model for investigating
ciliary beat frequency (34,35). These two crucial aspects
allow for generating a profound data basis. For experiments
utilizing porcine or bovine tracheal tissue such standardization
can be achieved hardly. Tissue from the local abattoir often
undergoes critical but inevitable treatment with hot water
steam. Transportation to the laboratory takes valuable time
and experimental results may include artefacts. Moreover,
housing conditions for the animals are not standardized and
bacterial contamination or lung pneumonia can not be
excluded. Raising animals for experimental use under best
possible standardized conditions would be an option but
suffers from increasing costs and controversial discussion on
ethical and regulatory aspects.

CONCLUSIONS AND OUTLOOK

The pulmonary route is considered as a promising target
for drug and protein delivery. However, there are still open
question regarding long-term clearance of particles from the
airways and mucus-particles interactions. Hitherto, ECT has
been utilized and validated for CBF measurements under
influence of various chemical substances. The aim of our
study was to set up an in vitro model based on chicken
trachea in order to investigate MC of particles under more
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complex constraints such as temperature, humidity and
various drugs. Thus, MC in the experiments is a result of
ciliary beating and effective energy transfer from cilia to the
mucus. From our results we conclude that embryo chicken
trachea can be employed to investigate the influence of cilio-
and mucus-active drugs or particles on MC. The model shows
a stability reflecting the in vivo situation where small changes
are not supposed to impact dramatically on MC. Neverthe-
less, the ECT model is sensitive to changes in environmental
conditions regarding temperature and humidity. Furthermore,
the model allows for investigating the impact of drugs as
could be shown for substances already known to influence
clearance rates. As well this holds for the tissue response of
the cilio-toxic substance Propanolol, which shows a concen-
tration dependent decrease of MC as a result of the reduced
ciliary function, as for Terbutalin and its clearance enhancing
effect. Changes in mucus structure and the correlated
rheological properties as achieved with N-acetylcysteine can
be monitored as well. Therefore, the ECT is a powerful tool
to investigate particulate impact on the clearance functionality
of the trachea. Future experiments utilizing different sized and/
or modified (nano) particles as well as further characterization
of mucus structure and components (surfactant) shall help to
understand and identify decisive physico-chemical parameters
for MC and to answer open questions on the long-term
clearance phenomenon.
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