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Figure 4-12 Methods for preferential visualization of stationary mucus with a large field of view. 
(A) Confocal microscope with a 4x objective collected a series of 32 images in 4 sec.  
When the 32 images were averaged, stationary mucus was apparent, and moving 
mucus was not well visualized.  Bar = 1 mm. (B) One image captured a 3.2 mm x 3.2 
mm field.  To image the entire airway surface, the imaging procedure was repeated to 
generate a panoramic image by connecting multiple adjacent microscope fields, as 
shown by the red boxes in a 6 x 5 panoramic image.  (C) Panoramic images were 
obtained over time.  Images in Figs. 4-13 and 4-16 are at the end of a 15 min basal 
period and then 45 min after adding methacholine to the bathing solution. 
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Figure 4-13 Mucus strands fail to detach from submucosal glands when CF airways are treated 
with methacholine or when liquid secretion is inhibited in non-CF airways. Images are 
panoramic views of tracheal sections obtained with a time-averaging technique that 
visualizes static mucus labeled with fluorescent nanospheres.  See Fig. 4-12.  Black 
lines on sides of images are pins holding trachea.  Fluorescently labeled mucus is 
shown in grey-scale. (A,B) Non-CF and CF airways were removed from 
methacholine-treated piglets, and images were captured at end of a 15 min basal 
period and then 45 min after adding 1.28x10-5 mol/L methacholine.  Note 
accumulation of mucus (white) along cranial and ventral edges of tissue of non-CF 
trachea.  Some static mucus on lower left of non-CF trachea was attached to pin at 
tissue edge.  (C) Non-CF airways stimulation with methacholine in HCO3

--free saline 
containing bumetanide Images were taken at times indicated for panel A. Bar = 1 
mm. 
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Figure 4-14 Quantification of tethered mucus. (A) Mucus tethered to submucosal glands on non-
CF and CF airways 45 min after adding methacholine.  See methods for description 
of tethered mucus score.  N = 7 non-CF and 7 CF trachea, * P<0.05 unpaired 
Student’s t-test. (B) Mucus tethered to submucosal glands on non-CF trachea with or 
without anion transport disruption.  N = 12 control, 9 HCO3

--free, 8 bumetanide, and 
11 HCO3

--free plus bumetanide.  * P<0.05 by one-way ANOVA and Bonferroni post-
test. 
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Figure 4-15 Globules of mucus at submucosal gland ducts. (A) Globules of mucus in CF trachea 
treated with methacholine as in Fig. 4-13B.  Data show 2 examples.  The fluorescent 
nanospheres bound to the surface, but did not penetrate globules, giving the 
appearance of a ring or shell. (B) Globules of mucus in non-CF trachea treated with 
methacholine in HCO3

--free saline containing 10 µm bumetanide as in Fig. 4-13C.  
Bars = 0.5 mm. 
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Figure 4-16 Mucus strands detach from submucosal glands when non-CF airways are treated 
with methacholine with selective anion transport disruption.  Tracheas were removed 
from non-CF piglets and images were captured at end of a 15 min basal period and 
then 45 min after adding 1.28x10-5 mol/L methacholine. Bar = 1 mm. Data are 
examples; average data are in Fig. 4-14B. Tracheas were bathed in (A) HCO3-/CO2-
free HEPES-buffered (pH 7.4 or 6.8) saline, or (B) saline containing 10 μM 
bumetanide. Static mucus in panel A observed after methacholine addition was 
attached to tracheal edge. 
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Figure 4-17 Adherent mucus strands prevent transport of tantalum microdisks. Tantalum 
microdisks (yellow circles) applied to surface of (A) non-CF trachea in HCO3

--free 
saline containing bumetanide and to (B) CF trachea.  Subsequent addition of 
fluorescent nanospheres to saline revealed that microdisks were attached to mucus.  
These data also indicate that mucus strands formed independently of nanospheres.  
Arrowheads indicate submucosal gland ducts.  Bar = 1 mm. 
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Figure 4-18 Particles are delivered to a similar depth in non-CF and CF airways. (A) Position of all 
individual tantalum microdisks after insufflation in all animals relative to the carina 
(position 0 mm) at the beginning of a tracking run under basal conditions and after 
methacholine administration. N = 92 microdisks in non-CF piglets under basal 
conditions, 105 microdisks in non-CF piglets after methacholine administration, 96 
microdisks in CF piglets under basal conditions, and 92 microdisks in CF piglets after 
methacholine administration. (B) Average position of microdisks relative to carina in 
each animal at the beginning of tracking run under basal conditions and after 
methacholine administration. Symbols indicate data from 8 non-CF and 8 CF piglets 
studied before and after methacholine. Lines and whiskers are mean±SEM. 
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CHAPTER 5 

DISCUSSION  

 

5.1 Thesis discussion overview 

In this thesis, I highlighted evidence suggesting that CF airway disease begins very early 

in life 234-236. The lungs of babies with CF are frequently infected with opportunistic pathogens 

such as S. aureus and P. aeruginosa 236,237. Infants with CF demonstrate the presence of mucus, 

airway inflammatory markers 238,239, and display lung function deficits236,240. Structural changes 

are also found in CF airways during infancy, and these changes are characterized by 

bronchiectasis and air trapping 49,241. Newborn CF pigs were developed to determine the 

pathophysiological origins of CF airway disease 106,108,110. CF pigs airways are not inflamed at 

birth, but have a host defense defect and fail to eradicate bacteria110. CF pigs spontaneously 

develop an airway disease similar to that in humans110 characterized by infection, mucus 

plugging, and inflammation. The ability to treat CF is impaired largely by the lack of understanding 

of how CFTR disruption deviates airway epithelia from normophysiology at early time points.  In 

this thesis, I met several experimental objectives and tested various hypotheses in CFTR-

deficient pigs on the day they were born. 

 

5.2 Discussion of objectives and hypotheses 

In the introduction of this thesis I described 4 objectives that would be met in order to test 

11 hypotheses. Here I will revisit each objective and follow with the associated hypotheses that 

were tested.  

Objective 1: Develop a method to quantify the cation concentrations and the volatile mass 

percentages of small liquid quantities collected from mucosal surfaces and apply this technique to 

quantify the composition of non-CF and CF newborn pig ASL (Chapter 2). The ability to measure 
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ASL contents is challenging largely due to limited airway accessibility and small sample volumes 

84,153. Accurate measurement of ASL content is further hampered by the high potential for 

evaporative losses after collection.  To overcome this limitation, I designed an experimental 

approach that took advantages of evaporative losses rather than trying to prevent them. Using 

Parafilm heat-fused to lens paper I was able to collect fluid volumes that were representative of 

those found on a typical surface epithelia 84,137,153. I then placed the collections on a precision 

balance, measured mass over time, and observed that the evaporation curve could be modeled 

with a one-phase decay best-fit regression (Figure 2-1B). Extrapolating this curve to the time of 

removal from the epithelial surface allowed precise quantification of the collected ASL mass. 

Drying the collected materials allowed determination of the collected solvent mass, solute mass, 

and subsequent quantification of the ASL percent volatile mass. Accurate ASL [Na+] and [K+] 

calculation was facilitated when the evaporation technique was coupled with flame 

spectrophotometry. The following three hypotheses were tested using the described assay. 

Hypothesis 1: Newborn CF pig ASL [Na+] is greater than non-CF ASL (Chapter 2). I 

measured newborn non-CF and CF ASL [Na+] with two approaches. First, I collected ASL under 

basal conditions using parafilm heat-fused to lens paper (Figure 2-1A) and determined [Na+] with 

measurements of solvent mass and flame photometry-derived mole content (Figure 2-3). With 

this approach I found similar non-CF and CF ASL [Na+], which were near 140 mmol/kg in both 

genotypes. Second, I collected ASL after cholinergic stimulation with polystyrene swabs (Figure 

2-4) and determined [Na+] from solution volumes and flame photometry-derived mole content. 

With this approach I found similar non-CF and CF ASL [Na+], which were near 150 mM. Data 

from two independent approaches disagree with the hypothesis that newborn CF pig ASL [Na+] is 

greater than non-CF. 

Hypothesis 2: Newborn CF pig ASL [K+] is equal to non-CF ASL (Chapter 2). I measured 

newborn non-CF and CF ASL [K+], with the two approaches described for [Na+] measurement; 

with the exception that flame photometry-derived mole content was for K+. Measurement of non-

CF and CF ASL collected under basal conditions (Figure 2-2) yielded nearly 2 fold greater [K+] in 
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CF (34 mmol/kg) compared to non-CF (20 mmol/kg). Measurement of non-CF and CF ASL 

collected after cholinergic stimulation (Figure 2-4) yielded a greater [K+] in CF (38 mmol/kg) 

compared to non-CF (30 mmol/kg). The ASL from CF airways exhibited elevated [K+] with two 

independent approaches, which disagrees with the hypothesis that newborn CF pig ASL [K+] is 

equal to non-CF ASL.  

Hypothesis 3: Newborn CF pig ASL percent volatile mass is lower than non-CF ASL 

(Chapter 2). The technique described in Objective 1 highlighted that solvent (volatile mass) and 

solute (non-volatile mass) was quantified for ASL collections. Using parafilm heat-fused to lens 

paper; I collected ASL from non-CF and CF newborn pigs under basal conditions and after 

cholinergic stimulation and subsequently quantified the percent volatile mass of the total ASL 

mass collected (Figure 2-5). ASL collected under basal conditions demonstrated a lower percent 

volatile mass in CF (89%) compared to non-CF (93%). ASL collected after cholinergic stimulation 

also demonstrated a lower percent volatile mass in CF (89%) compared to non-CF (92%). The 

volatile mass or solvent in these experiments is presumably water. These data agree with studies 

that found a decreased volatile mass percentage in bronchial secretions in humans with CF 157. 

These data agree with the hypothesis that newborn CF pig ASL percent volatile mass is lower 

than non-CF ASL. 

Objective 2: Develop a technique to measure MCT in newborn pig airways in vivo 

(Chapter 3). Limitations in current techniques prompted the design of an in vivo MCT assay 

tailored for the comparison of particle transport properties in newborn non-CF and CF pig 

airways. Several criteria for this assay were established, including adequate spatial and temporal 

resolution to track the 3-dimensional trajectories of individual particles over time with anatomical 

registration and natural airway humidification. To meet these criteria I created a CT-based MCT 

assay where radiodense tantalum particles are delivered to newborn pig airways (Figure 3-1A), a 

series of CT scans is acquired (Figure 3-1B), and individual particle positions over time are 

tracked in relation to anatomical landmarks (Figure 3-2A,B,C and Figure3-3A,B). Several 

hypotheses were tested using this approach. 
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Hypothesis 4: Tantalum particles are capable of being transported cranially in newborn 

pig airways (Chapter 3). I assessed the trajectories (Figure 3-3A,B) and quantified the speeds 

(Figure 3-4A,B) of individual particles in newborn pig airways and found that particles were 

indeed transported cranially. Tracking individual particles over time revealed incredible 

heterogeneity in MCT. Particles traveled at various speeds between airways, within airways (3-

4A,B, and individual particles themselves showed heterogeneity in transport (Figure 3-5A). 

Particles would often accelerate, decelerate, travel past other particles, become passed by other 

particles, and experience periods of stasis (Figure 3-5B). Typically periods of immobility occurred 

at the beginning of the tracking period. Rarely, particles would become immobile after movement 

episodes. These findings challenge the classical viewpoint that a continuous mucus blanket 

covers the airway epithelia 138. Furthermore, particles preferentially traveled to the ventral trachea 

in non-CF and CF pig airways (Figure 3-6B, Figure 4-1C).  These data demonstrated complex 

MCT that was consistent with the hypothesis that tantalum particles are capable of being 

transported cranially in newborn pig airways. 

Hypothesis 5: Cilia orientation directs particles to the ventral trachea independent of 

gravity (Chapter 3). I found that particles in newborn pig airways traveled to the ventral trachea 

(Figure 3-6B, Figure 4-1C) when either prone or supine (Figure 3-6C). I measured the cilia 

orientation of excised newborn pig trachea  (Figure 3-8B) and found that cilia located on the 

ventral trachea were primarily oriented cranially. However, cilia on the posterior and lateral 

trachea had an orientation component directed ventrally. These findings are consistent with 

hypothesis that cilia orientation directs particles to the ventral trachea independent of gravity. 

Objective 3: Quantify MCT properties in newborn non-CF and CF pig airways in vivo. 

(Chapter 4). Successful particle delivery was achieved in CF newborn piglets and the previously 

described in vivo MCT assay was conducted in non-CF and CF newborn to address the following 

hypotheses. 

Hypothesis 6: MCT is similar between newborn non-CF and CF pig airways under basal 

conditions (Chapter 4). I used the CT-based MCT assay described in chapter 3 to assess particle 
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transport in non-CF and CF pig airways under basal conditions. Particles were delivered to a 

similar depth between genotypes (Figure 4-18A,B). A similar fraction of particles were cleared 

from the tracking field (Figure 4-1B). There were no genotypic differences in maximum particle 

speeds (Figure 4-1D) and mean particle speeds (Figure 4-1E) when animals were compared. 

There  were no differences in the percent of time moving (Figure 4-1F).  These studies did not 

detect consistent difference in the studied MCT variables between genotypes, which is consistent 

with the hypothesis that MCT is similar between newborn non-CF and CF pig airways under basal 

conditions. 

Hypothesis 7: MCT is similar between newborn non-CF and CF pig airways following 

cholinergic stimulation (Chapter 4). I also used the described CT-based MCT assay to assess 

particle transport in non-CF and CF pig airways after cholinergic stimulation. Particles were 

delivered to a similar depth between genotypes (Figure 4-18A,B). The fraction of all particles 

cleared from CF airways was reduced compared to non-CF (Figure 4-1B), but failed to reach 

significance. There were no significant genotype differences in maximum particle speeds (Figure 

4-1D; 4-2A) or mean speeds, but mean particle speeds in CF were nearly half of that in non-CF 

(Figure 4-1E; 4-2C). Particles in CF airways exhibited significantly greater durations of stasis with 

the particles moving nearly half the time when compared to those in non-CF airways (Figure 4-1F; 

4-2D). These data suggest a CF particle stasis phenotype, which does not agree with the 

hypothesis that MCT is similar between newborn non-CF and CF pigs following cholinergic 

stimulation 

Objective 4: Develop an assay to visualize mucus in real time and assess mucus 

adherence in newborn non-CF and CF trachea after cholinergic stimulation (Chapter 4). Here I 

will briefly describe how I developed that ability to visualize mucus in newborn pig tracheal tissue. 

During the early developmental stages of the previously described in vivo MCT assay I observed 

a robust phenotype of preferential particle transport to the ventral trachea in newborn non-CF pigs 

(Figure 3-6). To show that cilia orientation was responsible for this behavior, I performed a series 

of experiments in excised tracheal tissues, which ultimately led to direct ciliated cell orientation 
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and beat frequency measurement with reflected light microscopy (Figure 3-8B,C). Prior to directly 

assessing ciliated cells, I measured cilia generated bulk flow via automated tracking of 4µm 

diameter fluorescent microspheres (Data not shown).  The fluorescent microsphere trajectories 

reflected the orientation of ciliated cells  (Figure 3-8A), but the generated fluorescent microsphere 

bulk flow vector fields were sometimes obscured by fluorescent microspheres that failed to travel 

with the rest of bulk flow. In rare cases, multiple fluorescent microspheres were arranged in lines 

parallel with cilia-generated flow. These lines variably demonstrated repetitive cycles of extension 

in the direction of bulk fluid flow, followed by oppositely directed retraction. These studies were 

initially abandoned to allow time for the laborious process of manual particle tracking for 

quantification of non-CF and CF MCT in vivo. Quantification of in vivo MCT revealed a stasis 

phenotype in the CF pigs with cholinergic stimulation. However, the CT-based assay was not able 

to provide the spatial resolution to elucidate the mechanism of stasis. Cholinergic stimulation 

potently elicits fluid and mucus secretion from tracheal submucosal glands186, and this process is 

proposed to be abnormal in CF pigs211. This led to the idea that CF airways produce abnormally 

adherent mucus that leads to particle stasis. Limitations in current mucus visualization techniques 

prompted a return to the experiments where fluorescent microspheres were used to assess cilia 

orientation. I speculated that the observed fluorescent microsphere retraction and extension 

pattern was caused by mucus. To better visualize these structures, I added much smaller 

fluorescent microspheres (40 nm diameter compared to 4 μm) and the result was detailed strand 

structures that were readily apparent on the tracheal surface. A study by another group 

demonstrated that fluorescent microspheres bound to strand structures in cultured airway 

epithelia and these structures express the mucus-specific protein MUC5B189. The strands in that 

study were strikingly similar to what I observed in tracheal segments from pigs. 

Immunocytochemistry of fluorescent microspheres containing tracheal preparations showed co-

localization of mucin proteins and fluorescent microspheres (Figure 4-11). This suggested that the 

fluorescent microspheres attached to mucus. Finally, I applied an averaging technique I designed 

to preferentially visualize stationary mucus (Figure 4-12A) and configured a microscope stage to 
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provide panoramic images that completely encompass tracheal preparations (Figure 4-12B). 

Because this technique allows mucus visualization in living tissues, I was able to interrogate 

mucus adherence phenotypes over time. Using this technique I tested several hypotheses. 

Hypothesis 8: MCT is disrupted in submerged newborn CF pig trachea after in vivo 

cholinergic stimulation (Chapter 4). After an in vivo MCT assay, I removed the trachea from a CF 

pig that had received cholinergic stimulation as part of the standard MCT assay protocol. I 

opened the trachea with a longitudinal cut on the ventral surface and found a tantalum particle 

attached to the dorsal tracheal wall. I pinned the trachea flat and completely submerged the 

tissue. I assessed particle transport visually for 10 minutes and added additional particles during 

this time. The original particle exhibited no mobility during this time. Additional particles were 

predominantly static. Some particles transitioned between periods of stasis and movement. I 

conducted this experiment in non-CF trachea and found particle stasis to be exceedingly rare in 

comparison to CF trachea. It is proposed that the initiating defect in CF airway disease is cilia 

immobility due to ASL depletion 82. I visualized particle stasis with in submerged CF trachea 

(nearly 1000x the normal ASL height) that received cholinergic stimulation in vivo. I accept the 

hypothesis that particles are capable of immobility in submerged newborn CF pig trachea after 

cholinergic stimulation in vivo.    

Hypothesis 9: Submerged newborn non-CF pig tracheas with disrupted HCO3
- transport 

contained in a low pH bathing fluid produce adherent mucus with cholinergic stimulation (Chapter 

4). Non-CF trachea submerged in media conditions that disrupt HCO3
- transport with low pH that 

received cholinergic stimulation demonstrated a slightly increased number of adherent mucus 

entities. However, there were no significant differences between this condition and equivalent 

studies with no anion transport disruption and normal pH (Figure 4-14B; 4-16A). These data do 

not support the hypothesis that submerged newborn non-CF pig tracheas with disrupted HCO3
- 

transport contained in a low pH bathing fluid produce adherent mucus with cholinergic stimulation 

and these data are in disagreement with somewhat analogous studies in mouse intestinal tissue 
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233,242.  These date do not exclude the possibility of an adherence phenotype if HCO3
- transport is 

disrupted and/or pH is abnormally low in the absence of submersion. 

Hypothesis 10: Submerged newborn non-CF pig tracheas with disrupted Cl- transport 

produce adherent mucus with cholinergic stimulation (Chapter 4). Submerged newborn non-CF 

trachea treated with bumetanide to disrupt Cl- transport did not produce adherent strands when 

stimulated with methacholine. There were no quantitative differences between this condition and 

equivalent studies without anion transport disruption (Figure 4-14B; 4-16B). These data do not 

support the hypothesis that submerged newborn non-CF pig tracheas with disrupted Cl- transport 

produce adherent mucus with cholinergic stimulation.  These date do not exclude the possibility of 

an adherence phenotype if Cl- transport is disrupted in the absence of submersion. 

Hypothesis 11: Submerged newborn non-CF trachea with disrupted Cl- and HCO3
- 

transport produce adherent mucus with cholinergic stimulation (Chapter 4). Severe mucus 

detachment failure was seen when submerged newborn non-CF trachea with disrupted Cl- and 

HCO3
- transport received cholinergic stimulation (Figure 4-13C). There were large and significant 

quantitative differences between tissues with or without anion transport disruption (Figure 4-14B). 

CF trachea and non-CF trachea with anion transport disruption had similar mucus detachment 

failure phenotypes (Figure 4-13B,C; 4-15A,B), with adherent structures emerging from 

submucosal gland ducts (Figure 5-15A-F) that were capable of binding tantalum microdisks and 

preventing their transport by motile cilia (Figure 4-17A,B). This agrees with a study in pigs that 

found compact mucus in submucosal gland ducts histologically after cholinergic stimulation with 

combinatorial Cl- and HCO3
- transport disruption 231. These findings are consistent with the 

hypothesis that submerged newborn non-CF trachea with disrupted Cl- and HCO3
- transport 

produce adherent mucus with cholinergic stimulation. 
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5.3 Clinical significance and future direction 

5.3.1 CFTR-mediated anion transport is regulated by cAMP and 

Ca++ 

Understanding the pathophysiological origins of diseases, in general, is critical for guiding 

improved patient care. In this thesis, pigs served as an animal model of human CF airway 

disease 108,115 and this work exemplifies how an appropriate animal model can accelerate 

understanding. Here I will focus on the clinical significance of the findings in pigs that were 

discussed in this thesis and propose directions for further progress.  

I utilized cholinergic stimulation in this thesis to elicit mucus and fluid secretion in non-CF 

and CF newborn pigs. Cholinergic stimulation increases intracellular calcium levels 243 and its 

effect on anion transport is proposed to be independent of CFTR, primarily activating alternative 

anion channels such as TMEM16A 244.  CFTR is classically considered a cAMP-activated anion 

channel, that exhibits minimal regulation by stimuli that increase intracellular Ca++ concentrations 

245. However, several lines of empirical evidence have challenged viewpoint that CFTR activation 

is independent of intracellular Ca++ concentration 216. First, pig tracheal and nasal submucosal 

gland secretory rates were reduced in tissues lacking CFTR after adding forskolin, which is an 

activator of cAMP-generating enzyme adenylyl cyclase 184,211. Secretory rates were also reduced 

in CFTR deficient tissues following cholinergic mediated stimulation. Second, pig airways 

exposed to a small molecule CFTR inhibitor had reduced submucosal gland responses in 

response to cholinergic stimulation when compared to tissue without the CFTR inhibitor present. 

Third, a study suggested that calcium was required for cAMP-mediated CFTR activation in 

pancreatic duct cells 246. Forth, a study investigating submucosal gland secretion in pigs found 

synergism with forskolin-mediated and cholinergic stimulation134. Disrupting CFTR abolished this 

synergism 134.  Fifth, a study in mice submucosal gland serious cells suggested that cAMP alone 

does not activate CFTR-dependent fluid secretion, but is mediated with weak cholinergic 

stimulation 217. Sixth, studies in a human submucosal gland serous cell line (Calu-3) suggested 
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that CFTR is the primary conduit for apical Cl- transport and elevated intracellular calcium may 

promote extracellular K+ flux thus providing a favorable electrochemical driving force for apical Cl- 

secretion through CFTR  221. Finally, studies in mice found decreased HCO3
- secretion in CF 

intestine with both forskolin-mediated and cholinergic stimulation 246,247. 

I performed mucus adherence studies with submerged non-CF and CF newborn pig 

trachea in the presence of forskolin and the phosphodiesterase inhibitor 3-isobutyl-1-

methylxanthine (IBMX). The combination of forskolin and IBMX increases intracellular cAMP 

concentrations. Using the averaged panoramic imaging technique described in chapter 4, I 

submerged non-CF and CF trachea and stimulated with forskolin/IBMX, which elicited copious 

mucus production in both tissues, but I found no adherence phenotype in either genotype (data 

not shown). Providing initial cholinergic stimulation in vivo may have also contributed to the 

adherence phenotype in CF. The CF adherence phenotype was seen with cholinergic stimulation 

in submerged tissue only if that tissue was initially stimulated cholinergically in vivo. I did not 

perform studies with initial in vivo stimulation through a cAMP-related pathway, but doing so may 

have produced results in CF similar to that found with initial cholinergic stimulation in vivo.  

Cholinergic stimulation caused a strong and rapid tissue contraction that diminished over 

the course of experimentation in both genotypes. Conversely, treating with forskolin and IBMX did 

not contract the tissue in either genotype. Perhaps tissue contraction reduced the ability of 

surface fluid to enter the submucosal gland structure, and lack of contraction with forskolin and 

IBMX treatment produced an opposite effect. I speculate that that there are differential effects on 

mucus cell granule release with calcium and cAMP signaling which may contribute to stimulation 

modality dependent differences. 

There is a need to better understand the differential effects of cAMP and Ca++ signaling in 

the context of mucus production. There were such striking phenotypic differences in CF 

depending on Ca++ or cAMP signaling and further investigation of these signaling pathways may 

unveil pharmacological targets for preventing adherent mucus formation.  
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5.3.2 The Role of pH and HCO3 in mucus adherence 

It has been proposed that deficits in CFTR-mediated HCO3
- transport or deficient CFTR-

dependent pH deregulation contribute to the mucus adherence phenotype in CF 41,154,233,242. 

Studies in mouse intestine have found that there is less mucus release or more mucus 

attachment in CFTR-deficient intestine. Conditions that abolished HCO3
- transport in non-CF 

intestine reproduced the CF adhesion phenotype in intestine 233,242. A postulated mechanism to 

explain these findings revolves around the expansion of mucin granules.  

Mucins are polyanionic proteins that are stored in compact granules and calcium ions are 

thought to influence granule compaction 248. It has been postulated that HCO3
- mediates mucus 

expansion after granule release through interaction with calcium ions 41. Increased extracellular 

[Ca++] and low pH reduced the swelling kinetics of mucus in secretory cell cultures from human 

cervix 249.  

Several publications have shown that pH is decreased in CF airway secretions and ASL 

136,154,155,250. Yet, others have described that pH is no longer different between CF and non-CF 

later in life 187,250. The mechanism for this transient reduction in pH remains uncertain. A study in 

trachea from older patients found that the pH of submucosal gland secretions was not different 

between CF and non-CF, yet CF exhibited an increased viscosity 187. This finding suggests that 

some component of increased CF airway secretion viscosity is pH-independent. It remains 

challenging to differentiate HCO3
- -mediated biochemistry, HCO3

-—mediated fluid secretion and 

HCO3
- -mediated pH regulation in the context of mucus biology. I will use the pancreas as an 

example.  

The pancreatic ducts cells exhibit CFTR-dependent HCO3
- transport 251. In newborn CF 

pigs, pancreatic secretory rates are remarkably blunted in response to the secretagogue secretin.  

The fluid that is produced has an elevated protein concentration, which suggests abnormal fluid 

secretion. Additionally, the fluid was present had a markedly reduced pH, and likely a reduced 

HCO3
-
 
114. There are likely multiple HCO3

--dependent processes occurring simultaneously in the 

CF pancreatic duct.   
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In chapter 4, the ex vivo adherence assay was performed with non-CF trachea 

submerged in a HCO3
- -free solution, which generates defects at least three defects: loss of 

HCO3
- anions, loss of HCO3

- -mediated fluid secretion, and reduced pH loss.  I found that 

stimulating trachea submerged in a HCO3
- -free solution produced a phenotype of slightly 

impaired mucus detachment compared to tissues with Cl- transport inhibition alone and controls. 

Submersion, and maintenance of Cl- transport likely provided some rescue of absent HCO3
- -

mediated fluid secretion, but these data suggest pH reduction and absence of HCO3
- anions 

alone are not sufficient to produce severe adherence if excess water is present. Nonetheless, 

non-submerged tracheal preparations may reveal very different phenotypes with perturbation of 

HCO3
-   and/or pH homeostasis.  

I found that anion transport disruption was sufficient to produce abnormal mucus. Anion 

transport affects multiple physiological processes including fluid secretion and pH homeostasis. I 

was limited in my ability to assay mucus adhesion while simultaneously teasing apart the different 

effects of anion transport disruption. 

Future work geared towards isolating the physiological components of anion transport 

and their contribution to CF disease pathogenesis will likely be a continued area of interest and 

may guide future therapies. 

 

5.3.3 Defective fluid secretion, mucus abnormalities, and CF 

pathology 

My and other’s data suggest that fluid homeostasis is impaired in CF. Multiple studies 

have found that airway tissue with disrupted CFTR displays decreased submucosal gland 

secretory rates and this is consistent with impaired fluid secretion 184,210,211. In chapter 2, I showed 

that under basal and cholinergic stimulated conditions newborn CF pig ASL had an elevated non-

volatile fraction, suggesting there was a lower percentage of water in CF ASL (Figure 2-5). These 

findings may be explained by decreased fluid secretion with the non-volatile component of mucus 
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being normally secreted. In line with this is a study that quantified submucosal gland secretory 

rates with various anion transport inhibition using sheep airways 186. This study discovered that, 

compared to controls, secretory rates were reduced by 35% with Cl- transport disruption, 55% 

with HCO3
- transport disruption, and 92% with combinatorial HCO3

- and Cl- transport disruption.  I 

suspect that the remaining 8% that failed to be inhibited with combinatorial HCO3
- and Cl- 

transport disruption represents non-volatile material because I found that exactly 8% of non-CF 

ASL collected after cholinergic stimulation in pigs was non-volatile material (Figure 2-5).  These 

findings agreed with similar studies in human airways 157. Furthermore, elevated protein 

concentrations were found in pancreatic secretions of CFTR deficient pigs 114 and in secretions of 

airway submucosal glands from pigs with CFTR inhibition 210.  

The effects of abnormal fluid secretion may not be limited to mucus composition 

abnormalities. There are several structural abnormalities present in humans and pigs with CF at 

birth and defective fluid secretion may provide an explanation for pathological organogenesis. In 

CF pigs, submucosal glands are reduced in size 121, sinuses are hypoplastic 117, large airways 

have a reduced size 120, and tracheal cartilage is abnormally formed 121. Fluid secretion likely 

provides a small but significant positive pressure to the developing airways 252 and this pressure 

is thought to be critical during fetal airway development 253. TMEM16A is an apical membrane 

expressed calcium-activated-Cl- channel that mediates Cl- -dependent fluid secretion in airways. 

Mice lacking TMEM16A exhibit abnormal tracheal development with tracheomalacia, decreased 

tracheal circularity, and abnormal tracheal cartilage 254. Perhaps both airway development 

abnormalities found in CFTR-deficient and TMEM16A-deficient animals can be explained by a 

common mechanism: decreased luminal airway pressure due to loss of fluid secretion. I suspect 

that fluid secretion deficits also mediate obstruction-related abnormalities. 

Luminal obstruction is a virtually ubiquitous feature of organs affected by CFTR 

disruption, with perhaps the exception being the sweat gland. CF pig intestines are obstructed 

with meconium often accompanied by a mucus plug109. Distal to the site of obstruction are 

regions of atresia with lumens filled with dense mucinous material tracing back to the secretion 
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origin. The CF pancreatic ducts and gallbladder have features that indicate abnormal secretion.  

The newborn pig pancreatic duct is filled with dense material that obstructs the lumen, often 

accompanied with dense stringy mucus. The gallbladder reveals lamellar appearing mucus with 

striations continuing to secretory cells 109. These examples demonstrate obstruction of tubular 

epithelia, often accompanied with streams of mucus that continue to the production site. Perhaps 

the adherent mucus phenotype in these gastrointestinal organs share a mechanism similar to the 

mechanism of mucus detachment failure that I visualized in newborn CF pig tracheas. 

My studies in excised CF pig trachea found that CF airways produced mucus that failed 

to detach from their production site and this correlated with the previous findings of mucus 

continuing to the production site in diseased pig CF airways 110. I found that virtually all tracheas 

exhibited mild mucus production and minimal adherent mucus under basal conditions. Copious 

amounts of mucus emerged to the epithelial surface from submucosal glands after cholinergic 

stimulation and the degree of mucus adherence appeared to be highly linked to proper anion 

transport and fluid homeostasis.  

Combinatory HCO3
- and Cl- disruption with cholinergic stimulation produced large 

amounts mucus that appeared incredibly dense. I was able to visualize regions void of 

nanosphere fluorescence (Figure 4-15B), hinting that the mucus was to some degree 

impenetrable. This mucus often displayed outlining rims of fluorescence and strands that 

appeared to unravel once reaching the surface. It could be that that once the mucus reached the 

excess fluid at the surface there was opportunity for proper expansion. These ‘dense’ regions 

could often be seen with reflected light indicating that the refractive index was different than that 

of the surrounding fluid. 

Studies in excised pig airway found that combinatorial HCO3
- and Cl- transport disruption 

coupled with cholinergic stimulation produced a highly increased ductal mucin content 230. 

Histological examination of submucosal gland ducts demonstrated that mucus filled the ducts and 

appeared to continue to the origin of production231. This also was very similar to the finding of 

mucus streams trailing back to the origins of production as seen in disease CF pigs 110,117, and 



 110 

correlated with the finding of strands linked to submucosal glands in the present study. Further 

studies investigating submucosal gland secretion composition found that the material produced 

during combinatorial HCO3
- and Cl- transport disruption contained a three fold higher fraction of 

solid material, suggesting that the mucus was improperly hydrated 223. Other studies discovered 

that submucosal gland secretions have a 2 fold higher protein concentration and an elevated 

viscosity with pharmacological CFTR inhibition 210.  

I was surprised that I did not see a high level of mucus adherence if trachea were initially 

stimulated under submerged conditions with anion-specific transport disruption (Figure 4-14B; 4-

16). Each of these conditions likely represents a partial fluid secretion defect (i.e. only inhibiting 

Cl- transport or HCO3
- transport, but not both). I have two potential explanations for the lack of 

mucus adherence when tissues are initially stimulated under submerged conditions with partial 

anion transport disruption. (1) I found that if the bathing media contained a small molecular weight 

fluorescent dextran, that dextran was able to, at least in part, enter the submucosal gland 

structure. The excessive ASL possibly provided hydrostatic pressure that promoted fluid entry into 

the submucosal tissue. If mucus adherence is due to inadequate hydration at the time of 

secretion, retrograde fluid entry into the duct may provide enough liquid to prevent mucus 

adherence with partial, but not extreme fluid secretion defects. (2) The arrangement of the airway 

submucosal gland has been thoroughly described 55. Invaginations in the surface epithelia give 

rise to ciliated ducts that continue to collecting ducts. Distal to the collecting duct are tubules that 

contain large populations of granular mucus producing cells and distal to these regions are fluid 

secreting serous acini. With this arrangement, fluid flows past regions populated by mucus cells 

and likely aids in the transit of mucus to the surface epithelia. With complete loss of fluid secretion 

the primary driving force that transmits mucus to the surface, besides myoepithelial ductal 

contraction, may be mucus cell degranulation itself. With partial anion secretion inhibition at least 

some fluid flux remains and this may be sufficient to propel mucus to the excessively hydrated 

surface of submerged preparations. 
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One argument for the lack of a mucus adherence phenotype in CF tissues and tissues 

with partial anion transport inhibition that were first stimulated in submerged conditions is the 

competing hypothesis that ASL height is reduced in CF due to ENaC-mediated Na+ 

hyperabsorption and tissue submersion rescues the defect by restoring motile cilia function. 

There are several lines of evidence against this hypothesis.  

(1) Human and pig CF airway epithelia have defective anion transport but do not 

hyperabsorb Na+ 118,119. (2) MCT was impaired with cholinergic stimulation and combinatorial 

anion transport inhibition even if initial stimulation occurred in submerged conditions. This 

strongly and directly ties MCT defects to anion transport and it is difficult to link these findings to 

Na+ hyperabsorption. (3) ASL depletion by Na+ hyperabsorption attributes mucus adherence 

defects to collapse and failure of motile cilia. However, mucus adherence in CF is seen in organs 

systems lacking motile cilia. Defective anion transport may explain the CF adherent mucus 

phenotype in multiple organ systems. (4) Periciliary height was rigorously measured and found to 

be not different between genotypes under basal conditions 118 and after cholinergic stimulation 

(Figure 4-4). (5) If MCT defects were due to motile cilia collapse secondary to ENaC-mediated 

ASL depletion, I would have expected particle transport to be disrupted under basal conditions 

and rescued with an intervention that normally promotes fluid secretion. I observed the opposite. 

MCT defects were seen after cholinergic stimulation in vivo, but not under basal conditions. (6) If 

tissues received cholinergic stimulation in vivo the defect in CF was not rescued by submersion, 

and I was able to identify mucus emerging from submucosal glands as the responsible agent for 

MCT disruption. This detachment failure in CF airways that persists with submersion suggests 

that mucus retains properties acquired at the time of production.    
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5.3.4 Pigs, mucus, infections, pulmonary exacerbations, and 

therapeutics 

Patients with CF can often be asymptomatic for long periods of time, but these times of 

relative health are punctuated by pulmonary exacerbations characterized by increased cough, 

increased sputum production, decreased pulmonary function, and severe infections that often 

necessitate aggressive antibiotic therapy 50,255. Like the findings for CF MCT, there is great 

heterogeneity in disease course 256. I speculate that adherent mucus is central to airway 

obstruction and pulmonary decline in patients, but CF is dynamic and abnormalities may not 

always be apparent.  

Under basal conditions non-CF and CF pigs did not differ in MCT or strand adherence 

phenotypes, but with cholinergic stimulation I found that CF had defective mucus detachment and 

impaired MCT.  Perhaps basal measurements represent periods in the course of disease where 

patients are asymptomatic and cholinergic stimulation is representative of a CF airway at the 

onset or during a pulmonary exacerbation. These data point to preventing mucus secretion as a 

potential goal for CF management.  

During pulmonary exacerbations, lungs are commonly colonized with several bacterial 

species 257, with P. aeruginosa being a classic CF pathogen that is associated with lung function 

declination 258.  Interestingly, proteins derived from P. aeruginosa are capable of eliciting 

secretory responses in airways 259. The potential link between bacterial colonization and secretory 

stimulation may be a critical means for improving airway disease management. Judicious 

monitoring of bacterial lung colonization in patients with CF may provide an effective prophylactic 

measure for improving patient outcomes. 

Defective antimicrobial features of CF ASL complicate infection control. CF pigs exhibit a 

relative failure to eradicate S. aureus delivered to the airway 110 and focused mechanistic studies 

demonstrated that newborn CF pigs have reduced ASL pH, which inhibits antimicrobial peptide 

activity, and promotes bacterial survival136. These studies, combined with the studies regarding 

MCT and mucus secretion may provide a sequence for CF airway disease initiation, which is as 
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follows:  (1) Bacteria can grow more easily in CF airways. (2) Bacteria colonized in CF airways 

elicit airway secretory responses. (3) CF mucus secretion is abnormal and secreted mucus fails 

to detach from the site of production. (4) Accumulation of adherent mucus leads to airway 

obstruction. (5) Lung function is impaired. 

These ‘steps’ in CF airway disease initiation may not be in the correct temporal order, 

they may not be completely linear, and they are certainly not all encompassing. Regarding 

temporal order, it could be that abnormal secretory responses precede infection and lead to 

obstruction independent of bacterial colonization. Relating to linearity, lung infection may 

compromise lung function in the absence of mucus stasis and obstruction. There is likely 

feedback in this sequence. For example, mucus stasis introduces a new problem, loss of MCT, 

which likely promotes bacterial growth. The complex pathways of inflammation have not even 

been considered here, but likely contribute to each step proposed on this sequence. Studies in 

newborn pigs showed that increasing ASL pH can rescue bacterial killing in CF 136, but clinical 

trials have yet to evaluate the effects of increasing ASL pH in humans.  

In addition to benefiting from improving bactericidal ASL activity, patients may benefit if 

mucus plugs are disrupted. Current therapy for dislodging mucus plugs involves mechanical 

disruption by percussion therapy. I performed studies aimed at developing therapies that were not 

shown in this thesis.  First, I found that adherent strands could be readily plucked manually off the 

surface with a pinhead. Second, I performed studies that strongly suggest that the adherence 

phenotype can be rescued chemically as adherent mucus strands essentially dissolved off the 

tracheal surface after the addition of the reducing agent dithiothreitol (DTT). That work has been 

left to successors for further investigation.  I suspect that mucus secretion prevention and 

mucolytic therapy represent key areas for researched aimed at improved CF airway 

management. I hope my work has demonstrated how pigs have served as a valuable tool for 

understanding the disease initiation, but much work is to be done in order to use pigs to develop 

therapies. 
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A critical limitation regarding the generation of CF airway disease therapies is the 

challenge of producing animals that survive to develop CF airway disease. The vast majority CF 

pigs have meconium ileus at birth 106,108 and to survive even a few days past birth requires either 

surgery or intestinal expression of CFTR. 110,111. Recently, a small molecule potentiator of CFTR 

known as Ivacaftor was developed, implemented clinically, and has thus far proven to be a 

powerful therapeutic for individuals affected with the G551D mutation 260. At the time this was 

written, there are no pigs with G551D CFTR mutations being used. If generated, pigs with CFTR 

G551D mutations may provide the opportunity to carry out viable long-term studies on CF disease 

progression with the ability to pharmacologically activate CFTR. Identification of a pig with a 

mutation in CFTR that produces a mild disease phenotype is another example of a model for 

monitoring disease progression over time. In any case, the ability to carefully track the course of 

CF airway disease over time is an ongoing challenge and studies in this realm will likely provide 

an even greater understanding of the pathophysiological basis of CF.  

 

5.4 Final thoughts 

As scientists, my colleagues and I took great excitement in the discoveries described in 

this thesis. However, seeing CF airways go from clear to covered with adherent mucus made us 

reflect on the challenges faced by those with CF. With that said, I have several hopes for the 

future of the CF field. First, I hope that patients with CF and their families can use these studies to 

better understand the disease that so deeply affects their lives. The effort required for this thesis 

was minuscule compared to that of families battling CF. Second, I hope physicians following 

patients with CF promote a healthy pulmonary environment and try to minimize events that 

stimulate mucus secretion. I urge therapeutic targeting every step along the pathway to CF 

disease, and investigators should continue the search for additional targets. Third, I hope that 

clinicians and scientists work together to improve the lives of those affected by CF. The 

discoveries in this thesis were made possible by extensive collaboration and the spirit of 
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collaboration must be enriched.  Finally, what I demonstrated here in no way represents a cure for 

CF. Like studies before these, I hope my work serves as a compass for other scientists and may 

the destination of our collective efforts be the ability to improve the lives of those that would 

otherwise suffer. 
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