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ABSTRACT

Tenacious mucus produced by tracheal and bronchial submucosal glands is a defining feature of
several airway diseases, including cystic fibrosis (CF). Airway acidification as a driving force of
CF airway pathology has been controversial. Here we tested the hypothesis that transient airway
acidification produces pathologic mucus and impairs mucociliary transport. We studied pigs
challenged with intra-airway acid. Acid had a minimal effect on mucus properties under basal
conditions. However, cholinergic stimulation in acid-challenged pigs revealed retention of
mucin 5B (MUCS5B) in the submucosal glands, decreased concentrations of MUCS5B in the lung
lavage fluid, and airway obstruction. To more closely mimic a CF-like environment, we also
examined mucus secretion and transport following cholinergic stimulation under diminished
bicarbonate and chloride transport conditions ex vivo. Under these conditions, airways from acid-
challenged pigs displayed extensive mucus films and decreased mucociliary transport. Pre-
treatment with diminazene aceturate, a small molecule with ability to inhibit acid detection
through blockade of the acid-sensing ion channel (ASIC) at the doses provided, did not
prevent acid-induced pathologic mucus or transport defects but did mitigate airway
obstruction. These findings suggest that transient airway acidification early in life has significant
impacts on mucus secretion and transport properties. Further, they highlight diminazene

aceturate as an agent that might be beneficial in alleviating airway obstruction.
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INTRODUCTION

Cystic Fibrosis (CF) is a life-shortening autosomal recessive disorder caused by mutations in the
gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR). CF airways are
distinguished by frequent infection, inflammation and adherent mucus. Over time, these factors
lead to progressive airway destruction and respiratory demise (6, 16, 41, 51). Several lines of
evidence suggest that airway mucus is abnormal in early CF disease (22, 61). For example,
pathologic findings in neonates with CF described bronchiole obstruction due to “thick” mucus
produced by the tracheal and bronchial submucosal glands (61). Hyperconcentration of mucins
due to excessive secretion of mucin5B (MUCS5B) and mucinSAC (MUCS5AC) cells has also been
reported (2). In porcine models of CF, a failure of mucus detachment from airway submucosal
glands was observed (22). Likewise, rats with CF display submucosal gland duct plugging prior
to onset of airway infection (5), whereas ferrets with CF show excessive mucus accumulation

even in a sterile airway environment (50).

The cause of abnormal mucus in CF has received significant attention (43). Numerous
mechanisms have been proposed, including dehydration of the airway (7, 19, 21, 32) and an
acidification of the airway caused by lack of CFTR-mediated bicarbonate transport (38, 40, 58).
Recently, Boucher and colleagues demonstrated that the proinflammatory cytokine IL-13
predominated the CF airway and correlated with increased expression of MUCSB (15). We
recently reported that acute airway acidification in neonatal piglets increased lung lavage
concentrations of IL-1P and caused airway obstruction (45), however we did not examine mucus
transport or mucus secretion properties. Thus, here we tested the hypothesis that transient airway

acidification produces mucus with pathologic features and mucociliary transport defects.
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Secondarily, we tested the hypothesis that pharmacological inhibition of acid detection would

mitigate acid-induced mucus deficits.

MATERIALS AND METHODS.

Animals

A total of 130 piglets (Yorkshire-Landrace, 2-3 days of age) were obtained from a commercial
vendor and fed commercial milk replacer (Liqui-Lean) and allowed a 24-hour acclimation period
prior to interventions. Data were collected from 17 separate cohorts of piglets across
approximately 1.5 - 2 years. At the conclusion of the experiments, animals were sedated with
ketamine (20 mg/kg), and xylazine (2.0 mg/kg), and intravenous propofol (2 mg/kg) (Henry
Schein Animal Health), followed by euthanasia with intravenous Euthasol (90mg/kg) (Henry
Schein Animal Health). The University of Florida Animal Care and Use Committee approved all

procedures. Care was in accordance with federal policies and guidelines.

Airway Instillation

After acclimation, piglets were anesthetized with 8% sevothesia (Henry Schein). The piglets’
airways were accessed with a laryngoscope; a laryngotracheal atomizer (MADgic) was passed
directly beyond the vocal folds as previously described (45, 48) to acrosolize either a 500 pl
0.9% saline control or 1% acetic acid in 0.9% saline solution to the airway. This procedure

results in widespread distribution of aerosolized solutions throughout the piglet airway, including

the lung (11, 12).

Chemicals and Drugs
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USP grade acetic acid (Fisher Scientific) was dissolved 0.9% saline to final concentration of 1%
and sterilized with a 0.22 um filter (Millex GP). The pH of the 1% acetic acid solution measured
2.6 using an Accumet AE150 pH probe (Fisher Scientific). The estimated pH once applied to the
airway surface is ~6.6 to 6.8 (45). Acetyl-beta-methacholine-chloride (Sigma) was dissolved in
0.9% saline for intravenous delivery and ex vivo application; details about concentrations are
provided in respective experimental sections below. Diminazene aceturate (Selleckchem) was

dissolved in 0.9% saline containing 5% DMSO (Fisher Scientific).

Diminazene aceturate delivery

Approximately 30 minutes prior to airway instillations, piglets received an intramuscular
injection of either vehicle (5% DMSO + 95% 0.9% saline) or vehicle containing 17.5 mg/ml
(~33.7 millimolar) diminazene aceturate. Diminazene aceturate was dosed at 3.5 mg/kg. This
dose was chosen based upon previous studies showing efficacy in trypanosome infections in
dogs (35) and is below the reported dose required to affect angiotensin converting enzyme 2
(ACE2) (8, 42). Using a conversion chart for dogs (1), we estimated the body surface area of a 2-
3 kg piglet to be 0.16-0.21 m?. Based upon this conversion, the estimated final drug molarity in
the pig body was ~9 uM, which should provide near 100% block of ASICla, as it is 3 fold
greater than the IC50 of 3 uM (10, 29). The time point of 30 minutes prior to instillation was
selected based upon previous studies showing peak serum concentrations at 15 minutes and peak

interstitial fluid concentrations at 3 hours in adult rabbits (17).

Bronchoalveolar lavage and ELISA
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Following euthanasia, the caudal left lung of each piglet was excised and the main bronchus
cannulated; three sequential 5 ml lavages of 0.9% sterile saline were administered as previously
described (45, 48). The recovered material was pooled, spun at 500 X g, and supernatant stored
at -80°C. A porcine MUCS5AC (LSBio, LS-F45847-1) and porcine MUC5B (LSBio, LS-F45852-
1) ELISA was performed according to the manufacturer’s instructions in duplicate. The ELISA
was read using a filter-based accuSkan FC micro photometer (Fisher Scientific). The limits of
sensitivity were <0.188 ng/ml and < 0.375 ng/ml for MUCSAC and MUCS5B, respectively. The
intra-assay and inter-assay coefficient of variability were respectively <6.1% and <5.2% for

MUCSAC and <6.5% and <5.9% for MUCS5B.

Histology

Lung tissues were fixed in 10% neutral buffered formalin (~7-10 days), processed, paraffin-
embedded, sectioned (~4 pm) and stained with Periodic-acid-Schiff stain (PAS) to detect
glycoproteins as previously described (45, 48). Digital images were collected with a Zeiss Axio

Zoom V16 microscope. Indices of obstruction were assigned as previously described (45, 48).

Immunofluorescence in tracheal cross sections

1-2 tracheal rings were removed post-mortem and embedded in Peel-A-Way embedding molds
containing Tissue-Tek OCT (Electron Microscopy Sciences). Molds were placed in a container
filled with dry ice until frozen and stored at -80 °C long-term. Tissues were sectioned at a
thickness of 10 um and mounted onto SuperFrost Plus microscope slides (ThermoFisher
Scientific). Storage until immunofluorescence also occurred at -80 °C. We used

immunofluorescence procedures similar to those previously described (45, 47). Briefly,
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representative cross-sections from a single cohort of pigs were selected and fixed in 2%
paraformaldehyde for 15 minutes. Tissues were then permeabilized in 0.15% Triton X-100,
followed by blocking in PBS Superblock (ThermoFisher Scientific) containing 2-4% normal
goat serum (Jackson Laboratories). Tissues were incubated with primary antibodies for 2 hours
at 37 °C. Tissues were washed thoroughly in PBS and incubated in secondary antibodies for 1
hour at room temperature. Tissues were washed and a Hoechst stain performed as previously
described (45). A 1:10 glycerol/PBS solution was used to cover the sections and cover glass
added. Sections were imaged on a Zeiss Axio Zoom V16 microscope. Identical microscope
settings within a single cohort of piglet tracheas were used and applied. Three to five images
encompassing the posterior, anterior, and lateral surfaces of the trachea were taken. Images were
exported and analyzed using ImagelJ. The trachea surface epithelia and entire submucosal gland
regions were traced and the mean signal intensity MUCS5B and MUCS5AC recorded. Background
signal intensity was measured and subtracted manually. The final signal intensities were
averaged to identify a mean signal intensity for MUCS5B and MUCSAC per sub-compartment for
each piglet. To analyze the amount of the trachea lumen that was ciliated, three images of the
trachea were assessed and the length of the epithelia that was ciliated was divided by the total
length of the epithelia and percent reported. The percent of each image was averaged and

reported per each piglet.

Antibodies and lectins
We used the following anti-mucin antibodies: rabbit anti-MUCS5B (1:500; Santa Cruz, Cat.#
20119) and mouse anti-MUCS5AC (clone 45M1) (1:1,000, ThermoFisher Scientific, Cat #

MAS512178), mouse anti-acetyl alpha tubulin, clone 6-11B-1, 1:500 (EMD Millipore,
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MABTS868) (28), followed by goat anti-rabbit and goat anti-mouse secondary antibodies
conjugated to Alexa-Fluor 488 or 568 (ThermoFisher Scientific, 1:1,000 dilution). We used
WGA-rhodamine (Vector Laboratories) and Jacalin-FITC (Vector Laboratories) at 1:1,000
dilution. Tracheas were submerged in PBS and visualized using a Zeiss Axio Zoom V16

microscope.

In vivo methacholine and ventilation

We have previously described the ventilation and in vivo methacholine procedures in piglets (45,
48). Briefly, 48 h post instillation, animals were anesthetized with ketamine (20 mg/kg), and
xylazine (2.0 mg/kg), and intravenous propofol (2 mg/kg) (Henry Schein Animal Health). A
tracheostomy was performed, and a cuffless endotracheal tube (Coviden, 3.5-4.0 mm OD) was
placed. Piglets were connected to a flexiVent system (SCIREQ); paralytic (rocuronium bromide,
Novaplus) was administered. Piglets were ventilated at 60 breaths/min at a volume of 10 ml/kg
body mass. Methacholine was administered intravenously in approximately ~3 min intervals
with increasing concentrations (in mg/kg): 0.25, 0.5, 1.0, 1.5, 2.0. Piglets were ventilated to

ensure animal well-being and patency of airway tissues during cholinergic challenge.

Mucus secretion assay ex Vivo

We adopted methods described by Ostedgaard et al (36). Briefly, 3-4 rings of trachea were
removed post-mortem and the outside of the tracheas were wrapped in gauze soaked with 5 ml of
the following: 135 mM NaCl, 2.4 mM K,HPO4, 0.6 mM KH,PO4, 1.2 mM CaCl,, 1.2 mM
MgCl,, 10 mM dextrose, 5 mM HEPES, pH 7.4 (NaOH), 1.5 mg/ml of methacholine, and 100
UM bumetanide. We determined that the amount of methacholine the tissue was exposed to was

0.15 mgs total (e.g., external surface of the trachea is covered by approximately 100 ul). Thus,
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the methacholine dose delivered to the trachea was 0.15 mg/4.71 cm? (tissue dimensions of
trachea: radius = 0.5 cm, height = 1.5 cm). Using a conversion chart for dogs (1), we estimated
the body surface area of a 2-3 kg piglet to be 0.16-0.21 m” Therefore, the estimated dose of
methacholine delivered to the tissue was ~6-7 fold higher than the cumulative in vivo dose of
methacholine to account for diffusion of methacholine across tissues layers and in the absence of
blood circulation. Tracheas were then placed in a temperature-controlled humidified incubator
for 3 hours. Following stimulation, tracheas were fixed overnight in 4% paraformaldehyde and
permeabilized for 30 minutes using a triton solution (0.15%), followed by blocking in
SuperBlock PBS. Jacalin-FITC and wheat-germ agglutin-rhodamine were used to visual mucus
(3, 36) and incubated overnight with tracheas at concentration of 1:1,000. Tracheas were then
washed, cut upon the posterior surface, and pinned to wax covered petri-dishes followed by
submersion in PBS. Tracheas were imaged with Zeiss Axio Zoom V16 posterior to anterior
using identical microscope settings. Images were assigned scoring indices for sheet formation
and strand formation by two observers blinded to conditions. The number of dilated submucosal
gland ducts was also measured by two observers blinded to conditions. Scoring for sheet
formation follows: 1 = no sheet formation; 2 = 1-25% of image field shows sheet formation; 3 =
26-50% of image field shows sheet formation; 4 = 51-75% of image field shows sheet formation;
5 =76-100% of image field shows sheet formation. Sheet formation was defined as the loss of
discrete cellular packets of mucus. Secondary analysis and validation of scoring was performed
with IMARIS software (detailed below). Scoring for strand formation was similar to sheet
formation. Scoring for strand formation follows: 1 = no strand formation; 2 = 1-25% of image
field shows 3 = 26-50% of image field shows a strand; 4 = 51-75% of image field shows a

strand; 5 = 76-100% of image field shows a strand. Secondary analysis consisting of tracing the
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strand area and expressing it a percentage of the total image field of view was also performed on

a subset of images in ImageJ.

EX Vivo mucus transport assays

Mucociliary transport was measured using methods similar to those described by Hoegger et al
(22). Briefly, 3 rings of tracheas were submerged in 5 ml of prewarmed solution containing the
following: 138 mM NaCl, 1.5 mM KH,;PO4, 0.9 mM CaCl,, 0.5 mM MgCl,, 2.67 mM KCl, 8.06
mM Na,HPO,4.7H,0, 10 mM HEPES, pH 7.4 (NaOH), and 100 uM bumetanide. Tracheas were
placed onto a heated stage and kept at 37 °C. Images were acquired every 1 minute for 35
minutes. After 5 minutes of baseline measurements, methacholine was administered directly into
the solution covering the basolateral and apical sides of tracheas at a dose of 0.004 mg/ml. This
dose matched the estimated accumulative dose of methacholine administered to piglets in vivo
(e.g., 3.75 mg/kg = 3.75 mg/L = 0.00375 mg/ml). Mucus transport was assessed for an additional
30 minutes, with the exception of one set of tracheas, in which only an additional 25 minutes was
measured. In one additional sample, the microscope malfunctioned after 5 minutes of recording
post methacholine stimulation. IMARIS software was used to track mucus transport across time

measured. Details about IMARIS software and processing are highlighted below.

IMARIS computer-assigned particles for measurement of mucus transport and mucus
sheet formation

Computer particles based upon signal intensity above background were automatically generated
with IMARIS software (Bitplane). The particles were then tracked through time using a custom

IMARIS algorithm that utilized principles of the well-validated algorithms published by

10
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Jagaman and colleagues (24). For each trachea, the average mean speeds of the computer-
assigned particles were reported. The length of the particle track was also computed
automatically and the mean track length of all the particles per trachea were calculated and
reported. For determination of sheet formation, an image was chosen at random from a subset of
tracheas stained with lectins. Particles were assigned to the images automatically as described
above. The number of particles (representing the jacalin-labeled mucus with intensity above
background) were reported. In tracheas that exhibit robust mucus sheet formation, the number of
computer-assigned particles is decreased due to a loss of discreet cellular packets of jacalin-

labeled mucus.

Statistical analysis

Our previous work indicated that airway acidification elicited sex-independent airway
obstruction (45). Thus, in the current study, we hypothesized that airway acidification would
have sex-independent effects on airway mucus and mucociliary transport. To test this prediction,
we initially performed a two-way ANOVA (sex as one factor, treatment as the other factor), but
observed no significant interactions between sex and treatment, indicating that sex did not affect
the response to treatments. Thus, stratification based upon sex was not strongly justified (59),
and therefore we grouped the data to better represent the population. Two-way ANOVA analyses
stratified by sex are available in Table 1. For parametric data that compared four groups, we used
a two-way ANOVA test, with treatment as one factor and drug as the other factor, followed by a
Sidak multiple comparison test. Post-hoc multiple comparison tests were run in a classic 2x2
manner, comparing cell means for across rows and columns. Similar to our previous studies, for
non-parametric data that compared four groups, we used a one-way ANOVA (Kruskal-Wallis)

test followed by Dunn’s multiple comparison test (45, 48). For all experiments, we reported the

11
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following post-hoc comparisons, due to relevance of the questions being asked in our study: acid
vs saline; acid vs acid + diminazene aceturate, and saline vs saline + diminazene aceturate. For
analyses that compared two groups, we used a two-tailed unpaired Student’s t-test. All tests were

carried out using GraphPad Prism 7.0a. Statistical significance was determined as P < 0.05.

RESULTS

Airway mucin secretion in acid-challenged piglet is largely unaffected under basal
conditions

We performed multi-level analyses of the major secretory gel-forming mucins, MUC5AC and
MUCSB (20, 27).We examined basal secretion by measuring the amount of MUCS5AC and
MUCSB in the bronchoalveolar lavage fluid. Detectable levels of proteins were found in all
treatment groups. No statistically significant differences were noted in MUCS5AC concentrations
(treatment, Fy 27 =2.63, p=0.12; drug, F, 27 = 1.86, p = 0.18; interaction, F; »7 =1.12, p=10.29,
Figure 1A). Post hoc comparisons indicated a trend for decreased concentrations of MUCSB in
acid-challenged piglets (p = 0.068) compared to saline-treated controls, whereas decreased
concentrations of MUCS5B were observed in saline-treated animals that received diminazene
aceturate compared to saline-treated animals that did not receive diminazene aceturate
(treatment, F; 27 =21.66, p <0.0001; drug, F; 27 =37.9, p <0.0001; interaction, F; »; =67.11, p

< 0.0001, Figure 1B).

Bronchoalveolar lavage fluid is limited in that it primarily captures non-adherent proteins and is
a mixed fluid retrieved from alveolar and bronchial spaces. Therefore, we measured MUC5AC

and MUCSB protein expression in tracheal cross sections using antibody-specific labeling and
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signal intensity analyses (15). We observed no significant differences in MUCS5AC signal
intensity within and on the tracheal surface across treatment groups (treatment, F; s4=1.98, p =
0.17; drug, Fi, 54 = 0.84, p = 0.36; interaction, F;_s4 = 3.64, p = 0.06, Figure 1C). Main effects of
treatment (F; s4 = 15.00, p = 0.0003) and drug (F; s4 = 12.11, p = 0.001) were observed for
MUCSB signal intensity on the tracheal surface, but no interactions were noted (F; 54 =0.99, p =
0.32, Figure 1D). Analysis of MUCS5AC expression in the submucosal glands revealed a
significant main effect of treatment (F; 54 = 8.69, p = 0.0047), but no effect of drug (F;, s4=0.29,
p = 0.59) or interaction (F; s4=1.23, p = 0.27) were noted (Figure 1E). Similarly, analysis of
MUCS5B expression in the submucosal glands revealed a significant main effect of treatment (F;,
s4 =5.84; p=0.019), but no effect of drug (F; s4=0.22, p = 0.64) or interaction (F; sa= 1.66, p =
0.20) was observed (Figure 1F). These data suggested that acid challenge minimally affected

basal mucin production and secretion in the airway.

MUCSB secretion in response to cholinergic stimulation is modified in acid-challenged
piglet airways

Previous studies suggested that CF airways are characterized by abnormal submucosal gland
secretion and ductal plugging. Thus, we stimulated submucosal gland secretion by administering
the cholinergic agonist methacholine and assessed mucin secretion. No significant differences in
MUCS5AC concentrations in the bronchoalveolar lavage fluid from methacholine-stimulated
piglets were found (treatment, F; >3 = 0.68, p = 0.42; drug, F; 23 =2.05, p = 0.17; interaction, F;_
23 =1.68, p=0.21, Figure 2A). In contrast, MUCS5B concentrations were significantly decreased
in acid-challenged piglets compared to saline-treated controls (treatment, F, 3 =11.13,p =

0.0029; drug, Fy 23 =50.97, p <0.0001; interaction, F; »3 =59.55, p <0.0001, Figure 2B).

13
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Treatment with diminazene aceturate did not prevent acid-induced defects (Figure 2B) but did
decrease MUCS5B concentrations in saline-treated pigs compared to saline-treated pigs without

diminazene aceturate (Figure 2B).

Assessment of MUCS5B and MUCSAC expression in tracheal cross sections revealed no
statistically significant effect of acid on surface MUCS5AC (treatment, F; 3, =1.083, p=10.31;
drug, Fy 31 =3.48, p = 0.072; interaction, F; 3; =0.71, p = 0.41, Figure 2C). Main effects of
treatment (F; 33 = 12.55, p=10.013) and drug (F; 31 = 11.04, p = 0.0023), as well as an
interaction (F; 3; = 15.46, p = 0.0004) were noted for MUCS5B surface expression (Figure 2D).
However, post hoc comparisons revealed no statistically significant differences between acid-
challenged pigs and saline-challenged pigs (Figure 2D). In contrast, saline-challenged piglets
treated with diminazene aceturate showed a significant elevation in surface MUCS5B compared to
saline-challenged pigs without diminazene aceturate treatment (Figure 2D). No differences were
observed in MUCSAC labeling in the submucosal gland (treatment, F; 3; = 3.99, p = 0.055; drug,
Fi 31 =0.002, p=0.961; interaction, F; 3; = 0.342, p = 0.563, Figure 2E). In contrast, MUC5B
labeling tended to be greater in the submucosal gland of acid-challenged piglets and was
significantly elevated in the submucosal glands of saline-treated piglets provided diminazene
aceturate (treatment, F; 3; = 1.46, p = 0.236; drug, F; 31 = 5.69, p = 0.0234; interaction, F; 3; =
21.25, p <0.0001, Figure 2F). Combined, these data suggested three key findings: 1) acid
challenge impacted stimulated submucosal gland secretion; 2) diminazene aceturate did not
prevent the effects of acid; and 3) in the absence of acid challenge, diminazene aceturate

modified mucus secretion properties.
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Diminazene aceturate mitigates acid-induced mucus obstruction

Obstruction of the small airways is common in CF, and alterations in mucus biophysical
properties and composition can lead to airway obstruction. Thus, we examined the small airways
for evidence of obstruction using standard histological techniques (45). Similar to our previous
studies (45), we found that acid challenge induced airway obstruction under both basal (F3 ¢ =
13.81; p = 0.0032, Figure 3A-3E) and methacholine-stimulated conditions (F3 3; = 10.21;p =
0.0169, Figure 4A-4E). Diminazene aceturate significantly attenuated airway obstruction in both

conditions (Figure 3, Figure 4).

Intra-airway acid induces formation of mucus sheets and mucus strands

All of our in vivo studies were performed under normal physiologic conditions. However, in CF,
there is a diminished bicarbonate and chloride transport. Thus, to more closely mimic a CF
environment, we investigated mucus morphology and secretion properties €X VivO in tracheal
segments stimulated with methacholine under diminished bicarbonate and chloride transport
conditions. As a surrogate marker for MUC5AC and MUCS5B, we stained mucus with jacalin

(36) and wheat germ agglutin (WGA)(36), respectively.

In saline-treated piglet airways, mucus was found in discreet packets that decorated the surface
like ornaments (Figure 5A). In contrast, mucus in acid-challenged piglets formed film-like sheets
(Figure 5B). Acid-challenged pigs showed greater mucus sheet formation for jacalin-labeled
mucus (F3 53 =34.69; p <0.0001, Figure 5E). A main treatment effect was observed for WGA-
labeled mucus (F3 53 =53.31; p = 0.0011, Figure 5F) but post-hoc comparisons revealed no

significant differences between acid-challenged and saline-challenged pigs. In a smaller cohort
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of samples, we also assessed mucus sheet formation using IMARIS software and found a
decrease in the number of discreet mucus particles in acid-challenged pigs compared to saline-
treated controls (t;¢= 4.416, p = 0.0004, Figure 5G). Diminazene aceturate did not significantly

alter or prevent the formation of sheet-like structures (Figure 5C-E).

Mucus strands emanating from submucosal glands are characteristic of CF airways (14, 36).
Thus, we examined tracheal segments stimulated ex vivo with methacholine for strand formation
(Figure 6). A significant main effect of treatment was observed for the abundance of strands
formed by mucus labeled with jacalin (F3, s3 = 13.42; p = 0.0038, Figure 6E), but post-hoc
comparisons revealed no significant differences between acid-challenged and saline-challenged
pigs. However, a significant increase in strand formation for WGA-labeled mucus was observed
in acid-challenged piglets compared to saline-treated controls (Fs 53 = 18.62; p = 0.0003, Figure
6F). In a smaller cohort of samples, we performed a secondary analysis that consisted of tracing
the strand area manually in image J and expressing it as a percentage of the total image field of
view. Consistent with our scoring method, manual tracing also indicated significantly more
strands in acid-challenged piglets compared to saline-treated controls (tj¢= 2.22, p = 0.0412,
Figure 6G). Diminazene aceturate did not significantly alter mucus strand formation (Figure 6C-

F).

Dilated submucosal gland ducts, due to plugging and obstruction of the submucosal gland, are
commonly observed in CF airways (61). Thus, we also examined the tracheal surfaces for the
presence of dilated submucosal gland duct openings. Submucosal gland duct openings were only

marginally visible in saline-treated piglets (Figure 7A). In stark contrast, acid-challenged piglets
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displayed a significant elevation in dilated submucosal gland duct openings (Figure 7B).
Statistical analysis revealed a main effect of treatment (F; s3 = 36.45; p < 0.0001), but no effect
of drug (F;, 53 =2.72; p=0.11) or interaction (F; s3 =2.72; p = 0.11). The lack of interaction

precluded any post hoc testing between groups.

Mucociliary transport is impaired in acid-challenged airways

CF airways are distinguished by impaired mucociliary transport (5, 22, 25, 34). Thus, we studied
freshly excised tracheal segments stimulated with methacholine under diminished bicarbonate
and chloride transport conditions. We assessed mucociliary transport using methods developed
by Hoegger and colleagues (22), in which tracheas are submerged in a physiologic solution
containing fluorescent nanospheres that bind and attach to mucus, allowing for real-time
visualization of mucus production and movement. To measure the movement of fluorescently-
labeled mucus, we utilized IMARIS computer assigned particle-tracking that uses validated
algorithms (24) (Figure 8A-E). We found that the average speed of mucus was decreased in acid-
challenged pig airways (treatment, F; ¢o = 3.69, p = 0.059; drug, F, ¢o = 3.03, p = 0.087;
interaction, F; ¢ =4.002, p = 0.05, Figure 8F). Because speed is equal to distance over time, we
also examined computer assigned particle track length and found it was decreased in acid-
challenged airways (treatment, F, ¢o = 2.68, p = 0.107; drug, F, ¢o = 0.802, p = 0.3740;
interaction, F; 60 = 6.198, p = 0.0156, Figure 8G). Finally, we noted that under submerged
conditions, there was very little mucus that accumulated on the airway surface in acid-challenged
pigs. Therefore, at the conclusion of the experiment, we measured the signal intensity of

fluorescently labeled mucus on the airway surface (Figure 8H). We found a main effect of
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treatment (F; 6o = 18.4, p <0.0001), but no effect of drug (F; ¢ = 0.4256, p = 0.5166) or an

interaction (F; g0 = 0.9036, p = 0.3459), thus precluding any post hoc comparisons.

Because mucociliary transport can also be decreased due to defects in cilia number and/or
function, we also measured the percent of the trachea lumen that was ciliated using antibody
labeling (Figure 9A-D). We found a main effect of treatment (F; 5, = 12.92, p = 0.0007), but no
effect of drug (F;, 52 = 0.0499, p = 0.824), or an interaction (F; s, = 0.0625, p = 0.8036), were

observed (Figure 9E).

DISCUSSION

Early in CF pathogenesis, the airway is acidic (4, 5, 38). Although mucus abnormalities precede
airway infection and inflammation (5, 15, 22), whether transient airway acidification is sufficient
to produce pathologic mucus and decrements in mucociliary transport is controversial. Thus, we
interrogated the effect of early life airway acidification on mucus properties by studying neonatal
piglets challenged with intra-airway acid or saline control. Secondarily, to investigate potential

mechanisms, we blocked detection of acid with diminazene aceturate (53).

Our data showed a marginal effect of transient acidification on basal mucin expression and
secretion under physiologic conditions. Upon in vivo methacholine stimulation, acid-challenged
pigs had less MUCS5B in the bronchoalveolar lavage fluid and tended to have more MUCS5B
retained in the submucosal gland compared to saline-treated controls, suggesting a defect at the
level of the submucosal gland. To more closely mimic a CF-like environment, we investigated

mucus secretion properties under diminished bicarbonate and chloride transport conditions.
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Under these conditions, we observed abnormal mucus secretion in acid-challenged pig airways,
characterized by extensive mucus sheets and mucus strands. These features are similar to those
described in newborn CF pig airways (36, 58). Acid-challenged pigs also displayed decreased
mucociliary transport under diminished bicarbonate and chloride transport conditions. Thus,
combined, these data suggest that transient airway acidification produces abnormal mucus

secretion and transport, mimicking several features of CF.

Direct measurements of airway pH in children with CF have suggested that pH is not different
compared to children that do not have CF (33, 54), yet other studies suggest that the airways are
acidified in human neonates with CF (4). These findings have raised controversy whether
acidification is an initiating factor in CF pathogenesis. In our model, the acidification procedure
we utilize leads to a mild decrement in airway pH (45), resulting in airway pH values similar to
what has been reported in animal models of CF (58). While we did not observe a significant
increase in mucin production that others have reported in CF (15), we did find other similarities,
including evidence for defective submucosal gland secretion, airway obstruction and impaired
mucociliary transport (5, 22, 52, 61). It is likely that the cause of decreased mucociliary transport
was multifactorial, with both a loss of cilia and change in mucus secretion contributing. It is also
possible that acidic pH caused a sustained change in mucus viscosity (58), which could also

decrease mucociliary transport.

To interrogate potential mechanisms, we studied diminazene aceturate. Diminazene aceturate is a
widely used drug for the treatment of protozoan diseases with reportedly minimal adverse side

effects (13). Its low cost and availability in numerous regions of the world make it an attractive
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drug. Diminazene aceturate blocks the acid-sensing ion channel 1a (ASICl1a) (53), which is
present in nerves innervating the airway (18, 30), and throughout the central nervous system
(39). Since airway nerves are critical in detecting noxious stimuli and regulating mucus

secretion, we hypothesized that detection of acid through ASIC1a might be critical in our model.

We found that diminazene aceturate had a negligible effect in preventing acid-induced mucus
defects, despite being used at doses known to inhibit ASICla (10, 29). In contrast, diminazene
aceturate treatment in saline-challenged controls lead to a significant increase in MUCS5B on the
airway surface, but less MUCS5B in the bronchoalveolar lavage fluid. Although unbuffered saline
is acidic (44, 46), our previous studies showed that application of unbuffered saline to the apical
surface of porcine airway epithelial cells in vitro had a negligible effect on airway surface liquid
pH (45). However, we cannot exclude the possibility that unbuffered saline induces a transient
activation of ASICla in the airway, as current techniques may underestimate the change in pH. If
true, then the effect of diminazene aceturate on MUCSB in saline controls is potentially via

inhibition of ASICs, although other mechanisms could also be involved (8, 42).

The lack of effect in acid-challenge conditions suggests that either the dosing or delivery of
diminazene aceturate was suboptimal. For example, our previous studies demonstrated that acid
application to porcine airway epithelial cells in vitro produced a transient acidification of the
airway surface liquid from 7.5 to ~6.6 (45). Previous studies showed that the ASICla decay in
response, or desensitization, is pH-dependent, with slower desensitization correlating with proton
concentration (31). Specifically, when ASIC1a was subjected to a drop in pH from 7.4 to 6.6,

subsequent application of solutions of pH 7.2 and 7.4 prolonged the desensitization period
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compared to solutions of pH 7.6 and 8.0. This property translates into prolonged channel
activation at low proton concentrations (31). This might be particularly important in our
paradigm, in which pH likely returns to baseline over the course of 10 minutes (45). Therefore, it
is possible that we underestimated the dose required to cause effective and sustained blockade of
ASICla in the trachea, which is expected to receive a greater and more homogeneous exposure
to acid (45). Alternatively, this finding might suggest that ASIC1a is not involved in acid-

mediated mucus defects at the trachea level.

We observed a strong protective effect of diminazene aceturate in the intrapulmonary airways. It
is possible that ASIC1a is more concentrated in the small airways compared to the large airways.
The lack of commercially available antibodies that detect ASIC1a in the pig preclude
investigations focused on addressing this question. Although we are not certain of the
mechanisms by which potential activation of ASICs in the intrapulmonary airways could lead to
airway obstruction, our previous work illustrated that this acid-challenge model induces neural
remodeling at the level of nodose ganglia and in the brainstem. These changes were associated
with airway obstruction and predicted to involve Ad and c-fibers (26, 45, 60). Consistent with
that, we previously found that elimination of ASIC1a in mice disrupted sensory nerve function,
leading to a decreased amount of the neuropeptide substance P in the lung lavage fluid of
ovalbumin-sensitized mice compared to wild-type controls (47). Recent work demonstrates that
substance P in vagal sensory neurons drives mucus cell metaplasia (57). Therefore, if ASICs
were indeed involved in the acid-mediated airway obstruction, then it is conceivable that
substance P in c-fibers innervating the intrapulmonary airways played a role. Additionally,

although our previous work suggests negligible expression of ASICla in murine airway cells
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(45), it is possible that ASIC1a is expressed in non-neuronal cells in the small airways of the pig.
An additional consideration is that the effects of diminazene aceturate were not ASIC1a-related
at all and perhaps due to off-target effects, such as activity on the (ACE2) (8, 42). Although the
diminazene aceturate dose used in this study was below the reported dose required to cause

activity on ACE2, it is a possibility that we must consider.

We previously examined inflammation extensively in acid-challenged piglets using
inflammatory-directed gene arrays and ELISAs, and found evidence for transcriptional
inflammation, as well as an elevation in IL-1[ protein levels (45). Recently Boucher and
colleagues reported that IL-1P predominates the CF airway and correlates with mucin production
(9). Thus, it is possible that IL-1[3 contributes to some of the acid-mediated defects we report

here.

We found a main effect of acidification on cilia abundance in the trachea. Although we did not
investigate mechanisms responsible for this observation, deciliation in response to other airway
irritants, such as viral infection and smoke, have been reported (55). Similarly, epithelial damage
following severe bronchospasm has also been reported (37). Thus, it is possible that both
chemical (pH) and mechanical (bronchoconstriction) forces contributed to the observed effect of

acidification on airway ciliation.

Our studies demonstrated that acidification impaired mucus secretion and decreased mucociliary
transport. While we do not know whether a change in the biophysical properties of

mucins/mucus contributed, strong evidence suggests that mucin folding, secretion, and viscosity
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are pH-dependent (49, 58) . For example, recently Hughes and colleagues reported that when
MUCSB is subjected to an acidic pH and high calcium environment, it forms dense structures
(23). Such structures are likely to impact the mucus barrier and modify the transition from a
condensed form of mucin to a more expanded form of mucin. However, biophysical changes are
typically reversible and flexible (23, 49, 58). Thus, in our experimental model, it is anticipated
that an effect of acidification on mucin/mucus biophysical properties would have occurred
acutely during the initial exposure to acid and likely reversed by the time the studies were
conducted (48 hours later). This suggests that perhaps the effect of acidification on mucus
secretion and mucus transport in our studies was not due to an acute change in biophysical
properties. Alternatively, if biophysical properties were altered in our model, then they might

have been more long-term or sustained.

Our study has limitations. We did not assess mucus secretion under basal and stimulated
conditions within the same subject. This was largely due to the inability to take airway samples
from a subject before and after methacholine stimulation. Further, our study was transient and
therefore lacked information regarding long-term consequences of airway acidification.
However, the transient nature of our study might also be an advantage, because it allowed for the
effects of acidification to be isolated from potential secondary complications, such as infection
and/or prolonged inflammation. We also did not identify a mechanism responsible for acid-
mediated defects in mucus secretion and mucus transport, but our studies highlight the
submucosal gland as a target of airway acidification. Although not measured here, it is possible
that a reduction in ciliary beat frequency, either due directly to acid (56), or secondarily due to

changes in mucus composition, contributes. We also did not study mucus transport under normal
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chloride and bicarbonate conditions; thus, we cannot make any conclusions regarding the
specificity of acidification in driving airway pathology in a CF-like environment. Finally, as
mentioned above, we did not study the biophysical or biochemical properties of mucus (e.g.,

glycosylation, viscosity); future studies focused on these qualities will be of value.

In summary, early life airway acidification produced mucus with pathologic features, airway
obstruction, and decreased mucociliary transport. Diminazene aceturate mitigated acid-induced
airway obstruction. Thus, these findings suggest that even transient airway acidification early in
life might have profound impacts on mucus secretion and transport properties. Further, they
highlight diminazene aceturate as a potential agent beneficial for alleviating some features of CF

airway disease.

Figures and Figure Legends
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555

556  Fig. 1. Mucin in piglet airways under basal conditions. Bronchoalveolar lavage fluid

557  concentrations of MUCS5AC (A) and MUCS5B (B). MUC5AC and MUCSB staining signal

558 intensity of the surface epithelia (C, D) and submucosal gland (E, F). For panels A and B,n=7
559  saline-challenged piglets (4 females, 3 males), n = 7 acid-challenged pigs (4 females, 3 males), n
560 =10 saline-challenged pigs + diminazene aceturate (5 females, 5 males), n = 7 acid-challenged +

561  diminazene aceturate pigs (4 females, 3 males). For panels C-F, n =16 saline-challenged piglets

25

Downloaded from journals.physiology.org/journal/ajplung at Macquarie Univ (137.111.162.020) on March 15, 2020.



562

563

564

565

566

567

568

569

570

571

572

573

(8 females, 8 males), n = 16 acid-challenged pigs (8 females, 8 males), n = 10 saline-challenged
+ diminazene aceturate (5 females, 5 males), n = 16 acid-challenged + diminazene aceturate pigs
(8 females, 8 males). Data points represent the mean fluorescent intensity for each piglet
calculated from 3-5 images analyzed (encompassing the anterior, middle and posterior regions of
the trachea). Abbreviations: DZ, diminazene aceturate; MUCS5B, mucin 5B; MUCS5AC, mucin
S5AC. * p <0.05 compared to saline-challenged pigs. Data were assessed with a parametric two-

way ANOVA followed by Sidak post hoc test. Mean + S.E.M shown.
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Fig. 2. Mucin in piglet airways under methacholine-stimulated conditions. Bronchoalveolar
lavage fluid concentrations of MUSAC (A) and MUCS5B (B). MUCSAC and MUCS5B staining
signal intensity of the surface epithelia (C, D) and submucosal gland (E, F). For panels A and B,
n =7 saline-challenged piglets (4 females, 3 males), n = 6 acid-challenged pigs (3 females, 3
males), n = 8 saline-challenged + diminazene aceturate (4 females, 4 males), n = 6 acid-

challenged + diminazene aceturate pigs (3 females, 3 males). For panels C-F, n = 10 saline-
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challenged piglets (5 females, 5 males), n = 10 acid-challenged pigs (5 females, 5 males), n =8
saline-challenged + diminazene aceturate (4 females, 4 males), n = 7 acid-challenged +
diminazene aceturate pigs (4 females, 3 males). Data points represent the mean fluorescent
intensity for each piglet calculated from 3-5 images analyzed (encompassing the anterior, middle
and posterior regions of the trachea). Abbreviations: DZ, diminazene aceturate; MUC5B, mucin
5B; MUCS5AC, mucin SAC. * p < 0.05 compared to saline-challenged pigs. Data were assessed

with a parametric two-way ANOVA followed by Sidak post hoc test. Mean + S.E.M shown.
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Fig. 3. Airway obstruction under basal conditions. Representative histological lung cross
sections stained with Periodic acid-Schiff stain (PAS) in piglets challenged with (A) saline, (B)
acid, (C) saline-challenged + diminazene aceturate, or (D) acid-challenge + diminazene aceturate
under non-stimulated conditions. Arrows highlight airway and asterisk highlights airway lumen.
Scale bar in panel A applies to panels B-D. (E) Obstruction score assigned to lung cross sections.

n =18 saline-challenged piglets (9 females, 9 males), n = 18 acid-challenged pigs (9 females, 9
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males), n = 10 saline-challenged + diminazene aceturate (5 females, 5 males), n = 18 acid-
challenged + diminazene aceturate pigs (9 females, 9 males). Abbreviations: DZ, diminazene
aceturate. * p < 0.05 compared to saline-challenged pigs, # p < 0.05 compared to acid-challenged
piglets. Data were assessed with a non-parametric one-way ANOVA (Kruskal-Wallis) followed

by Dunn’s multiple comparison test. Mean + S.E.M shown.
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Fig. 4. Airway obstruction under methacholine-stimulated conditions.

Representative histological lung cross sections stained with PAS in piglets delivered
methacholine in vivo following challenge with (A) saline, (B) acid, (C) saline-challenged +
diminazene aceturate or (D) acid-challenged + diminazene aceturate. Arrows highlight airway
and asterisk highlights airway lumen. Scale bar in panel A applies to panels B-D. (E)

Obstruction score assigned to lung cross sections. n =10 saline-challenged piglets (5 females, 5
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males), n = 10 acid-challenged pigs (4 females, 6 males), n = 8§ saline-challenged + diminazene
aceturate (4 females, 4 males), n = 7 acid-challenged + diminazene aceturate pigs (4 females, 3
males). Abbreviations: DZ, diminazene aceturate. * p < 0.05 compared to saline-challenged pigs,
# p < 0.05 compared to acid-challenged piglets. Data were assessed with a non-parametric one-
way ANOVA (Kruskal-Wallis) followed by Dunn’s multiple comparison test. Mean + S.E.M

shown.
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Fig. 5. Mucus sheet formation under diminished bicarbonate and chloride transport. (A)
Representative image of an ex vivo trachea from a saline-challenged piglet stimulated with
methacholine. Discrete entities of mucus were observed and visualized by jacalin lectin (green)
and wheat germ agglutinin lectin (red) staining. Arrows highlight examples of lectin labeling.
Representative images of methacholine-stimulated ex vivo tracheas from an acid-challenged
piglet (B), a saline-challenged + diminazene aceturate (C), and acid-challenged + diminazene
aceturate (D). Sheet index for jacalin-labeled mucus (E) and wheat germ agglutinin-labeled
mucus (F). (G) The numbers of jacalin-labeled mucus particles analyzed using IMARIS software
as an additional measurement of mucus sheet formation in acid-challenged piglets. n =9 saline-
challenged piglets (4 females, 5 males), n =9 acid-challenged pigs (4 females, 5 males). For
panels A-F, n =13 saline-challenged piglets (7 females, 6 males), n = 16 acid-challenged pigs (8
females, 8 males), n = 10 saline-challenged + diminazene aceturate (5 females, 5 males), n= 18
acid-challenged + diminazene aceturate pigs (9 females, 9 males). Data points represent the
mean score for each piglet calculated from 5-7 analyzed images (encompassing the anterior,
middle and posterior regions of the trachea). Abbreviations: WGA, wheat germ agglutinin; DZ,
diminazene aceturate. * p < 0.05 compared to saline-challenged pigs. For panels E-F, data were
assessed with a non-parametric one-way ANOVA (Kruskal-Wallis) followed by Dunn’s multiple
comparison test. For panel G, data were assessed by an unpaired students t-test. Mean = S.E.M

shown.
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Fig. 6. Mucus strand formation in acid-challenged piglets under diminished chloride and
bicarbonate transport conditions (A) Representative image of an ex vivo trachea from a saline-
challenged piglet stimulated with methacholine. Mucus is labeled with jacalin lectin (green) and
wheat germ agglutinin lectin (red) staining. Arrows highlight an example of a mucus strand.
Representative images of €x Vivo trachea from a saline-challenged (A), acid-challenged (B)
saline-challenged provided diminazene aceturate (C), and acid-challenged pig provided
diminazene aceturate (D) piglet airways stimulated with methacholine. Strand index for jacalin-
labeled mucus (E) and wheat germ agglutinin-labeled mucus (F). (G) The percent (%) of field of
view occupied by WGA-labeled strands. n = 9 saline-challenged piglets (4 females, 5 males), n =
9 acid-challenged pigs (4 females, 5 males). For panels A-F, n =13 saline-challenged piglets (7
females, 6 males), n = 16 acid-challenged pigs (8 females, 8 males), n = 10 saline-challenged +
diminazene aceturate (5 females, 5 males), n = 18 acid-challenged + diminazene aceturate pigs (9
females, 9 males). Data points represent the mean score for each piglet calculated from 5-7
analyzed images (encompassing the anterior, middle and posterior regions of the trachea).
Abbreviations: WGA, wheat germ agglutinin; DZ, diminazene aceturate. p < 0.05 compared to
saline-challenged pigs. For Panels E-F, data were assessed with a non-parametric one-way
ANOVA (Kruskal-Wallis) followed by Dunn’s multiple comparison test. For panel G, data were

assessed by an unpaired students t-test. Mean + S.E.M shown.
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Fig. 7. Dilated submucosal gland duct openings on airway surface in acid-challenged piglets

visualized by lectin staining. (A) Arrows highlight example of a duct opening with wheat-germ

agglutinin-stained mucus emanating in a saline-challenged piglet. Green is jacalin-labeled
mucus. (B) Arrows highlight examples of a dilated duct openings with mucus emanating in an
acid-challenged piglet. (C) Arrows highlight example of a duct opening with mucus emanating

in a saline-challenged piglet treated with diminazene aceturate. (D) Arrows highlight examples
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of a dilated duct openings with mucus emanating in acid-challenged piglets treated with
diminazene aceturate (E) Number of dilated submucosal gland ducts normalized to area. n =13
saline-challenged piglets (7 females, 6 males), n = 16 acid-challenged pigs (8 females, 8 males),
n = 10 saline-challenged + diminazene aceturate (5 females, 5 males), n = 18 acid-challenged +
diminazene aceturate pigs (9 females, 9 males). Data points represent the mean score for each
piglet calculated from 5-7 analyzed images (encompassing the anterior, middle and posterior
regions of the trachea). Abbreviations: DZ, diminazene aceturate. Data were assessed with a

parametric two-way ANOVA followed by Sidak post hoc test. Mean = S.E.M shown.
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Fig. 8. Mucus transport in piglet airways under diminished chloride and bicarbonate
transport. (A) Representative image of an ex vivo piglet trachea stimulated with methacholine.
Mucus is visualized in real-time with fluorescent nanospheres (bright green). Mucus often forms
strands. Computer particles are assigned based upon fluorescence intensity and appear as
blue/aqua in color. Representative images of tracheas at the conclusion of the experiment post
methacholine stimulation in saline-challenged (B), acid-challenge (C), saline-challenged +
diminazene aceturate (D), and acid-challenged + diminazene aceturate (E) piglet airways. (F)
Mean mucus transport speed. (G) Computer assigned particle-track length. (H) Quantification of
the signal intensity of fluorescently labeled mucus on the airway surface at the conclusion of the
experiment. n =18 saline-challenged piglets (9 females, 9 males), n = 18 acid-challenged pigs (9
females, 9 males), n = 10 saline-challenged + diminazene aceturate (5 females, 5 males), n= 18
acid-challenged + diminazene aceturate pigs (9 females, 9 males). Abbreviations: DZ,
diminazene aceturate; au, arbitrary units. * p < 0.05 compared to saline-challenged pigs. Data
were assessed with a parametric two-way ANOVA followed by Sidak post hoc test. Mean *

S.E.M shown.
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Fig. 9. Percent of trachea ciliated. Representative images of cilia detected by antibody staining
of acetylated tubulin (shown in red, highlighted by arrows) in tracheas from saline-challenged
(A), acid-challenged (B), saline-challenged treated + diminazene aceturate (C), and acid-
challenged + diminazene aceturate (D) piglets. (E) Quantification of ciliated trachea lumen

expressed as a percentage (%) of the length of the epithelia that was ciliated divided by the total

length of the epithelia. n =16 saline-challenged piglets (8 females, 8 males), n = 16 acid-
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challenged pigs (8 females, 8 males), n = 10 saline-challenged + diminazene aceturate (5
females, 5 males), n = 16 acid-challenged + diminazene aceturate pigs (8 females, 8 males).
Scale bar in panel A applies to panels B-D Abbreviations: DZ, diminazene aceturate. Data were
assessed with a parametric two-way ANOVA followed by Sidak post hoc test. Mean £ S.E.M

shown.
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Table 1. Results separated by sex under non-stimulated or methacholine-stimulated conditions. Data are shown as Mean + SEM.

Groups
Female Male Two-way ANOVA P-values
Variables Female Female Female Female Male Male Male M.ale Sex*
Saline Acid Saline + Acid + Saline Acid Saline + Acid + Sex Treatment Treatment
DZ DZ DZ DZ
Under non-stimulated conditions
Bronchoalveolar lavage 0.052 + 0.071 £+ 0.058 + 0.064 + 0.059 + 0.064 + 0.049 + 0.047 £ 0.2749 02687 0.5291
concentrations of MUCSAC 0.0045 0.0072 0.0071 0.0097 0.0076 0.0056 0.0084 0.0049 ’ ’ '

Bronchoalveolar lavage 055+ 042 + 0.15+ 0.48 0.52+ 047+ 0.15+ 0.53+
concentrations of MUCS5B 0.073 0.027 0.017 0.043 0.039 0.056 0.008 0.049 0.5560 <0.0001 0.7604

Surface MUCSAC mean signal 111.7 + 1104 + 84.44 + 125.8 + 94.38 + 87.77 79.05 + 87.29 +
intensity 11.52 10.75 8.48 9.91 7.97 8.04 4.71 9.32 0.0039 0.1159 0.4325

Surface MUCS5B mean signal 15.64 + 11.92 + 21.97 + 16.91 + 1691 7.823 30.55+ 13.89
intensity 2.29 2.74 2.84 3.20 2.98 1.37 7.21 2.49 0.8849 0.0003 0.2582

Gland MUCSAC mean signal 68.58 £ 71.97 £ 5835+ 79.62 £ 50.44 + 70.03 £ 39.97 + 69.47 +
intensity 8.14 3.97 7.71 8.98 7.12 10.79 10.06 9.58 0.0559 0.034 0.7429

Gland MUCS5B mean signal 5543 + 63.23 442 + 63.43 52.89 + 5595+ 47.25 + 63.65 =
intensity 5.28 5.85 9.34 7.09 5.07 8.84 7.93 5.99 0.7426 0.1079 0.9023

. 1.44 + 222+ 1.8+ 1.56 = 133+ 233+ 1.40 = 1.67
Mean lung obstruction scores 0.18 0.28 037 024 0.17 024 0.25 0.17 0.6708 0.0011 0.7333

Mean percentage of trachea 89.81 = 96.86 = 75.02 93.81 72.22 + 97.20 £ 82.51
ciliated 1000 4.17 3.14 9.84 391 7.03 2.79 7.54 0.4673 0.0033 0.2130

Under methacholine-stimulated conditions
Bronchoalveolar lavage 0.058 + 0.059 + 0.048 + 0.058 + 0.058 = 0.054 + 0.048 + 0.054 + 05453 02716 0.9659
concentrations of MUCSAC 0.0035 0.0073 0.0059 0.0016 0.0035 0.0033 0.0074 0.0073 ’ ’ )

Downloaded from journals.physiology.org/journal/ajplung at Macquarie Univ (137.111.162.020) on March 15, 2020.



Groups

Two-way ANOVA P-values

Female Male

Variables Female ~ Female g;r;zli lrgl ; 1_5 Male Male s:ﬁ?i:-s— :gia(ii Sex Treatment Sex

Saline Acid DZ DZ Saline Acid DZ DZ Treatment

e | g tee v gme lome one me 0 o oo on
eomChCnma | WL e e Tas| B wne e S e o o
S sy | 516 i “loas es0 | 620 rass  loss  tose | 0121 0280 oa7i
ety 1SR Tses s lsar | 4 lass a3 s | 0398 0o o
Mean lung obstruction scores 2(';‘3 4i 3(')2:; z(fjgi 2(')(_)31i ! ('f;)li 3(')1?; ! (')Sggi 23?2; 0.1645 0.0151 0.8601
e I o [ O R
MO e M 6 a6 oas 028 | 0%  oa»  oa9 017 | 02365 00001 0767
oo | e U W e e ose
oo | W e G | e o o

Downloaded from journals.physiology.org/journal/ajplung at Macquarie Univ (137.111.162.020) on March 15, 2020.



Groups

Female Male Two-way ANOVA P-values
Variables Female Female Male Male "
FSe;EELe FZI?:Ee Saline + Acid + Sl\;[ ﬁfe IZI:IIS Saline + Acid + Sex Treatment Tr:aet)r(nent
DZ DZ DZ DZ
Mean speed (um/s) of mucus 132+ 0.90 + 0.93 + 0.71 + 1.66 + 0.87 0.89 + .15+
transport 0.22 0.19 0.22 0.14 0.16 0.23 0.20 0.24 0.2464 0.0103 0.5626
Mean length (um) of mucus 1162.0+  789.7+ 816.7 680.6 + 1428.0+ 7628+ 922.1+ 1273.0 +
particle track 201.0 168.7 141.5 115.0 121.3 140.4 208.0 191.7 0.0580 0.0117 0.2510
Mean intensity of fluorescently
. 14.46 + 7.21 + 1741 + 9.44 + 15.71 + 6.46 + 11.82+ 9.28 +
labeled mucus particles on the 1.08 137 753 555 271 151 213 274 0.4149 0.0103 0.5669
tracheal surface
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