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Abstract

A non-functional Cystic Fibrosis Transmembrane conductance Regulator (CFTR) leads to the
disease cystic fibrosis (CF). Although the CFTR is expressed in multiple organs, pulmonary
disease is the major cause of illness and death in patients with CF. Stagnant mucus, causing
airway obstruction, bacterial overgrowth, persistent inflammation and tissue destruction
characterizes the disease, but how the defect in CFTR function is coupled to the mucus phenotype
is still controversial. We have recently shown that bicarbonate ions passing through CFTR are
necessary for proper unfolding of the MUC2 mucin, thus highlighting the importance of
bicarbonate ion transport via the CFTR and the ability of these ions to raise the pH and chelate
calcium bound to the mucin as the important steps in forming normal mucus. In order to find
potential CF treatments and expand our knowledge about the usefulness of bicarbonate as an
active ingredient in formulations to alleviate mucus plugging, we used an Ussing-type chamber
and explants from the F508del-CFTR mutant mouse ileum to test the effect of calcium chelators
on mucus attachment, either in isolation or in combination with osmolytes such as mannitol or
hypertonic saline. We found that increasing the concentration of bicarbonate, both alone or in
combination with increased osmolarity of the solution, detached the otherwise attached CF mucus.
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1. Introduction

Cystic fibrosis (CF) is caused by mutations in the ion channel Cystic Fibrosis
Transmembrane conductance Regulator (CFTR) (Riordan et al., 1989), progressive
bronchiectasis and lung damage being the main causes of morbidity and mortality (Chmiel
and Davis, 2003). The disease causing mutations affect permeability to chloride and
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bicarbonate (Quinton, 2001) and lack of bicarbonate causes formation of attached mucus
(Garcia et al., 2009; Gustafsson et al., 2012a). In CF the attached, stagnant mucus leads to
bacterial overgrowth, infection and inflammation. The inflammatory response can increase
the number of mucus secreting cells, stimulate mucus secretion and further influence mucus
properties (Rogers, 1994). Many CF patients also suffer from distal intestinal obstruction
syndrome (DIOS), where attached mucus obstructs the distal ileum and leads to bacterial
overgrowth. Consequently, effective treatments should be aimed at preventing or reversing
the attachment and stagnation of mucus.

We have shown that a MUC2 N-terminal recombinant protein consisting of the VWD1-D2-
D’D3 domains formed large aggregates at pH 6.2 in the presence of Ca2*. The aggregates
were dissolved upon Ca?* chelation and pH increase. Chelation of Ca2* was achieved by
2,2/,2” 2"-(Ethane-1,2-diyldinitrilo)tetraacetic acid (EDTA) or bicarbonate (Ambort et al.,
2012), which lead us to test Ca2* chelation in the F508del-CFTR mutant mouse ileum (van
Doorninck et al., 1995). We could show that bicarbonate ions passed through CFTR are
necessary to establish proper unfolding of the Muc2 mucin, as newly formed mucus became
attached in the WT mouse ileum when the basolateral buffer was depleted of bicarbonate
ions. When mucus was secreted into apical isotonic 115 mM bicarbonate buffer the CF ileal
mucus became easily aspirated and penetrable to beads the size of bacteria (Gustafsson et
al., 2012a). Furthermore, forming mucus in an apical buffer with 20 mM EDTA normalized
the attached CF mucus into a more easily aspirated phenotype (Gustafsson et al., 2012a). To
find potential CF treatments, we tested calcium chelators, either in isolation or in
combination with mannitol, since clinical trials on CF patients have shown that inhaled dry
powder mannitol improves mucociliary clearance (Aitken et al., 2012; Robinson et al.,
1999).

N-acetyl-L-cysteine (NAC) is used as a mucolytic drug in respiratory diseases such as
asthma, chronic obstructive pulmonary disease (COPD) and CF (Rogers, 2007) and
erdosteine is an expectorant available for treatment of chronic bronchitis and COPD
(Cazzola et al., 2010). Since they are defined as mucolytics, we tested the ability of these
substances to detach F508del-CFTR mutant mouse ileal mucus.

The treatments deemed promising are the ones which 1) make the F508del-CFTR mutant
mouse ileal mucus as easily aspirated as in the WT mouse ileum, 2) are also effective on
preformed mucus and 3) do not cause expansion of the mucus, since expansion may cause
airway plugging. Our results indicate that calcium chelation by bicarbonate or EDTA in
combination with hypertonic buffer, either achieved by NaCl or mannitol causes effective
detachment while mucus expansion is kept at a minimum. NAC and erdosteine had no effect
on mucus attachment.

2. Materials and Methods

2.1. Animals

Male and female (age 8-16 weeks) homozygous F508del-CFTR mutant mice on C57BL/6
background were bred as heterozygotes at the University of Gothenburg. Mice were housed
in individually ventilated cages under controlled temperature (21-22°C), humidity and 12-h
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light/dark cycle under specific pathogen-free conditions, maintained as described (van
Doorninck et al., 1995) and given regular water 2—-3 days before the experiments. All mice
were killed by cervical dislocation under isoflurane anesthesia. Ethical approval was granted
by the Laboratory Animal Ethics Committee, University of Gothenburg, and experimental
animal care was in accordance with their guidelines.
2.2. Explants

Intestinal explants were prepared and mounted as described previously (Gustafsson et al.,
2012b). Briefly, explants were mounted between two chambers, Krebs-glucose buffer was
perfused basolaterally and Krebs-mannitol was added apically. Activated charcoal particles
in Krebs-mannitol buffer were added and allowed to sediment on top of the mucus to
visualize the mucus surface through a stereomicroscope at x40 magnification (Leica
MZ125, Wetzlar, Germany). For full removal, mucus was aspirated with a Pipetman P200
(Gilson, Middleton, WI, USA) set to 150 ul and using a 20-200 pl tip. Tissue viability was
monitored by measuring PD using electrodes (Ref201; Radiometer, Copenhagen, Denmark)
connected to the chamber by agar bridges (4% agar, 0.9% NaCl).

2.3. Mucus thickness measurements

Mucus thickness was measured as previously described, from the mucus surface to the villi
tips every 20 min for 60 min (Ermund et al., 2015; Ermund et al., 2013; Gustafsson et al.,
2012a; Gustafsson et al., 2012b). All apical incubations were done for 60 min. The mucus
already formed when tissue was mounted is denoted preformed mucus. In the figures, the
mucus thickness at 60 min is illustrated by white bars and denoted “Pre”. To evaluate mucus
properties, the whole apical volume was aspirated using a plastic Pasteur pipette (PP-101,
outer tip diameter 0.9 mm, inner tip diameter 0.7 mm, maximum volume 800 pl;
Cellprojects, Sutton Valence, UK). The pipette tip was placed at the edge of the circular
opening without touching the mounted tissue and kept in place while the bulb was released
for approximately 3 s, thus extracting all removable liquid. The remaining mucus thickness,
presented by black bars and denoted “Post” in the figures, was measured after refilling the
apical chamber with 150 pl Krebs-mannitol to ensure that any remaining mucus material did
not collapse and adding new charcoal particles. Finally, all mucus was removed and the
villus height was measured from the epithelium between the villi to the villi tips. Total
mucus thickness is presented as the sum of villus height and mucus on top of the villi.

In experiments where effects on mucus secreted into buffer containing treatments were
evaluated, mucus was measured at 0 min, preformed mucus was removed and villus height
measured before mucus secretion was induced by basolateral perfusion with 10 uM
carbachol and 10 pM PGE; in Krebs-glucose at 20 min (blue arrow in figures) for 40 min.
Mucus properties were evaluated as for preformed mucus. All apical incubations were done
for 60 min.

2.4. Preparation of apical buffers

Calcium was omitted from buffers containing EDTA and osmolarity was adjusted by
exchanging the corresponding molar concentration of sodium chloride for bicarbonate in the
buffers with increased bicarbonate concentration. In the hyper-osmolar bicarbonate buffers,
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bicarbonate was added to the standard Krebs-mannitol buffer. Buffers with increased
concentration of bicarbonate were first bubbled with carbogen gas (5% CO», 95% O,) and
then the pH was adjusted to 7.4. Some of the bicarbonate will evaporate as CO, gas, but
traditionally, concentrations are given as original bicarbonate concentration. For further
information about bicarbonate buffers, see Gustafsson J.K. et al. 2012 (Gustafsson et al.,
2012a).

2.5. Histological analysis

Tissue histology and mucus depletion from crypt goblet cells were evaluated in explants
fixed in methanol-Carnoy after completed experiments. Paraffin-embedded tissue was cut in
4 pm sections and Alcian blue-Periodic Acid Schiff (Ab-PAS) stained. Images were
acquired using an Eclipse E1000 microscope with a Plan-Fluor 40x/0.75 DIC objective
(Nikon, Amstelveen, The Netherlands).

2.6. Reagents

Erdosteine (2-[2-Oxo-2-[(2-oxothiolan-3-yl)amino]ethyl]sulfanylacetic acid) was acquired
from Abcam (Cambridge, UK). All other chemicals were purchased from Sigma-Aldrich
Chemical Co. (St Louis, MO).

2.7. Statistical analysis

3. Results

Data are presented as mean + standard error of the mean (S.E.M.) for n animals. The Mann-
Whitney test was used to test differences between two groups. When the number of animals
in the compared groups was too small (n = 3) for a non-parametric test, the student’s t-test
was used. Statistical significance was accepted when P < 0.05.

Mucus thickness was unaffected after apical incubation with an isotonic Krebs buffer
containing 23, 69, 92 or 115 mM bicarbonate (“bic” in figures) for 60 min (Fig. 1A).
Because the bicarbonate concentration varies with pH and pCO, we measured the actual
bicarbonate concentration and 69 mM bicarbonate was found to be 64 mM, 92 mM
bicarbonate 84 mM and 115 mM bicarbonate was found to be 104 mM after 60 min
(Gustafsson et al., 2012a). Mucus already formed at mounting (preformed mucus) could
only be aspirated with the highest concentration of bicarbonate and the lower concentrations
had no effect (Fig. 1B). After 60 min incubation with 115 mM bicarbonate, the mucus stored
in the crypt goblet cells appeared porous and expanded (white arrow, Fig. 1C) but the goblet
cells were still filled with mucus. When an explant was incubated in the chamber with
standard apical Krebs buffer for 60 min, goblet cell content did not appear porous and
expanded (white arrow, Fig. 1D). Based on PD-measurements, histological evaluation and
the fact that the villi were detached by gentle aspiration, we conclude that the tissue integrity
was affected when increasing the bicarbonate concentration higher than 115 mM (data not
shown).

The literature suggests that increased osmolarity may help normalize mucus by increasing
the hydration of the mucus gel (Tildy and Rogers, 2015). Therefore we added 69 or 115 mM
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bicarbonate to the apical Krebs buffer without removing NacCl, giving a hypertonic solution.
When incubated for 60 min, the mucus thickness was not altered compared to timepoint 0
min (Fig. 1E) but preformed mucus became easily aspirated from the explant epithelium at a
bicarbonate concentration as low as 69 mM. As expected, 115 mM was also effective (Fig.
1F), indicating that bicarbonate and increased osmolarity are more effective at normalizing
CF mucus attachment than bicarbonate alone. Also after these treatments, mucus stored in
crypt goblet cells became porous and expanded (white arrows in Fig. 1G and H). For
comparison, an Ab-PAS stained section of a carbachol and PGE, stimulated WT mouse ileal
explant had no filled goblet cells and the crypt was distended (yellow arrow) while the
epithelium was intact (Fig. 11).

Incubation of 20 mM EDTA with preformed mucus in the CF mouse ileum for 60 min
caused an increase in mucus thickness from 163+6 um to 243+11 um (P = 0.008, n = 5)
compared to WT mouse ileum incubated with 20 mM EDTA for 60 min, where the mucus
thickness did not change (Fig. 2A). Incubation of CF mouse ileum with 20 mM EDTA
caused some detachment of the mucus without normalization to a fully detached mucus
phenotype (Fig. 2B). After incubation with 20 mM EDTA the average mucus thickness
remaining after aspiration was 172+8 um (72+4%). This number is higher than in the normal
WT ileum (Fig. 2C) where the mean mucus thickness remaining after aspiration was 26+8
pum (14+3%, P = 0.008, n = 5). It was not possible to use a higher concentration of EDTA
since the tissue integrity was already affected at 20 mM as judged from tissue histology. The
mucus stored in crypt goblet cells became porous and expanded upon treatment with EDTA
(white arrow, Fig. 2D). A WT explant with filled goblet cells without porous mucus content
(white arrow) but with distended crypt (yellow arrow, Fig. 2E) is shown for comparison.

N-acetyl-L-cysteine (NAC) and erdosteine (Erdo) are two agents available for treatment of
patients suffering from airway mucus hypersecretion, a feature typical for asthma and COPD
as well as CF (Rogers, 2007). Erdosteine at 20 mM and NAC at 20 and 40 mM had no effect
on expansion of preformed mucus, even though there was a tendency for NAC to cause an
increase in mucus thickness at 40 mM (Fig. 2F). The mucus thickness at 60 min varied
between 200 and 318 pm. Erdosteine (erdo) and NAC had no effect on the attachment of
preformed mucus when incubated for 60 min (Fig. 2G). Mucus stored in crypt goblet cells
became porous and expanded also after erdosteine at 20 mM (white arrow, Fig. 2H) and
after NAC at 40 mM (white arrow, Fig. 2H).

Another way of increasing buffer osmolarity is to add mannitol, a metabolically inert sugar
already in use for treating CF (Aitken et al., 2012). The preformed mucus was measured,
removed and then new apical buffer containing 40, 60, 70 or 80 mM mannitol was added. At
20 min, the explants were stimulated with carbachol and PGE, (blue arrow in Fig. 3A)
causing new mucus to be secreted into the hyper-osmolar buffer. With 80 mM mannitol,
mucus thickness increased from 196+3 um at 0 min to 261+15 pm at 60 min (P = 0.002, n =
6). This is in contrast to CF explants in regular Krebs buffer (10 mM mannitol) where mucus
thickness was the same at 0 min and 60 min (Fig. 3A). In CF mouse ileum, the mucus
thickness before (Pre, white bar) and after (Post, black bar) aspiration was the same,
indicating that mucus was attached (Fig. 3B). At 40 mM mannitol there was no effect on
mucus attachment but at 60 mM mannitol, the CF mucus became easily aspirated. When
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increasing the mannitol concentration to 70 mM the values at 60 min varied between 138
and 293 um (white bar, Fig. 3B) and mucus was easily aspirated (Fig. 3B). At 80 mM
mannitol mucus was also easily aspirated (Fig. 3B), indicating that elevated concentrations
of mannitol are effective at normalizing mucus attachment in the CF mouse ileum.

When incubating 60 or 70 mM mannitol apically on preformed mucus, there was no effect
on mucus thickness over 60 min (Fig. 3C). With 60 mM mannitol the mucus was still
attached after 60 min incubation (Fig. 3D). To affect preformed mucus and make it easily
aspirated, the mannitol concentration had to be increased to 70 mM (Fig. 3D). The mucus
stored in crypt goblet cells was expanded and porous after incubation with 70 mM mannitol,
but the goblet cells were still filled with mucus (white arrow, Fig. 3E). The crypt was
distended, as indicated by the yellow arrow in Fig. 3E.

In explants from WT mouse ileum incubation of 70 mM mannitol with preformed mucus
caused expansion from 202+6 pum to 244410 um (P = 0.02, n = 5) and 80 mM mannitol
caused mucus expansion from 22547 um at 0 min to 324+42 um at 60 min (P =0.008, n =5,
Fig. 3F). Treatment with 70 and 80 mM mannitol did not affect attachment of preformed
mucus; WT mucus was still easily aspirated after incubation for 60 min (Fig. 3G).

Since high osmolarity and high concentrations of calcium chelators disrupt tissue integrity,
we hypothesized that combinations of EDTA, bicarbonate and mannitol may be more
effective at detaching CF mucus without destroying the tissue, than each treatment alone.
Therefore, we combined mannitol with bicarbonate. With mucus secreted into buffer
containing combinations (stimulation indicated by the blue arrow in Fig. 4A), 70 mM
mannitol and 46 mM bicarbonate did not cause expansion (Fig. 4A) but made it more easily
aspirated (Fig. 4B). Increasing the concentration of bicarbonate to 92 mM maintained the
detaching effect (Fig. 4B). The combination of 70 mM mannitol and 92 mM bicarbonate
was also effective on preformed mucus, without causing an increase in thickness (Fig. 4C).
Decreasing the mannitol concentration to 40 or 50 mM and combining it with 69 or 92 mM
bicarbonate respectively caused no change in thickness when mucus was secreted into the
buffer containing the combinations, but 40 mM mannitol in combination with 69 mM
bicarbonate had only a minor effect on mucus attachment to the epithelium (Fig 4D).
Increasing the mannitol concentration to 50 mM and the bicarbonate concentration to 92
mM made the mucus easily aspirated (Fig. 4D). However, this combination had no effect on
preformed mucus (Fig. 4E). Combining 70 mM mannitol with 20 mM EDTA and 69 mM
bicarbonate and incubating the solution apically for 60 min on preformed mucus did not
cause any change in thickness (Fig. 4F) but completely disrupted the tissue (clearly visible
through the stereo microscope) and no mucus could be aspirated (Fig. 4G). Decreasing the
concentration of mannitol to 60 mM improved tissue viability, did not affect mucus
thickness (Fig. 4F) and made it easily aspirated (Fig. 4G). The combination of 70 mM
mannitol and 20 mM EDTA made the preformed mucus easily aspirated, but the thickness
also increased in some samples. The mucus thickness varied between 189 and 508 um after
60 min (Fig 4F). However, combining 20 mM EDTA with 69 mM bicarbonate caused no
thickness increase and made the mucus easily aspirated, features desirable for potential CF
treatments.
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4. Discussion

In healthy airways, mucus secretion and removal have a protective role (Munkholm and
Mortensen, 2014). This is true also in the small intestine (Jacobs et al., 2013). However,
when mucus secretion becomes excessive and adhesive, mucus stagnates in the airways and
bowel, bacterial overgrowth can occur and inflammatory processes eventually lead to tissue
damage (Cohen-Cymberknoh et al., 2013). This is a major problem in the lungs of CF
patients and often the cause of mortality in this group (Rowe et al., 2005). In conditions
when the mucus adheres to the epithelium, increased ciliary beat frequency may be
insufficient to clear the airways and additional treatment becomes necessary.

Gel-forming mucins are packed in goblet cell granules with calcium and hydrogen ions. This
is a common feature of MUC?2 in the intestine, MUC5AC and MUCS5B in the airways. We
have previously shown that the purified MUC2 N-terminus forms aggregates at high
calcium and low pH, aggregates which can be dissolved by calcium chelation and raised pH
(Ambort et al., 2012). In a physiological setting, this is achieved by bicarbonate. Impaired
bicarbonate transport in CF, due to malfunctions in the CFTR ion channel, causes improper
mucus unfolding, resulting in attached and impenetrable mucus in the CF mouse ileum
(Gustafsson et al., 2012a). In normal WT mouse ileum, mucus is easily aspirated and
penetrable to beads the size of bacteria (Ermund et al., 2015; Gustafsson et al., 2012a). We
have also shown that the enzyme meprin beta, expressed by the ileal epithelium is
responsible for detachment of mucus in WT mouse ileum by cleaving in Muc2. The
cleavage site must be exposed by sufficient mucus unfolding. Since the mucus is not
properly unfolded in CF, meprin beta cannot cleave Muc2 and hence the mucus is attached
(Schiitte et al., 2014). In CF mouse ileum, we could normalize both attachment and
penetrability by apical incubation with isotonic 115 mM bicarbonate (Gustafsson et al.,
2012a). Furthermore, when mucus was secreted into 92 mM isotonic apical bicarbonate, the
mucus was only partly detached (Gustafsson et al., 2012a). In contrast, we observed no
effect of isotonic 92 mM bicarbonate on preformed mucus. Thus we conclude that it is more
difficult to affect preformed mucus than mucus secreted into an isotonic buffer with elevated
bicarbonate concentration. Increasing also the osmolarity together with the bicarbonate
concentration detached the mucus from the epithelium, indicating normalization in terms of
attachment.

The stronger calcium chelator EDTA dissolved the aggregates formed by purified MUC2N
(Ambort et al., 2012) and EDTA detached mucus secreted into EDTA-containing buffer
(Gustafsson et al., 2012a). Hence, we wanted to test EDTA on preformed mucus.
Unfortunately, concentrations of EDTA necessary to detach preformed mucus caused PD
deterioration and inhibited stimulated mucus release. Furthermore, the villi had a tendency
to detach at gentle aspiration. We could use up to 20 mM EDTA, which caused an increase
in mucus thickness over 60 min, due to mucus expansion. At 20 mM, EDTA did not
normalize mucus attachment.

Mucolytics are commonly used to alleviate bronchiectasis in CF as well as other obstructive
pulmonary diseases. These compounds are believed to reduce disulfide bonds, thereby
decreasing mucus viscosity (Seagrave et al., 2012). In a clinical setting inhalation of
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nebulized 20% NAC solution has been studied (Tam et al., 2013). If assuming an inhaled
volume of 4 ml, a 15% distribution and 2 ml airway liquid volume (Ermund et al., 2015), the
concentration of NAC achieved by this treatment would be 370 mM in proximal airways.
This is much higher than the concentrations used here (20 and 40 mM). Presuming that
erdosteine can be inhaled at the same concentration as NAC and assuming the same
distribution, the concentration in proximal airways would be 240 mM, also much higher
than used here (20 mM). Incubation of primary human epithelial cells with 10-300 uM NAC
for three h caused a decrease in the amount of MUC5AC released and 10-100 uM NAC also
decreased the amount of intracellular mucin (Seagrave et al., 2012). In addition, 30 and 100
UM NAC decreased both elasticity and viscosity of the secretions from these cells at both 8
and 24 h of incubation (Seagrave et al., 2012). Erdosteine increased mucociliary clearance at
doses above 600 mg/kg in normal rats and at 300 mg/kg in LPS-treated rats (Hosoe et al.,
1998). Thus, the concentrations used here are intermediate. In our system, we observe no
effects of the mucolytics after 60 min incubation. Reported effects of NAC and erdosteine
were observed at three (Seagrave et al., 2012) and two h (Hosoe et al., 1998), respectively.
Our incubation time may be too short but we cannot increase incubation times beyond 60
min due to loss of tissue viability. Clinical trials have pointed to a beneficial effect of both
these drugs in decreasing exacerbations and fewer days spent in the hospital, but no effects
on lung function or mucociliary clearance were found (Rahman and MacNee, 2012). Thus,
even though NAC and erdosteine did not have a direct effect on CF mucus attachment, they
could still be beneficial. Several of the treatments resulted in expanded and blistery mucus in
the crypt goblet cells. This observation does not appear to be correlated with detachment of
the mucus from the epithelium, since both effective treatments, for example 115 mM
bicarbonate and 70 mM mannitol as well as ineffective treatments such as 20 mM EDTA, 20
mM Erdosteine and 40 mM NAC resulted in this type of expansion. In addition, there was
no correlation between expansion of the mucus in the crypt goblet cells and expansion of the
extracellular mucus layer as 115 mM bicarbonate did not cause mucus expansion whereas
20 mM EDTA did cause an increase in mucus thickness over 60 min. We conclude that
mucus expansion in crypt goblet cells can occur without concomitant expansion of already
released mucus and also without detachment of attached CF mucus.

In order to facilitate clearance, osmotic agents are commonly inhaled. Hypertonic saline is
used to clear mucus from the lungs of CF patients and clinical trials have established that the
treatment is effective in increasing mucociliary clearance (Elkins et al., 2006). We have
tested up to 5% NaCl and seen detachment of CF mucus at 1.75% NacCl, verifying that this
treatment works also in our model (Ermund et al., 2015). Sodium can probably replace the
Muc2 N-terminally bound calcium ion and the increased hydration may expand the mucin to
expose the meprin beta cleavage sites (Schiitte et al., 2014). Dry powder mannitol is another
osmotic agent with beneficial effects in the airways. It was first used to diagnose bronchial
hyperresponsiveness (Anderson et al., 1997), but seems to be well tolerated in patients with
CF and induces only mild coughing (Daviskas et al., 1997; Robinson et al., 1999). Inhaled
dry powder mannitol at amounts between 300 and 420 mg twice daily has been tested in
clinical trials in CF patients, where mucus clearance was measured for 60 min post
intervention by analyzing residual radioaerosol with a gamma camera (Daviskas et al., 2002;
Robinson et al., 1999). This treatment gave a mean improvement in forced expiratory
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volume in one second (Aitken et al., 2012; Jaques et al., 2008) and increased forced vital
capacity (Teper et al., 2011). Here we show a direct effect of mannitol on mucus attachment
in the CF mouse model but also increased mucus thickness, which may cause mucus
plugging and decreased gas exchange. Hyperosmolar solutions increase mucus hydration
and pull the N-terminal von Willebrand D-domains apart, thus exposing meprin beta
cleavage sites to detach the mucus. The difficulty in affecting preformed mucus attachment
was also evident in the fact that mucus secreted into 60 mM mannitol was detached, whereas
the same concentration of mannitol was ineffective on preformed mucus.

In patients, 400 mg mannitol is a common dose (Burness and Keating, 2012) and using the
same model for dilution and distribution of inhaled drug as for NAC and erdosteine,
inhalation of 400 mg dry powder mannitol results in a concentration of 1 M in proximal
airways. The highest concentration mannitol tested here (80 mM) corresponds to 1.5%. This
can be compared to 7% NacCl, inhaled by many CF patients on a regular basis (EIkins et al.,
2006). Thus, the concentration of mannitol used here is not particularly high. One drawback
of mannitol as a drug candidate is that that hyperosmotic solutions may induce mucus
secretion (Peatfield et al., 1986) but we see no obvious mucus release from crypt goblet cells
in our experimental setting.

Since neither calcium chelators nor hyperosmolar solutions were ideal for detaching CF
mucus on their own, combinations were tested in the explant system. Both preformed mucus
and mucus secreted into 70 mM mannitol and 92 mM bicarbonate were detached.
Decreasing the mannitol concentration to 50 mM, while keeping 92 mM bicarbonate,
detached mucus secreted into the buffer, but had no effect on preformed mucus, again
highlighting the relative difficulty in affecting the attachment of preformed mucus.
Combining EDTA at 20 mM with bicarbonate at 69 mM gave a very good effect on
preformed mucus. The mucus was detached after 60 min apical incubation while keeping the
same thickness throughout. This again emphasizes the importance of calcium chelation in
the formation of a normal, detached mucus layer.

Recently, it was demonstrated that CFTR is also less active in COPD patients, suggesting
that CF and COPD may share common features (Dransfield et al., 2013). Thus the mucus
phenotype in CF and COPD might be caused by similar mechanisms and treatments
effective in detaching the stagnant mucus in CF might also be used as COPD treatment.

5. Conclusion

We have used the CF mouse ileum to investigate how calcium chelation, hyperosmolarity
and combined treatments could be used to detach stagnant mucus. We found that it is more
difficult to affect preformed mucus than mucus secreted into buffer containing treatment.
The most effective combinations were hypertonic solutions with calcium chelators, for
example 70 mM mannitol with 92 mM bicarbonate or 116 mM NaCl with 69 mM
bicarbonate.
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Figure 1. Effects of bicarbonate on expansion and attachment of preformed mucus in the CF
mouse ileum

A. On preformed mucus, apical incubation with 69 mM (50 mM NacCl, triangles), 92 mM
(27 mM NaCl, inverted triangles) and 115 mM (1 mM NaCl, filled circles) bicarbonate for
60 min did not cause expansion of the mucus. CF ileal mucus with standard buffer (23 mM,
open circles) is shown for comparison. Osmolarity was adjusted in the apical buffer by
replacing NaCl for bicarbonate. B. Mucus measurement before (Pre, white bars) and after
gentle aspiration (Post, black bars) of CF mouse ileal mucus was used to validate mucus
attachment. On preformed mucus, 60 min apical incubation of 23 mM, 69 mM and 92 mM
bicarbonate had no effect in the sense that the mucus was still attached, whereas 115 mM
bicarbonate caused detachment of the CF mucus (P = 0.008, n = 5). C. As observed in Ab-
PAS stained sections, crypt goblet cell mucus was expanded but the cells were not emptied
of mucus after incubation with 115 mM bicarbonate for 60 min. White arrow points to a
goblet cell with expanded mucus. D. Ab-PAS stained CF ileal section after mounting the
explant in the chamber. Note that the goblet cell content is not expanded (white arrow). E.
Even if the apical solution was substituted with 69 mM or 115 mM bicarbonate in the
standard buffer (116 mM NacCl), there was no change in mucus thickness over 60 min. F.
After incubation for 60 min with 69 mM or 115 mM bicarbonate (116 mM NaCl) also the
lower concentration of bicarbonate was effective in making the mucus easily aspirated (P =
0.002, n = 6). The higher concentration (115 mM) of bicarbonate made the mucus easily
aspirated (P = 0.008, n = 5) but tissue integrity was somewhat affected. G, H. Mucus stored
in crypt goblet cells acquired a blistery, expanded appearance (white arrows) in Ab-PAS
stained sections after experiments with 69 mM (G) or 115 mM (H) bicarbonate,
respectively, but the goblet cells still contained mucus. 1. Ab-PAS stained section of a WT
mouse ileal explant stimulated with 10 pM carbachol and 10 pM PGE; for 40 min shows an
intact epithelium and emptied goblet cells. Yellow arrow points to distended crypt. Bar in C,
D, G, Hand I: 20 pm.
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Figure 2. Effects of EDTA and mucolytics on mucus expansion and attachment of preformed
mucus in the CF mouse ileum

A. Apical EDTA at 20 mM for 60 min on preformed CF mouse ileal mucus (filled circles)
caused expansion of the mucus from 164+6 pm at time 0 to 243+11 pm at time 60 min (**,
P =0.008, n =5). Apical EDTA at 20 mM for 60 min on preformed mucus in WT mouse
ileum explants did not cause mucus expansion (open circles). B. Mucus thickness measured
before (Pre, white bar) and after (Post, black bar) aspiration in CF mouse ileal explants
incubated apically with EDTA at 20 mM for 60 min indicated that the treatment caused
some detachment of the CF mouse ileal mucus (P = 0.008, n = 5). C. Mucus thickness
measurement before (Pre, white bar) and after (Post, black bar) aspiration in WT mouse
ileum showed that mucus was not attached in the WT mouse ileum. Mucus thickness after
aspiration was 268 um in WT ileum and 17248 um after aspiration in CF mouse ileum
after 60 min apical incubation with 20 mM EDTA indicating that 20 mM EDTA did not
detach the mucus to the level of WT mucus. D. Ab-PAS stained sections revealed expanded
and blistery mucus in the crypt goblet cells after 60 min incubation with 20 mM EDTA
(white arrow), but the goblet cells were not completely emptied. E. For comparison, an Ab-
PAS stained section from a stimulated WT mouse ileal explant is shown. White arrow point
to goblet cell with normal mucus and yellow arrow points to a distended crypt, indicating
mucus release. F. The mucolytic substance NAC at 40 mM (inverted triangles) had no effect
on thickness of preformed mucus when incubated apically for 60 min. Incubating CF mouse
ileal explants for 60 min in the explant chamber also did not change the mucus thickness
(open circles). G. Mucus attachment was not affected by apical incubation of 20 mM
erdosteine (Erdo), 20 mM or 40 mM NAC. Mucus thickness before aspiration (Pre, white
bars) and after aspiration (Post, black bars) was not different. H, I. Crypt goblet cell mucus
was expanded and blistery after incubation with 20 mM Erdo (H) or 40 mM NAC (1) but the
goblet cells were not emptied. White arrows point to expanded mucus within goblet cells
and yellow arrows point to distended crypts. Bar in D, E H and I: 20 pm.
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Figure 3. CF mouse ileal mucus secreted into buffer with mannitol above 60 mM becomes easily
aspirated

A. Mucus was measured in CF mouse ileal explants after mounting and every 20 min for 60
min. At the blue arrow, mucus was removed and new mucus was stimulated by perfusion
with 10 uM carbachol and 10 uM PGE2 for 40 min, causing the mucus to form into buffer
with increased mannitol concentration. In untreated CF mouse ileum, the mucus thickness at
0 min and 60 min did not differ (10 mM mannitol, open circles). In CF mouse ileum treated
with 80 mM mannitol apically for 60 min, the mucus thickness increased from 196+3 um (0
min) to 261+15 pm (60 min), **, P = 0.008, n = 6, indicating that incubation with
hyperosmolar solution causes mucus expansion (80 mM mannitol, filled circles). B. lleal
mucus in the CF mouse was attached to the epithelium (n = 6). An apical mannitol
concentration of 40 mM (n = 3) did not cause any detectable change in mucus attachment.
However, mucus secreted into 60, 70 and 80 mM mannitol became easily aspirated (P =
0.0001, n=3,0.008, n =5 and 0.002, n = 6, respectively). C. With preformed mucus, 60
mM (triangles) and 70 mM (inverted triangles) mannitol did not affect mucus thickness over
60 min. D. There was no effect of 60 mM mannitol on attachment of preformed mucus, but
70 mM mannitol made the mucus easily aspirated (P = 0.008, n = 5). E. Ab-PAS stained
sections treated with 70 mM mannitol revealed blistery and expanded mucus in the crypt
goblet cells (white arrow), but the goblet cells were not emptied even if the crypt was
somewhat distended (yellow arrow). F. In WT mouse ileal explants, 70 mM mannitol
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(triangles) did not affect preformed mucus thickness when incubated apically for 60 min.
However, 80 mM mannitol caused expansion of WT mouse ileal mucus after 60 min
incubation with preformed mucus (**, P = 0.008, n = 5, filled circles). G. With preformed
WT mouse ileal mucus, 70 and 80 mM mannitol did not cause any change in the mucus
attachment; mucus was easily aspirated in both cases (P = 0.008, n = 5 for both conditions).
Bar in E: 20 um.
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Figure 4. Some combinations of calcium chelators and osmotic agents are effective at detaching
CF mucus

A. When mucus was secreted into a buffer containing a combination of 70 mM mannitol and
46 mM bicarbonate (time point for stimulation indicated by blue arrow), mucus thickness at
60 min varied between 185 and 286 um (inverted triangles) but there was no difference
between mucus thickness at 0 min and 60 min. The combination of 70 mM mannitol and 92
mM bicarbonate also did not cause any difference in mucus thickness between 0 min and 60
min (triangles). B. Mucus secreted into 70 mM mannitol and 46 mM bicarbonate became
easier to aspirate after incubation for 60 min (P = 0.008, n = 3). The bicarbonate
concentration in the combination was increased to 92 mM and the variation in mucus
thickness decreased (white bar and triangles, 60 min time point in A) compared to 70 mM
mannitol and 46 mM bicarbonate while still easy to aspirate (P = 0.0003, n = 3). C. Mannitol
at 70 mM in combination with 92 mM (4x) bicarbonate was tested on CF mouse preformed
mucus and the combination made the mucus easily aspirated (P = 0.008, n = 5). D. When
combining 40 mM mannitol with 69 mM bicarbonate, mucus secreted into the treatment did
not expand and was not as easily aspirated as WT mucus (n = 3). Therefore, mannitol was
increased to 50 mM and bicarbonate to 92 mM. Mucus formed in a buffer containing this
combination did not expand and was easily aspirated (P = 0.008, n = 5). E. The combination
of 50 mM mannitol and 92 mM bicarbonate had no effect on preformed mucus (n = 6). F.
Mucus thickness was measured for 60 min in explants incubated with 70 mM mannitol, 20
mM EDTA and 69 mM bicarbonate (triangles) or the combination of 70 mM mannitol and
20 mM EDTA (inverted triangles) with preformed mucus. There was no difference in mucus
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thickness between 0 min and 60 min, but the thickness varied greatly in the explants
incubated with 70 mM mannitol and 20 MM EDTA. G. When combining 70 mM mannitol
with 20 mM EDTA and 69 mM bicarbonate and incubating it on preformed mucus for 60
min, the tissue started disintegrating and no mucus could be aspirated (n = 2). However,
when the mannitol concentration was decreased to 60 mM, mucus was easily aspirated (P =
0.008, n = 5) without mucus expansion. The combination of 70 mM mannitol and 20 mM
EDTA was incubated on the explant and mucus became easier to aspirate (P = 0.03, n =5).
The calcium chelators EDTA at 20 mM in combination with 69 mM mannitol made the
preformed mucus easily aspirated (P = 0.0006, n = 7) without causing mucus expansion. Pre
aspiration: white bars, post aspiration: black bars.
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