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layer did not differ significantly between the three groups (8.3x106 ± 1.7x106, 6.7x106 ± 

0.73x106, 8.0x106 ± 0.75x106 for UVC, CMV, and HFOV respectively; Figure 4.15 C). 

 

4.3.2.2.3 Small bronchi 

Examination of PAS-stained sections of small bronchi excised from UVC fetal lambs 

revealed a moderate level of staining in the epithelial layer (28 ± 8 %SPP, n=4; Figure 

4.16 A-B, Figure 4.17 A). Ventilation of newborn lambs at a frequency matched to 

normal tidal breathing (CMV) did not affect levels of mucin staining in the epithelium of 

small bronchi (23 ±5 %SPP vs 28 ± 8 %SPP, n=4-8; Figure 4.16 C-D, Figure 4.17 A). 

In contrast to the trachea and large bronchi, subjecting newborn lambs to HFOV did not 

influence levels of epithelial mucin compared to lambs that were ventilated under 

conventional conditions (CMV) (28 ± 3 %SPP vs 28 ± 8 %SPP, n=4-14; Figure 4.16 E-

F, Figure 4.17 A). Changes in the intensity of SPP largely mirrored those observed for 

%SPP (Figure 4.16 B). As expected, total number of pixels forming the epithelial layer 

did not differ significantly between the three groups (2.2x106 ± 0.73x106, 1.7x106 ± 

0.29x106, 2.3x106 ± 0.17x106 for UVC, CMV, and HFOV respectively; Figure 4.17 C). 

Thus, the effects of HFOV and CMV on epithelial mucin levels differed according to the 

anatomical region of the sheep airways examined (Figure 4.18).  

 

4.3.3 Differential effects of LPS exposure in the perfusion-superfusion system and 
ventilation-superfusion systems   

Finally, in order to examine the influence of physical factors on responses of mouse 

tracheal segments to a biochemical stimulus of mucous metaplasia, LPS was 

administered via the perfusion-superfusion and ventilation-superfusion systems. In the 

perfusion-superfusion system, exposure of mouse tracheal segments to LPS (1 µg ml-

1) prior to perfusion enhanced the mucous metaplasia response in a time-dependent 

manner (Figure 4.19). Although perfusion for 24 h was capable of producing a mucous 

metaplasia response per se (9.1 ± 1.5 %SPP vs 1.1 ± 0.3 %SPP, n=7-8, p<0.05; 

Figure 4.19 B, Figure 4.20), exposure to LPS prior to perfusion significantly enhanced 

levels of PAS staining in a time-dependent manner (22.2 ± 3.6 %SPP with 60 min of 

LPS exposure vs 9.1 ± 1.5 %SPP with no LPS exposure, n=3-5, p<0.01; Figure 4.19 D, 

Figure 4.20).   

 



CHARACTERISATION OF MODELS OF MUCOUS METAPLASIA ④ 
 

 
166 

In contrast to perfused tracheal preparations, exposure of mouse tracheal segments to 

LPS (1 µg ml-1) prior to ventilation with humidified air for 18 h did not produce mucous 

metaplasia (Figure 4.21). Levels of PAS-positive mucin in ventilated segments were 

not significantly elevated by exposure to LPS (1 µg ml-1) for 1 h (2.86 ± 1.53 %SPP vs 

1.25 ± 0.23 %SPP, n=4; Figure 4.22). Thus, clear differences were exhibited between 

the capacity of LPS to elicit mucous metaplasia in ventilated tracheal segments 

compared to perfused tracheal segments (Figure. 4.23). 
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Figure 4.16. Small bronchial epithelial mucin levels of lambs subjected to CMV 
and HFOV compared to control sheep.  

PAS-positive epithelial mucin in small bronchial segments isolated from unventilated 

control sheep (A, B), or in lambs subjected to conventional mechanical ventilation 

(CMV) (C, D) or high frequency oscillatory ventilation (HFOV) (E, F). 1x magnification 

(A, C, E) and 10x magnification (B, D, F). Black bar = 100 µm 
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Figure 4.17. Quantification of small bronchial epithelial mucin levels of lambs 
subjected to CMV and HFOV compared to control sheep.   

Levels of PAS-positive epithelial mucin in unventilated control sheep (UVC), or lambs 

subjected to conventional mechanical ventilation (CMV), and high frequency oscillatory 

ventilation (HFOV) were quantified by enumerating the strong positive pixels (SPP) 

within the epithelial layer (A) and by assessment of the total intensity of SPP (B). The 

total number of pixels forming the epithelial layer was also enumerated for all groups 

(C) (n=3-13). 
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Figure 4.18. Anatomical-specific effects of CMV and HFOV on levels of PAS-
positive epithelial mucin in sheep trachea, large bronchi, and small bronchi. 

Levels of PAS-positive epithelial mucin in unventilated controls (UVC) in these airway 

regions were also measured. Effects of conventional mechanical ventilation (CMV) and 

high frequency oscillatory ventilation (HFOV) were only evident in the trachea and large 

bronchi.  Mean ± S.E.M % strong positive pixels are shown (n=4─13). **p<0.01 

compared to UVC; #p<0.05 compared to CMV. 
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Figure 4.19. Enhancement of perfusion-associated mucous metaplasia with LPS 
pre-treatment. 

PAS-positive epithelial mucin in tracheal segments isolated from control (0 h) mice (A), 

those perfused-superfused with media only for 24 h (B), or those exposed to LPS (1 µg 

ml-1) for 30 min (C) or 1 h (D) prior to perfusion-superfusion for 24 h. Black bar = 100 

µm. 
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Figure 4.20. Quantification of the enhancement of perfusion-associated mucous 
metaplasia with LPS pre-treatment. 

Quantification of PAS-positive epithelial mucin in tracheal segments isolated from 

control, non-perfused mice (0 h), those perfused-superfused for 24 h only, or exposed 

to 1 µg ml-1 lipopolysaccharide (LPS) for 30 min or 1 h prior to media perfusion-

superfusion for 24 h. Mean ± S.E.M % strong positive pixels are shown (n=3─8) (D). 

*p<0.05, ****p<0.0001 compared to non-perfused; ##p<0.01 compared to perfused (24 

h).   
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Figure 4.21. Lack of mucous metaplasia development in ventilated mouse 
tracheal segments exposed to LPS prior to ventilation.  

PAS-positive epithelial mucin in tracheal segments isolated from control (0 h) mice (A) 

or those ventilated-superfused for 18 h alone (B) or exposed to 1 µg ml- 1 LPS for 1 h 

prior to ventilation-superfusion for 18 h (C).  Black bar = 100 µm. 
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Figure 4.22. Quantification of the lack of mucous metaplasia development in 
ventilated mouse tracheal segments exposed to LPS prior to ventilation.  

Levels of PAS-positive epithelial mucin in mouse tracheal segments ventilated-

superfused for 18 h alone or exposed to 1 µg ml- 1 LPS for 1 h prior to ventilation-

superfusion. Mean ± S.E.M % strong positive pixels are shown (n=4-7). 
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Figure 4.23. Differential responses of ventilated and perfused mouse tracheal 
segments to LPS. 

Differences between the capacity of LPS (1 µg ml- 1, 1 h) to elicit a mucous metaplastic 

response in ventilated-superfused mouse tracheal segments and perfused-superfused 

mouse tracheal segments. Mean ± S.E.M % strong (PAS) positive pixels are shown 

(n=4-7). **p<0.01 compared to non-ventilated, non-perfused; ####p<0.0001 compared to 

perfused (24 h). 
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4.4 DISCUSSION  

In this Chapter, the factors that drive mucous metaplasia were investigated using the 

ex vivo perfusion-superfusion system developed in Chapter 3. The perfusion-

superfusion system induced a time-dependent mucous metaplastic response in mouse 

isolated tracheal segments, which was not observed when the media that perfused the 

lumen of tracheal segments was replaced with humidified air in the ventilation-

superfusion system. In an ovine model, epithelial mucin levels were significantly higher 

in tracheae isolated from fetal lambs than in control four-month-old sheep, where 

airways were exposed to a fluid and air environment, respectively. CMV of newborn 

lambs, which mimicked the dynamics of normal breathing, also reduced epithelial 

mucin stores to a level comparable to the four-month-old sheep. Taken together, these 

findings provide evidence that the presence of lumenal fluid is a physical stimulus that 

influences the levels of epithelial mucin in mammalian airways. In addition to the 

presence of lumenal fluid, results from this Chapter demonstrated that perturbations of 

the mechanical environment may also serve as a physical stimulus that alters epithelial 

mucin levels, as ventilation of newborn lambs with different strategies altered mucin 

levels according to the degree of shear stress generated by the ventilation strategy. 

Finally, a biochemical stimulus of mucous metaplasia, LPS, had differential effects on 

epithelial mucin production in perfused-superfused tracheal segments and ventilated-

superfused tracheal segments. These findings suggested that responses produced by 

biochemical stimulants of mucous metaplasia may be modulated by the airway 

microenvironment.   

 

In successfully preserving the morphology and functional integrity of mouse tracheal 

epithelium, the perfusion-superfusion system was demonstrated in Chapter 3 to be a 

useful model through which to investigate ex vivo mouse airways. In this Chapter, the 

perfusion-superfusion system was further characterised and found to be associated 

with the spontaneous development of mucous metaplasia, an observation that provided 

an impetus to further explore the factors that influence mucin expression in the surface 

epithelium. Consistent with the existing literature, levels of PAS-positive mucin cells in 

the epithelium of naïve (non-perfused) mouse trachea were low. Studies have detected 

low-level expression of Muc5ac and Muc5b mRNA in the airways of naïve mice, even 

in the absence of histochemically-detectable mucous cells (Young et al., 2007). As 

mRNA levels of these mucin subtypes were not measured in the present Chapter, it is 

possible that basal expression of Muc5ac and/or Muc5b in the epithelium was present 

but was undetectable by PAS staining. Nonetheless, perfusion of mouse tracheal 
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segments with media was associated with spontaneous development of PAS-positive 

mucin stores in the tracheal epithelium that was localised to club cells. Examination of 

the time course of perfusion-associated metaplasia revealed that development of PAS-

positive mucin stores began within 2 h of perfusion, peaked at 24 h, and was sustained 

until 48 h. Mucous metaplasia was a highly robust response and developed in the 

absence and presence of FBS, which was a rich source of an array of growth factors in 

the media. The rapid onset of the mucous metaplastic response that was maintained 

over 48 h of perfusion suggested that the process of mucin production was not only 

rapidly initiated but also readily sustained.   

 

4.4.1 Fluid as a physical stimulus of mucous metaplasia  

The robust nature of perfusion-associated mucous metaplasia indicated that the 

metaplastic response was driven by a factor intrinsic to the perfusion-superfusion 

system. To evaluate the presence of lumenal fluid as a physical stimulus for driving 

mucous metaplasia, the media that perfused through the tracheal lumen was replaced 

with humidified air in the ventilation-superfusion system. Crucially, tracheal segments 

ventilated with humidified air for 18 h failed to develop a mucous metaplastic response. 

Histological and functional studies confirmed that the epithelium of tracheal segments 

was adequately preserved by the ventilation-superfusion system (see Chapter 3, 

Sections 3.3.1.3 and 3.3.2.2). Thus, rather than a general loss in epithelial cell viability, 

the lack of a mucous metaplastic response suggested that the mucus-producing 

population of epithelial cells (club cells) responded differently to ventilation than 

perfusion. Importantly, the lack of mucous metaplasia development in ventilated 

tracheal segments suggested that the presence of fluid was crucial for producing 

mucous metaplasia. As mucous metaplasia developed irrespective of the levels of FBS 

in the media, it was the presence of fluid per se, rather than specific media 

constituents, that drove mucous metaplasia development.   

 

To examine these findings further in a physiological system, experiments were 

conducted in an ovine model in which the airways are exposed to a natural fluid 

environment. During in utero development, fetal airways are not subjected to airflow but 

filled with specialised lung fluid secreted into the airway lumen by the alveolar 

epithelium (Olver et al., 2004). In fetal lambs, rates of secretion have been documented 

to reach 5.5 ml h-1 kg -1 (Harding and Hooper, 1996; Strang, 1991). The lung fluid 

functions not only as an important fluid framework around developing airspaces but, 



CHARACTERISATION OF MODELS OF MUCOUS METAPLASIA ④ 
 

 
185 

when coupled to intermittent fetal breathing movements, generates a transpulmonary 

pressure and mechanical forces that orchestrate important development changes in the 

fetus (Tschumperlin and Drazen, 2006). At the time of birth, there is an abrupt change 

to the airway microenvironment; the fluid distending the lung in utero is replaced by an 

air-liquid interface that is formed, and the alveolar epithelium switches from a secretory 

to an absorptive state as the lung adapts to breathing (Manuyakorn, 2014). Thus, this 

transition from a fluid-filled airway to an air-filled airway is an important natural 

physiological process. Results from this Chapter demonstrated that levels of mucin in 

the tracheal epithelium of the fluid-filled airways of fetal lambs were significantly higher 

than that in the air-filled airways of four-month-old sheep. These findings concur with 

conclusions made when levels of epithelial mucin in mouse isolated tracheal segments 

exposed to a fluid environment (perfusion system) were compared to levels in tracheal 

segments exposed to humidified air (ventilation system). Differences between the fetal 

lamb (128 d gestation) and four-month-old sheep are not likely to be attributable to 

age-dependent changes in mucin expression, as ventilation of age-matched fetal lambs 

(128 d gestation) using a CMV strategy that mimicked spontaneous breathing also 

reduced epithelial mucin to a level comparable to the four-month-old sheep. Taken 

together, these findings suggest that the presence of fluid in the airway lumen serves 

as a physical stimulus that influences epithelial mucin expression in mammalian 

airways.   

 

In the context of the adult lung, air-filled lungs may become exposed to a fluid 

environment upon accumulation of abnormal levels of lumenal mucus. Excessive 

production and secretion of mucus can render the normal processes of mucociliary 

clearance less effectual. Consequent accumulation of mucus has been recognised as a 

cardinal pathogenic feature of a number of respiratory diseases, including asthma, 

COPD, and cystic fibrosis (Munkholm and Mortensen, 2014). Although much focus has 

been placed on biochemical stimuli of mucus hyperproduction and hypersecretion, 

findings from this Chapter raise an intriguing question —  is the presence of excess 

fluid itself a physical stimulus for mucous metaplasia development? If so, this may form 

part of a feed-forward loop, whereby the release and subsequent accumulation of 

lumenal mucus may serve as a physical stimulus for the generation of additional 

epithelial mucin stores through a paracrine mechanism that remains to be fully 

characterised. As signalling mechanisms associated with the EGFR pathway represent 

a point of convergence for an array of stimuli, it is conceivable that this pathway may 

be involved (Boucherat et al., 2013; Burgel and Nadel, 2004; Burgel and Nadel, 2008; 
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Nadel and Burgel, 2001; Takeyama et al., 1999). Although speculative, the idea of a 

feed-forward mechanism whereby mucous secretion is itself a stimulus for further 

mucous metaplasia is an intriguing (but untested) proposition and may have 

implications in respiratory disease that are yet to be fully addressed.   

 

4.4.2 Perturbations of the mechanical environment as a physical stimulus of 
mucous metaplasia  

In the perfusion-superfusion system, mouse tracheal segments were not only exposed 

to the presence of fluid but to mechanical perturbations generated by the flow of fluid. 

As such, the mechanical environment was investigated as another potential physical 

stimulus of mucous metaplasia. Initial studies altered the rate of perfusion of media 

through the tracheal lumen in order to examine the potential association between the 

degree of mechanical perturbation and epithelial mucin levels in mouse trachea. Based 

on the results of studies documenting the association between the degree of 

mechanical stress imparted onto isolated cell cultures and epithelial mucin expression 

(Lee et al., 2000; Li et al., 2012; Liu et al., 2013; Park and Tschumperlin, 2009), a 

relationship between the rate of media perfusion and the mucous metaplasia response 

was expected to be observed. Although reducing the flow rate of perfusion from to 0.1 

ml min-1 to 0.05 ml min-1 reduced the levels of PAS-positive mucin staining, this was 

likely attributable to a loss in epithelial viability rather than a reduction in the mucous 

metaplasia response (see Chapter 3, Sections 3.3.1.2 and 3.4). Surprisingly, 

increasing the flow rate from 0.1 ml min -1 to 0.2 ml min-1 did not increase the levels of 

mucous metaplasia observed. It is possible that the mechanical conditions generated 

by a flow rate of 0.1 ml min-1 were optimal for mucous metaplasia development, and 

increasing the flow rate above 0.1 ml min-1 disrupted mucin production processes 

within the epithelial cells. Alternatively, as excessive mechanical stress has been 

documented to stimulate mucin secretion, it is possible that increasing the flow rate 

above 0.1 ml min-1 provided a stimulus for the release of mucins (Button and Boucher, 

2008; Davis and Lazarowski, 2008; Zhu et al., 2015). Irrespective of the underlying 

reason, a flow rate of 0.1 ml min-1 appeared to be the optimal flow rate for promoting 

mucous metaplasia in mouse tracheal segments.  

 

Perturbations of the mechanical environment was further explored as a physical 

stimulus of epithelial mucin production by comparing levels of epithelial mucin in the 
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airways of newborn lambs subjected to ventilation strategies that generated different 

degrees of sheer stress. Although CMV of newborn lambs significantly reduced the 

levels of epithelial mucin in the trachea, this observation likely reflected a physiological 

change in the airway epithelium upon transition from a fluid-filled airway to an air-filled 

airway with mechanical ventilation rather than any direct effects of mechanical 

perturbations associated with the ventilation process (Manuyakorn, 2014). Interestingly, 

a reduction in the levels of epithelial mucin with CMV was not observed in the lower 

regions of the airways (large and small bronchi). The reasons for this remain unclear, 

however it clearly indicates anatomical-specific responses. Alternatively, detectable 

changes in epithelial mucin expression in these lower regions of the airways may occur 

but take longer to occur than the ventilation period of 3 h.  

 

Due to the highly inertive nature of oscillatory flow and the high velocity and high 

frequency of HFOV, the epithelium was exposed to a particularly severe mechanical 

insult compared to CMV, which mimicked the dynamics of normal breathing (Alzahrany 

and Banerjee, 2015; Chen et al., 2014), Overall, findings from this Chapter support the 

association between sheer stress and mucin levels in the airway epithelium. Firstly, 

ventilation of sheep airways with HFOV was generally associated with higher levels of 

epithelial mucin in the trachea and large bronchi than CMV: in the trachea, HFOV 

prevented the natural transition to lower epithelial mucin levels, resulting in a greater 

retention of intracellular mucin, whereas in the large bronchi, HFOV increased epithelial 

mucin levels above those associated with CMV. Secondly, when the effects of HFOV 

and CMV were compared at different anatomical levels, changes elicited by HFOV that 

were observed in the trachea and large bronchi were not replicated in the small 

bronchi. As pressure fluctuations generated by HFOV are dampened with airway 

branching, resulting in a progressive reduction in the levels of shear stress generated, 

the lack of an effect of HFOV on the epithelial mucin levels in the small bronchi 

compared to the trachea is consistent with the proposition that shear stress is a 

mechanical stimulus that can drive epithelial mucin expression. Mechanical stresses 

generated by ventilation have previously been investigated in the context of ventilator-

induced lung injury. High-pressure ventilation of mice or cyclic mechanical stretch 

applied directly to airway epithelial cells strongly upregulated Muc5ac expression at 

both an mRNA and protein level (Koeppen et al., 2013; Liu et al., 2013). Results from 

this Chapter suggest that additional ventilation modalities, such as HFOV, may also 

produce changes in epithelial mucin expression. Together, these findings provide 
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further evidence in support of the existing body of literature that proposes mechanical 

stresses as a driver of pathological changes in the airways.  

 

4.4.3 Fluid as a modulator of LPS-induced mucous metaplasia  

In addition to being examined as a direct stimulus of mucous metaplasia, the physical 

environment was also examined as a potential modulator of mucous metaplasia 

induced by biochemical stimuli. Results from this Chapter demonstrated that exposure 

of perfused mouse tracheal segments to LPS, a major component of the wall of gram-

negative bacteria, induced a pronounced mucous metaplastic response much greater 

in magnitude than the response associated with perfusion with media alone. In 

contrast, exposure to LPS did not produce an appreciable mucous metaplasia 

response in mouse tracheal segments ventilated with humidified air. As mucous 

metaplasia was demonstrated to be a time-dependent response, it is possible that a 

longer exposure to LPS was required to elicit a mucous metaplastic response in 

ventilated segments, although this requires further investigation. However, for equal 

exposure conditions, it is clear that LPS possessed a far greater capacity to elicit 

changes in epithelial mucin levels in perfused tracheal segments compared to 

ventilated tracheal segments.  

 

The differential responses elicited by LPS may have implications in respiratory 

diseases characterised by the presence of excessive lumenal mucus in which the 

accumulation of mucus not only physically occludes the lumenal space but also 

generates a local environment that promotes bacterial growth (Edwards et al., 2012; 

Livraghi and Randell, 2007). This is a prominent feature of cystic fibrosis, where 

defective fluid secretion from airway epithelial cells leads to dehydration of the mucus 

layer, impaired mucus clearance, and mucus plugging. As a result, persistent 

bronchopulmonary infections, most notably with the gram negative bacteria 

Pseudomonas aeruginosa, are commonly observed and can drive the airways into a 

state of chronic inflammation (Ciofu et al., 2013; Kreda et al., 2012). This vicious cycle 

of bacterial infection, inflammation, and mucus accumulation leave the airways in a 

state of chronic injury. There is evidence that acute exposure to LPS isolated from 

Pseudomonas aeruginosa and Escherichia coli can directly upregulate the transcription 

of mucins via complex and overlapping mechanisms involving activation of TLR4 (Chen 

et al., 2009b) and the inflammasome (Brusselle et al., 2014; Mortellaro et al., 2015). 

Results from this Chapter demonstrated that acute exposure to LPS prior to perfusion 
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with media was capable of enhancing the mucous metaplasia response associated 

with the perfusion system. However, acute exposure to LPS prior to ventilation with 

humidified air did not produce a similar mucous metaplasia response, indicating that 

the susceptibility of the airways to the development of LPS-induced mucous metaplasia 

may be dependent on the local microenvironment of the airways. These findings 

become particularly intriguing when placed in the context of cystic fibrosis, where 

excessive fluid (in the form of lumenal mucus) and bacterial infections (such as 

Pseudomonas aeruginosa) are important factors. In healthy airways containing a 

normal volume of lumenal mucus, acute bacterial infections may only elicit a modest 

mucous metaplasia response. However, in diseased airways, bacterial infections, even 

in an acute setting, may work synergistically with the presence of existing lumenal 

mucus to produce an enhanced mucous metaplasia response. This may lead to further 

bacterial growth that can further promote mucous metaplasia response, triggering a 

self-perpetuating cycle of mucus secretion, bacterial infection, and mucus production. 

Although speculative, this point of difference may provide insight into differences in the 

dynamics of epithelial mucin production between the two different airway states.  
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4.4.4 Major Findings 

In summary, the data obtained in Chapter 4 demonstrated that:  

1. Perfusion of tracheal lumens with media in the ex vivo perfusion-superfusion 

system was associated with spontaneous development of mucous metaplasia in 

the mouse tracheal epithelium. This mucous metaplasia response was initiated 

within 2 h of perfusion and peaked after 24 h of perfusion.  

2. The presence of lumenal fluid was a physical stimulus that shifted the tracheal 

epithelium to a mucin-producing phenotype, as replacement of media with 

humidified air in the ventilation-perfusion system prevented development of mucous 

metaplasia in the mouse tracheal epithelium.  

3. In an in vivo ovine model, the level of epithelial mucin in trachea isolated from the 

(fluid-filled) airways of fetal lambs was significantly higher than in trachea isolated 

from the (air-filled) airways of normal sheep. Mechanical ventilation of newborn 

lambs with heated, humidified gas under conventional conditions that mimicked 

normal breathing also reduced epithelial mucin levels in the trachea and large 

bronchi compared to unventilated fetal lambs.   

4. Although a clear relationship between the rate of perfusion through mouse tracheal 

segments and the degree of mucous metaplasia was unable to be established, 

ventilation of newborn lambs with a strategy that imparted a greater degree of 

sheer stress (HFOV) was associated with elevated epithelial mucin levels in the 

trachea and large bronchi of lambs.  

5. Major physical stimuli that drive mucous metaplasia include:  

(i) the presence of lumenal fluid 

(ii) perturbations of the mechanical environment, likely the degree of sheer 

stress imparted onto the airway epithelium  

6. LPS enhanced the mucous metaplastic response associated with the perfusion of 

mouse tracheal segments but not with the ventilation of tracheal segments. 

Therefore, the local microenvironment of the airways appears capable of 

modulating the mucous metaplastic responses induced by biochemical stimuli.   
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 SECRETION OF EPITHELIAL MUCIN ELICITED BY ACUTE 
ACROLEIN EXPOSURE  

5.0 PREAMBLE 

Closely resembling the human distal airways, naïve murine tracheal epithelial cells do 

not store an appreciable level of intracellular mucin under normal conditions due to a 

high basal turnover rate of mucin. Thus, the formation of mucin stores in the epithelium 

is a crucial step to enabling additional mucin-related processes, such as mucin 

secretion, to be further examined in murine airways (Adler et al., 2013; Piccotti et al., 

2012). In Chapter 4, a perfusion-superfusion system was characterised as a robust 

model of mucous metaplasia. In the present Chapter, this system was used to 

characterise epithelial mucin secretory responses elicited by acrolein, which were 

compared to responses elicited by the well-established mucin secretagogue ATP.  

 

5.1 INTRODUCTION 

5.1.1 Epithelial mucin secretion 

5.1.1.1 In healthy airways 

In healthy airways, a protective mucus layer coats the apical surface of the epithelium. 

By the process of mucociliary transport, the mucus layer is continually swept from the 

distal airways to the proximal airways, where it is eventually coughed up out of the 

airways or swallowed to facilitate removal of entrapped particulates and pathogens 

(Adler et al., 2013). In order to replenish the mucus layer, the mucins MUC5AC and 

MUC5B are continuously synthesised and secreted by mucous cells. This baseline 

secretory activity ensures that the apical surface of the epithelium is continuously 

coated with a protective mucus layer (Davis and Dickey, 2008; Fahy and Dickey, 

2010). More recent studies have demonstrated that MUC5B is not only required for 

mucociliary clearance but is also essential for mounting effective anti-bacterial 

responses (Roy et al., 2014). MUC5AC is synthesised constitutively and accumulates 

in large, electron-dense granules in the surface epithelium of human large airways. 

However, in the distal airways, rates of mucin synthesis are carefully balanced by rates 

of secretion (Fahy and Dickey, 2010; Zhu et al., 2008b). As such, mucin granules do 

not accumulate in mucous cells and histologically-identifiable mucous cells are 

infrequently observed under healthy conditions (Davis and Dickey, 2008).  
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Although baseline levels of mucin secretion ensure that the mucus layer transported by 

the mucociliary system is continually replenished, rates of mucin secretion can be 

profoundly elevated by a range of external challenges, which are elicited as part of an 

acute protective response. Mediators capable of stimulating mucin secretion are 

termed mucin secretagogues and have been classified into four major categories ─ 

inflammatory mediators, cytokines, gases, and neural mediators, and each induce 

airway mucin secretion to various degrees (Table 5.1). Of the mucin secretagogues, 

the purine and pyrimidine nucleotides ATP and UTP are by far the most efficacious 

secretagogues, having been documented to elicit maximal mucin secretory responses 

in all mammalian species studied to date, including humans (Conway et al., 2003; 

Davis and Dickey, 2008; Kemp et al., 2004; Young Shin et al., 2000). Both ATP and 

UTP are thought to initiate mucin secretion via activation of the P2Y2 receptor, which 

couples to phospholipase C to generate the second messengers inositol 1,4,5-

triphosphate and diacylglycerol. Subsequent increases in intracellular Ca2+ initiate the 

mucin exocytotic process (Burnstock et al., 2012; Conway et al., 2003; Huang et al., 

2001; Rossi et al., 2007). As P2Y2 receptor-deficient mice exhibited a severely 

compromised secretory response to ATP, the P2Y2 receptor appears to be the major 

purinoceptor mediating ATP-elicited mucin secretion (Ehre et al., 2007).   

 

5.1.1.2 In airway disease 

While mucous secretion serves an important protective function in heathy airways, 

mucous hypersecretion is a key pathologic feature of all major inflammatory respiratory 

diseases, including asthma, COPD, and cystic fibrosis (Fahy and Dickey, 2010; Ha and 

Rogers, 2015). Underpinning this clinical duality is the principle that in order for the 

mucus layer to serve a protective function, it must be movable rather than static in 

nature (Thornton et al., 2008). Effective mucociliary transport relies on the movement 

of a movable mucus layer towards the proximal airways to facilitate clearance of 

inhaled pathogens. If the mucus layer acquires aberrant transport properties, it may 

become difficult to clear. As a result, its protective function is lost and may instead 

contribute to airflow obstruction. Under what circumstances might aberrations in the 

transport properties of mucus develop? In airways that have undergone a mucous 

metaplastic process (induced for example by the stimuli explored in Chapter 4), there is 

an increased capacity for mucin secretion. When stimulated by powerful 

secretagogues, excessive mucin secretion may contribute to the formation of 

excessively viscoelastic mucus that is poorly cleared by mucociliary clearance or cough
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Table 5.1. Classes of mucin secretagogues. 

Adapted from Rogers (2007).  
 

 

+++ maximal effect, ++ marked effect, + some effect, 0 minimal effect 

 

Class Secretagogue Degree of secretion 

Inflammatory  
mediators 

Proteinases +++ 

Purine nucleotides ++ 

Cysteinyl leukotrienes ++ 

Histamine + 

Bradykinin + 

Prostaglandins 0/+ 

Cytokines 
 

TNF-α ++ 

IL-13 (IL-4) + 

IL-1β + 

IL-6 + 

Gases 

Irritant gases (e.g. cigarette smoke) +++ 

Reactive oxygen species 0/+ 

Nitric oxide  0/+ 

Neural mediators 

Cholinergic nerves and agonists ++ 

Substance P ++ 

Neurokinin A + 

Tachykininergic nerves + 
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(Adler et al., 2013; Randell and Boucher, 2006; Voynow and Rubin, 2009). Although 

the hypersecretion of mucin alone is not likely to produce airway obstruction, when 

compounded by other factors that alter the viscoelasticity of mucus (e.g. cell debris) or 

other contributors to airway closure (e.g. bronchoconstriction, airway wall 

inflammation), the propensity for airway obstruction is greatly enhanced (Ehre et al., 

2012). Consistent with this, a Muc5ac deficiency has been demonstrated to protect 

against airflow obstruction in a murine model of asthma (Evans et al., 2015). Thus, 

whilst additional changes are likely required for airway obstruction, mucin 

hypersecretion appears to be a key contributing factor.  

 

The region of the airways in which mucin hypersecretion is stimulated is crucial to the 

propensity for airway obstruction. In the large airways, which possess a well-developed 

mucociliary transport system, secretion of mucus with aberrant viscoelastic properties 

may still be partially cleared. Moreover, there is also evidence that mucous 

hypersecretion stimulates neural receptors that are abundantly expressed in the large 

airways to promote cough, which aids in the expulsion of mucus not effectively 

removed by mucociliary transport. In contrast, the small airways lack the mucociliary 

clearance capacity of the large airways and excessive mucins secreted into the lumen 

cannot be cleared by cough (Nadel, 2013). Thus, excessive mucins secreted into the 

smaller airways are immensely difficult to clear and can lead to severe airway plugging 

(Jackson, 2001). For these reasons, small airways are highly susceptible to occlusion 

that can lead to clinical deterioration and even death; this has been well-documented in 

cystic fibrosis, COPD, and severe acute asthma exacerbations (Nadel, 2013). In order 

to better understand the mechanisms underlying responses of the small airways, it is 

critical to model mucin secretion in the smaller conducting airways. However, structural 

features of the human small airways preclude direct examination in vivo and they 

cannot be visualised by bronchoscopy or radiologic techniques (Nadel, 2013). Thus, 

experimental systems that facilitate examination of human small airways in an ex vivo 

setting or that utilise appropriate animal models that closely reflect the human small 

airways, such as murine models, must be developed.  

 

5.1.2 Experimental approaches to measuring mucin secretion 

A number of experimental approaches have been developed in order to examine the 

mucin secretory responses in “whole” animals and in in vitro systems. As intracellular 

mucin granules are readily stained by periodic acid-Schiff’s reagent (PAS) and Alcian 
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blue, the loss of histochemically-detectable PAS-positive (neutral) mucins or Alcian 

blue (acidic) mucins have been used as a simple but reliable measure of mucin 

secretion (Evans et al., 2004; Kim et al., 2003; Perez-Vilar et al., 2003; Piccotti et al., 

2012; Zhu et al., 2015). Using this histologic approach, the loss in the volume density 

of mucin granules or the mucous cell density per mm of basement membrane can be 

determined but is predicated on application of solid methodological principles such as 

clear structural definitions and unbiased sampling (Perez-Vilar et al., 2003). In this way, 

a global measure of secretagogue-induced secretion in in vitro systems or animal 

tissue can be obtained by histologic analysis or radiolabelled staining of mucins.  

 

Although widely used, measurements of the loss of PAS or Alcian blue-positive mucin 

stores remain an indirect measure of mucin secretion. More direct measurements of 

mucin secretion are required to confirm the secretory process and have typically 

involved collection of culture medium or clinical samples following secretagogue 

exposure. However, the extreme size, extensive glycosylation, and gel-forming nature 

of mucins have rendered the detection process particularly challenging (Harrop et al., 

2012). Nonetheless, detection of mucins by a combinatorial approach involving the 

extraction, purification, and separation of mucins by chromatography and agarose gel 

electrophoresis (Davies et al., 2012), together with sandwich ELISA and dot/slot or 

Western blots that utilise mucin probes such as lectins or more specific antibodies that 

differentially recognise the peptide backbones of various MUC gene products, have 

facilitated more direct measurements of mucin secretion (Ehre et al., 2007; Harrop et 

al., 2012; Zhu et al., 2015). However, these approaches have by no means been fully 

optimised; solvents used in the extraction and purification steps can leave mucins in a 

denatured state (Davies et al., 2012), lectins are still viewed as fairly risky surrogate 

markers of mucins as they promiscuously recognise terminal sugar residues that vary 

according to the metabolic state of the cell (Perez-Vilar et al., 2003), and a full 

complement of antibodies suitable for these assays that are specific for distinct mucin 

subtypes, notably Muc5ac, has not yet been developed for all mammalian species 

including mice (Jones et al., 2012).  

 

Direct measurements of mucin secretion that involve examination of the secretory 

process in situ may represent an important alternative experimental approach to 

aforementioned biochemical assays. These histologic approaches bypass problems 

associated with the detection of mucin in cell secretions, allowing secretory process to 
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be directly captured in situ. For these approaches to be successful, fixation techniques 

capable of preserving a highly delicate and mobile layer on the surface of the 

epithelium must first be developed. Upon fixation of this mucus layer, various mucin 

probes may then be employed to visualise the mucus secretions in situ, providing a 

powerful complementary approach to studying the secretory process. A number of 

speciality fixatives or approaches, including Carnoy’s solution (Matsuo et al., 1997; Ota 

and Katsuyama, 1992), a methanol-based Carnoy’s solution (Methacarn) (Johansson 

et al., 2008), OsO4 dissolved in non-aqueous solvents (Griesenbach et al., 2011; Lee 

et al., 1995; Sims and Horne, 1997; Sims et al., 1991), and flash-freezing fresh tissue 

(Cohen et al., 2012), have been trialled in colonic and airway tissue with varying 

success. Crucially, none of these approaches have been used beyond fixation of the 

mucus layer in naïve tissue to capture agonist-induced secretory processes.   

 

5.1.3 Acrolein-induced mucin secretion  

Longstanding work has demonstrated that acute acrolein exposure stimulates a strong 

mucous secretory response in animals exposed to acrolein by inhalation (Dahlgren et 

al., 1972; Gusev et al., 1966; Harkema et al., 1987; Lamb and Reid, 1968; Le Bouffant 

et al., 1980; Lyon et al., 1970). However, beyond these early studies, little work has 

been conducted to understand how these secretory processes are produced and/or 

regulated on a mechanistic level, or to differentiate the contribution of glandular mucus 

secretions from those of surface epithelial cell secretions to the overall secretory 

response. Rather, efforts have largely been directed towards characterising the effects 

of chronic acrolein exposure in terms of the upregulation of mucin expression within the 

context of smoke-induced mucous metaplasia, as relevant to COPD (see Chapter 1, 

Section 1.5.2.2.2). Consequently, this has left our understanding of acrolein-induced 

mucin secretory responses, which are mechanistically distinct from the processes of 

mucin production, in a rudimentary state. In order to advance our current state of 

knowledge, it is necessary to develop experimental models, such as ex vivo models, 

that are capable of providing greater mechanistic insight into these secretory 

responses and that are not constrained by the ethical concerns surrounding exposure 

of live animals to high doses of toxicants. It is important to characterise secretory 

responses to better understand the lung defense system and how these responses 

may be altered under pathologic circumstances within the context of respiratory 

disease.  
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5.1.4  Chapter aims 

Having established a robust model of mucous metaplasia using the ex vivo perfusion-

superfusion system in Chapter 4, the aim of this Chapter was to use this system to 

examine acrolein-induced secretion of mucin from mouse tracheal epithelium. Work 

described in the first part of this Chapter examined acrolein-induced secretion of mucin 

within the context of the perfusion system and also in a pathologic model involving 

lipopolysaccharide (LPS)-induced mucous metaplasia. Specifically, experiments aimed:   

1. To determine whether acute acrolein exposure elicits mucin secretion from the 

surface epithelium of mouse isolated tracheal segments.  

 

2. To further characterise acrolein-induced epithelial mucin secretion by:  

(i) Examining the time-dependency of mucin secretion in which mucin stores had 

been induced by the perfusion system 

(ii) Examining the dose-dependency of mucin secretion in which mucin stores had 

been induced by the perfusion system 

(iii) Comparing the dose-dependency of mucin secretion in which mucin stores 

had been induced by LPS to when mucin stores had been induced by the 

perfusion system alone 

3. To compare the profile of acrolein-induced epithelial mucin secretion to mucin 

secretion elicited by the established secretagogue ATP.   

 

The mucin secretory effects of acrolein and ATP were measured through quantification 

of a reduction in intracellular PAS-positive mucin levels. To complement this indirect 

measure of secretion, work described in the second part of this Chapter aimed to 

optimise a fixation approach capable of capturing the mucus layer in situ following 

secretagogue-induced mucin secretion, as a more direct measure of the secretory 

response. Specifically, experiments aimed:  

4. To evaluate the capacity of aqueous fixatives (paraformaldehyde/picric acid), flash 

freezing, and non-aqueous fixatives (methacarn, OsO4) to preserve the epithelial 

mucus layer in situ in naïve mouse tracheal tissue and following exposure to a 

secretagogue.   
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5.2 METHODS  

5.2.1 Exposure to acrolein and ATP 

5.2.1.1 Perfusion-superfusion system  

5.2.1.1.1 Time course studies 

Tracheal segments were excised from the mouse respiratory tract and set up in the 

perfusion-superfusion system, as previously described (see Chapter 3, Section 

3.2.1.2). Based on results of the time-course of mucous metaplasia development 

described in Chapter 4 (Section 4.3.1.1), tracheal segments were perfused with media 

for 24 h. At the conclusion of the 24 h perfusion period, segments were gently flushed 

with sterile saline (0.9% NaCl) then instilled with a single concentration of acrolein (100 

μM), ATP (100 mM), or vehicle (sterile saline) via the inoculation port for increasing 

lengths of time (0, 15, 30 min). The peristaltic pumps were first switched off before 50 

µl of the required compound was administered under static conditions. Following 

saline, acrolein, or ATP exposure, the lumen of tracheal segments was gently flushed 

with 50 µl of sterile saline.  

 

5.2.1.1.2 Dose-response studies  

Mouse tracheal segments were set up in the perfusion-superfusion system and 

perfused with media for 24 h, as previously described. At the conclusion of the 24 h 

perfusion period, segments were gently flushed with saline then instilled with acrolein 

(25-200 μM, 2-fold increments) or vehicle (saline) via the inoculation port for 15 mins. 

An exposure length of 15 min was selected based on the results of time course studies. 

Following acrolein exposure, the lumen of tracheal segments was gently flushed with 

50 µl of sterile saline. 

 

5.2.1.2 LPS-perfusion model  

5.2.1.2.1 Dose-response studies  

Tracheal segments were excised from the mouse respiratory tract and set up in the 

perfusion-superfusion system, as previously described (Chapter 3, Section 3.2.1.3). 

Based on results of the LPS studies described in Chapter 4 (Section 4.2.3), tracheal 
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segments were instilled with LPS (1 µg ml-1) for 1 h prior to perfusion with media. At the 

conclusion of the 24 h perfusion period, tracheal segments were instilled with acrolein 

(25-200 μM, 2-fold increments) or ATP (1-100 mM, whole-log increments) via the 

inoculation port for 15 mins. Following acrolein exposure, the lumen of tracheal 

segments was gently flushed with 50 µl of sterile saline.  

 

5.2.1.3 Standard fixation and tissue processing 

Tracheal segments were removed from the perfusion-superfusion system following 

exposure to saline, acrolein, or ATP and immersion-fixed in 2% (w/v) 

paraformaldehyde/picric acid for 24 h at 4oC before being processed to paraffin wax 

overnight and sectioned, as previously described (see Chapter 2, Section 2.4.1).  

 

5.2.2 Fixation approaches to visualising mucin secretion by capturing the mucus 
layer in situ  

To provide a more direct measure of mucin secretion, several fixation approaches were 

trialled in an attempt to successfully capture the mucus layer in situ. A number of 

aqueous and non-aqueous fixatives were examined.  

 

5.2.2.1 Paraformaldehyde/picric acid fixation  

5.2.2.1.1 Immersion fixation 

Tracheal segments instilled with ATP (100 mM) or vehicle (saline) for 15 min following 

24 h perfusion with media were carefully removed from the perfusion-superfusion 

system and immersion-fixed in 2% paraformaldehyde/picric acid for 24 h at 4oC before 

being processed to paraffin wax overnight and sectioned at 5 µm onto Superfrost Plus 

glass slides, as previously described (see Chapter 2, Section 2.4.1).  

 

5.2.2.1.2 Aerosol exposure to segretagogues and aerosol fixation  

To minimise perturbations of the mucus layer, solutions were nebulised and delivered 

as an aerosol. For these aerosolisation studies, tracheal segments were first set up in 

the perfusion-superfusion system, as previously described. Following 24 h of media 
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perfusion, the blunted 18 G needle onto which the tracheal segments was secured was 

connected to an AeroSonic nebuliser (DeVILBISS Health Care, Inc., Somerset, PA) 

attached directly to a SAR-830 ventilator (CWE Inc., Ardmore, PA), which formed part 

of an aerosol delivery system based on the ventilation system first described in Chapter 

3 (see Chapter 3, Section 3.2.1.3; Figure 5.1). Solutions of ATP (100 mM) or vehicle 

(saline) were aerosolised using the AeroSonic nebuliser before ventilated directly 

through the tracheal lumen in a continuous stream for a total period of 15 min. A 

solution of 2% (w/v) paraformaldehyde/picric acid was then aerosolised in the same 

way and ventilated through the tracheal lumen for 15 min. Following this initial period of 

fixation by aerosolisation, tracheal segments were removed from the system and gently 

immersed in a solution of 2% paraformaldehyde/picric acid for the remaining 24 h 

fixation period at 4oC, before being processed to paraffin wax overnight and sectioned 

at 5 µm onto Superfrost Plus glass slides. 

 

5.2.2.2 Flash freezing with liquid nitrogen  

There is evidence that flash freezing tissue samples may aid in retention of the mucus 

layer in situ by avoiding contact with mucin- and lipid-extracting organic solvents 

(Cohen et al., 2012). Thus, tracheal segments instilled with ATP (100 mM) or vehicle 

(sterile saline) for 15 min following 24 h perfusion with media were carefully removed 

from the perfusion system and immediately flash frozen with liquid nitrogen and 

embedded in Tissue-Tek® Optimal Cutting Temperature (OCT) embedding medium 

(Sakura Finetek USA Inc., Torrance, CA) in an upright position. Tracheal segments 

were then sectioned using a cryostat (Leica CM3050S cryostat, Leica Microsystems 

Pty Ltd, North Ryde, NSW) at 10 µm onto Superfrost Plus glass slides and stored at -

80oC until ready for staining.  

 

5.2.2.3 Methacarn fixation  

5.2.2.3.1 Standard processing 

As an alternative to paraformaldehyde, non-aqueous, organic fixatives have been 

successfully used to capture the mucus layer (Johansson et al., 2008). Thus, tracheal 

segments instilled with ATP (100 mM) or vehicle (sterile saline) for 15 min following 24 

h perfusion with media were carefully removed from the perfusion system and 

immersion-fixed in a methanol-based Carnoy’s solution (methacarn; 60% methanol, 

30% chloroform, 10% glacial acetic acid) overnight at room temperature. Following this 
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period of fixation, tracheal segments were then processed to paraffin wax overnight 

and sectioned at 5 µm onto Superfrost Plus glass slides, as previously described.   

 

5.2.2.3.2 Modified processing 

Based on a protocol presented by Johansson and Hansson (2012), tracheal segments 

fixed with methacarn underwent a modified process involving incubations in two 

solutions of absolute methanol (30 min each), two solutions of absolute EtOH (20 min 

each), and two solutions of xylene (15 min each), prior to infiltration with molten paraffin 

wax (3 baths, 20 min each) and embedding in paraffin wax. Tracheal segments were 

then sectioned at 5 µm onto Superfrost Plus slides, as previously described.   

 

5.2.2.4 Osmium tetroxide fixation  

5.2.2.4.1 Immersion fixation 

In addition to methacarn, OsO4 (dissolved in a non-aqueous vehicle) has also been 

trialled as a suitable non-aqueous fixative to capture the mucus layer in situ  (Donnelley 

et al., 2010; Sims and Horne, 1997; Sims et al., 1991). In initial optimisation 

experiments, tracheal segments were excised from mouse airways and immediately 

immersion-fixed with OsO4 dissolved in the non-aqueous, inert perfluorocarbon 

compound FC-72 (Fluorinertä, 3M, St. Paul, MN) at concentrations ranging from 0.05-

1% and for 5-90 min of fixation. Tracheal segments were then gently rinsed in two 

solutions of 100% FC-72 (10 min each) followed by two solutions of 100% EtOH (10 

min each). Residual FC-72 was removed by subjecting tracheal segments to mild 

vacuum conditions for 3 h. Due to the toxicity of OsO4, all experiments were conducted 

in a fumehood cupboard. Following fixation, tracheal segments were processed to 

paraffin wax under modified conditions (10.5 h processing cycle starting at 100%, 

EtOH; Leica ASP200S automated tissue processer, Leica Microsystems Pty Ltd, North 

Ryde, NSW) and sectioned at 4 µm onto Superfrost Plus glass slides.  

 

5.2.2.4.2 Aerosol exposure to secretagogues and aerosol fixation 

To improve delivery of secretagogues for the stimulation of mucin secretion and 

delivery of OsO4 for fixation of the mucus layer in situ, solutions of ATP (100 mM) or 
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Figure 5.1. An aerosol delivery system. 

A dry block heater set to 37oC (1) encased the tissue flask containing the tracheal 

segment (2). An AeroSonic nebuliser (3) nebulised solutions of interest into an aerosol 

that was ventilated using a SAR ventilator (4) (A). The aerosol stream was ventilated 

directly through the tracheal lumen and collected in the flask (B). 
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vehicle (saline) were aerosolised using the aerosol delivery system, as previously 

described (see Section 5.2.2.1.2), and gently ventilated through the tracheal lumen for 

5 min. Based on results of initial optimisation experiments, a concentration of 0.1% 

OsO4 was selected and aerosolised using a disposable nebuliser driven by 

compressed air and passed through the tracheal lumen for a total period of 5 min. 

Tracheal segments were then gently rinsed in 100% FC-72 and 100% EtOH and 

processed under modified conditions and sectioned at 4 µm onto Superfrost Plus glass 

slides. 

 

5.2.3 PAS staining  

For evaluation of epithelial mucin content and detection of the in situ mucus layer on 

the epithelial surface, slide-mounted tissue sections were stained with PAS (10 mins in 

2% periodic acid, 10 mins in Schiff’s reagent) and counterstained with haematoxylin 

before being dehydrated through ascending EtOH solutions, mounted with DePex, and 

coverslipped, as previously described (see Chapter 2, Section 2.4.2).  

 

Alternatively, tracheal segments flash frozen with liquid nitrogen and embedded in OCT 

were stained with PAS (see above) and then post-fixed with 2% 

paraformaldehyde/picric acid at room temperature for 30 min before mounted with 

Immun-Mount© (Shandon, Pittsburgh, PA), an aqueous glycerol-based mounting 

medium, and sealed with nail polish.  

 

5.2.3.1 Quantification of PAS staining levels and thickness of the mucus layer  

Quantification of the levels of intracellular PAS staining in the tracheal epithelium was 

performed as previously described (see Chapter 2, Section 2.4.3). Individual input 

parameters of the Positive Pixel Count algorithm v9 (within the ImageScope 12.3.0 

program, Aperio Technologies) were adjusted and optimised for each study (Table 

5.2).  

 

To evaluate the capacity of the different fixation techniques to capture the mucus layer 

in situ, the thickness of the PAS-positive mucus layer present on the apical surface of 

the tracheal epithelium was measured based on the quantification approach presented 
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by Sims and Horne (1997). Sites for mucus measurement were identified by placing a 

point in the centre of the tracheal lumen through which six straight lines were drawn 

that connected one side of the trachea to the other; this yielded up to twelve sample 

sites for measurement that were spaced as evenly apart as possible around the 

epithelial layer per tracheal cross-sectional area examined (Figure 5.2). The thickness 

of the mucus layer at these samples sites were subsequently measured (in µm, 

perpendicular to the epithelium) using the ImageScope 12.3.0 program (Aperio 

Technologies) and used for data analysis.  

 

5.2.4 Data and Statistical analysis  

All data are presented as mean ± S.E.M. For time-dependency studies and 

comparisons of the thickness of the mucus layer, data was analysed using a two-way 

ANOVA with post-hoc comparisons (Holm-Sidak). For dose-dependency studies, data 

was analysed using a one-way ANOVA with post-hoc comparisons (Holm-Sidak). All 

photomicrographs were representative of at least 3 mice. 
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Figure 5.2. Measurement of the epithelial mucus layer in situ. 

Numbers represent sample sites (red crosses) for measurements of the thickness of 

the PAS-positive mucus layer made using the ImageScope 12.3.0 program (Aperio 

Technologies). Black bar = 100 µm. 
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Table 5.2. Input parameters for the Positive Pixel Algorithm used to quantify 
levels of PAS staining in the epithelial layer of mouse tracheal sections. 

 

 

 

 

Experiment 
(Chapter section) 

Hue 
(width)  

Saturation 
threshold 

 
Intensity ranges 

 
Weak 
positive 

Positive Strong 
positive  

Time course 
studies (5.2.1.1.1)   0.96 (0.42) 0.09 225-183 186-113 113-0 

Dose-response 
studies (5.2.1.1.2) 0.96 (0.40) 0.09 225-183 183-115 115-0 

Dose-response 
studies in LPS-
perfusion model 
(5.2.1.2.1) 

0.95 (0.45) 0.09 225-183 183-136 136-0 
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5.3 RESULTS  

5.3.1 Reduction in intracellular epithelial mucin stores as an indirect measure of 
mucin secretion   

5.3.1.1 Time-dependency of acrolein and ATP-induced epithelial mucin secretion  

Perfusion of mouse tracheal segments with media for 24 h in the perfusion-superfusion 

system resulted in the formation of intracellular PAS-positive stores of mucin in the 

tracheal epithelium. Following 24 h of perfusion, acute exposure of tracheal segments 

to acrolein (100 µM) reduced the levels of PAS-positive epithelial mucin stores formed 

from 24 h of perfusion in a time-dependent manner (two-way ANOVA). While exposure 

of tracheal segments to acrolein for 5 min did not significantly reduce levels of PAS 

staining compared to saline vehicle controls (7.9 ± 1.6 %SPP vs 9.5 ± 1.5 %SPP, n=4-

5; Figure 5.3 A-B, Figure 5.4 A), stimulation with acrolein for 15 min significantly 

reduced PAS staining levels in the tracheal epithelium (7.3 ± 0.6 %SPP vs 11.2 ± 0.8 

%SPP, n=5, p<0.05; Figure 5.3 C-D, Figure 5.4 A). Intriguingly, whilst stimulation of 

tracheal segments with acrolein for 30 min reduced the levels of PAS staining further 

(3.1 ± 0.6 % SPP, n=7), a similar reduction was also observed with exposure to the 

saline vehicle control for 30 min (1.9 ± 0.6 %SPP, n=7; Figure 5.3 E-F, Figure 5.4 B). 

As such, the effect of a 30 min exposure to acrolein was not able to be distinguished 

from those of the vehicle control. Changes in % SPP were reflected by changes in the 

intensity of SPP (Figure 5.4 B), while the total number of pixels forming the epithelial 

layer did not differ between any of the groups, as expected (Figure 5.4 C).   

 

To compare the mucin secretory effects of acrolein to an established mucin 

secretagogue, mouse tracheal segments were exposed to ATP for the corresponding 

periods of acrolein exposure (5, 15, 30 min) following 24 h of perfusion. In contrast to 

acrolein, stimulation of tracheal segments with ATP for 5 min significantly reduced 

levels of intracellular PAS-positive mucin compared to saline vehicle controls (1.5 ± 0.7 

%SPP vs 9.5 ±1.5 %SPP, n=4-6, p<0.0001; Figure 5.5 A-B, Figure 5.6 A). A similar 

level of reduction was also observed with a 15 min exposure to ATP (2.5 ± 0.7 %SPP 

vs 11.2 ± 0.8 %SPP, n=4-5, p<0.0001; Figure 5.5 C-D, Figure 5.6 A), while the effects 

of a 30 min exposure were unclear due to the confounding effects of the vehicle control 

(1.6 ± 0.7 %SPP vs 1.9 ± 0.6 %SPP, n=6-7; Figure 5.5 E-F, Figure 5.6 A). Thus, it 

appears that mucin secretory responses elicited by ATP were complete within 5 min of 

exposure, in contrast to the 15 min stimulation period required for acrolein to exert its 
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secretory effects. Changes in % SPP were reflected by changes in the intensity of SPP 

(Figure 5.6 B), while the total number of pixels forming the epithelial layer did not differ 

between any of the groups, as expected (Figure 5.6 C).   

 

5.3.1.2 Dose-dependency of acrolein and ATP-induced epithelial mucin secretion  

5.3.1.2.1 Secretion of mucin stores induced by perfusion  

Based on results of aforementioned time-dependency studies, an exposure period of 

15 min was selected to further characterise the dose-dependency of acrolein-induced 

epithelial mucin release. Following 24 h of perfusion with media in the perfusion-

superfusion system, tracheal segments were stimulated for 15 min with increasing 

concentrations of acrolein (25-200 µM, 2-fold increments) or the saline vehicle. Levels 

of PAS staining were reduced by acrolein in a dose-dependent manner, as measured 

by changes in % SPP (Figure 5.7 A) and total intensity of SPP (Figure 5.7 B). 

Interestingly, dose-response curves were U-shaped (biphasic) in nature, with 

increasing concentrations of acrolein eliciting progressively larger reductions in the 

levels of PAS staining from 0 µM up to 100 µM. Concentrations of acrolein that 

exceeded 100 µM produced a smaller reduction in PAS staining levels, reflecting a 

smaller degree of mucin secretion. As expected, the total number of pixels forming the 

epithelial layer were unaffected by acrolein treatment (Figure 5.7 C). When the 

reductions in % SPP were normalised to the reduction elicited by ATP (100 mM, 5 min 

exposure), maximal responses elicited by acrolein were shown to be comparable to 

ATP (1.1 ± 0.5 relative to ATP, n=5; Figure 5.7 D).  

 

5.3.1.2.2 Secretion of LPS-induced mucin 

The dose-dependency of acrolein-induced epithelial mucin secretion was compared to 

a model in which mucin stores had been induced by LPS exposure. Mouse isolated 

tracheal segments were first exposed to LPS for 1 h prior to 24 h of media perfusion, 

which induced a strong mucous metaplasia response (Figure 5.8 A). Following 

perfusion, tracheal segments were stimulated for 15 min with increasing concentrations 

of acrolein (25-200 µM, 2-fold increments) or the saline vehicle. Similar to the dose-

response curve generated by acrolein in which mucin stores had been induced by the 

perfusion-superfusion system alone, levels of PAS-positive, LPS-induced mucin stores 

were reduced by acrolein in a dose-dependent manner, as measured by changes in %
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Figure 5.3. Effect of increasing lengths of acrolein exposure on levels of 
intracellular PAS-positive epithelial mucin in mouse tracheal segments.  

PAS-stained sections of mouse tracheal segments exposed to single dose of acrolein 

(100 µM) for 5 min (B), 15 min (D), or 30 min (F) or vehicle (saline) for 5 min (A), 15 

min (C), or 30 min (E) following media perfusion for 24 h. Black bar = 100 µm.   
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Figure 5.4. Quantification of the effects of increasing lengths of acrolein 
exposure on levels of intracellular PAS-positive epithelial mucin in mouse 
tracheal segments. 

Tracheal segments were exposed to single dose of acrolein (100 µM) or vehicle 

(saline) for 5, 15, or 30 min following media perfusion for 24 h. Percentage of strongly-

stained positive pixels (SPP) (A), the total intensity of SPP (B), and the total number of 

pixels (C) within the epithelial layer were determined using a Positive Pixel Count 

algorithm (Aperio Technologies). Data are presented as mean ± S.E.M (n=4-7). 

*p<0.05 compared to saline control (15 min). 
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Figure 5.5. Effect of increasing lengths of ATP exposure on levels of intracellular 
PAS-positive epithelial mucin in mouse tracheal segments. 

PAS-stained sections of tracheal segments exposed to single dose of ATP (100 mM) 

for 5 min (B), 15 min (D), or 30 min (F) or vehicle (saline) for 5 min (A), 15 min (C), and 

30 min (E) following media perfusion for 24 h. Black bar = 100 µm.   
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Figure 5.6. Quantification of the effects of increasing lengths of ATP exposure on 
levels of intracellular PAS-positive epithelial mucin levels in mouse tracheal 
segments. 

Tracheal segments were exposed to single dose of ATP (100 mM) or vehicle (saline) 

for 5, 15, or 30 min following media perfusion for 24 h. Percentage of strong positive 

pixels (SPP) (A), the total intensity of SPP (B), and the total number of pixels (C) within 

the epithelial layer were determined using a Positive Pixel Count algorithm (Aperio 

Technologies). Data are presented as mean ± S.E.M (n=4-7). ****p<0.0001 compared 

to saline control at respective time points. 
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Figure 5.7. Dose-dependent effects of acrolein on levels of intracellular PAS-
positive epithelial mucin in mouse tracheal segments. 

Effects of increasing concentrations of acrolein (0, 25, 50, 100, 200 µM) exposed to 

tracheal segments for 15 min following media perfusion for 24 h on the levels of strong 

positive pixels (SPP) (A), the total intensity of SPP (B), and the total number of pixels 

(C) within the epithelial layer, as determined using a Positive Pixel Count algorithm 

(Aperio Technologies). The reduction in PAS-positive mucin was normalised to the 

ATP control (100 mM, 5 min) (D). Data are presented as mean ± S.E.M (n=4-9). 

*p<0.05 compared to 0 µM acrolein. 
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Figure 5.8. Dose-dependent effects of acrolein on levels of intracellular PAS-
positive epithelial mucin in mouse tracheal segments exposed to LPS (1 µg ml-1) 
prior to media perfusion for 24 h. 

Effect of increasing concentrations of acrolein (15 min exposure) on the levels of strong 

positive pixels (SPP) (A), the total intensity of SPP (B), and the total number of pixels 

(C) within the epithelial layer, as determined using a Positive Pixel Count algorithm 

(Aperio Technologies). The reduction in PAS-positive mucin was normalised to the 

ATP control (100 mM) (D). Data are presented as mean ± S.E.M (n=3-8). *p<0.05, 

**p<0.01, ***p<0.001 compared to 0 µM acrolein. 
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SPP (Figure 5.8 A) and total intensity of SPP (Figure 5.8 B). Dose-response curves 

were also U-shaped, with increasing concentrations of acrolein producing progressively 

larger reductions in the levels of PAS staining from 0 µM up to 50 µM. Concentrations 

greater than 50 µM produced a smaller reduction in PAS staining levels, reflecting a 

smaller degree of mucin release. As expected, the total number of pixels forming the 

epithelial layer were unaffected by acrolein treatment (Figure 5.8 C). When the 

reduction in % SPP elicited by acrolein was normalised to the maximal reduction 

elicited by ATP (100 mM, 5 min exposure), maximal responses elicited by acrolein (50 

µM) were shown to be smaller than those elicited by ATP (0.39 ± 0.1 relative to ATP, 

n=7; Figure 5.8 D). 

 

In addition to acrolein, the dose-dependency of ATP-induced secretion of mucin 

induced by LPS was also characterised. In contrast to acrolein, dose-response curves 

for ATP were not U-shaped. Rather, increasing concentrations of ATP elicited 

progressively larger reductions in % SPP (Figure 5.9 A) and the intensity of SPP 

(Figure 5.9 B) from 0-100 mM.  As expected, the total number of pixels forming the 

epithelial layer were unaffected by ATP treatment, except for the 100 mM dose of ATP, 

which reduced the total number of pixels (0.82x106 ± 0.07x106 vs 1.22x106 ± 0.07x106, 

n=6-8, p<0.05; Figure 5.9 C).   

 

When the dose-response curve for changes in % SPP elicited by acrolein in which 

mucin stores had been induced by LPS was superimposed over the corresponding 

dose-response curve showing changes in % SPP elicited by acrolein in the perfusion 

model alone, a leftward shift of the curve was observed (ascertained by evaluation of 

the concentration of acrolein that elicited maximum reduction in %SPP; Figure 5.10 A). 

A similar shift was observed in the dose-response curve showing changes in the total 

intensity of SPP (Figure 5.10 B). This indicated that acrolein was a more potent mucin 

secretagogue in the LPS model than in the perfusion model alone. Interestingly, 

although the potency of acrolein was enhanced in the LPS model of mucous 

metaplasia, secretory responses elicited by acrolein, when normalised to the maximal 

response elicited by ATP, were smaller than the perfusion model alone (p<0.05; Figure 

5.10 C). Together, these findings suggest that the mucin secretory responses elicited 

by acrolein vary according to the stimulus of mucous metaplasia.  
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5.3.2 Increases in the in situ mucin layer as a direct measure of mucin secretion  

5.3.2.1 Paraformaldehyde fixation and flash freezing did not capture the mucus 
layer in situ 

To provide a complementary measure of mucin secretion to accompany measurements 

of the reduction in intracellular epithelial mucin levels, several fixation techniques were 

trialled in an attempt to measure direct increases in the mucus layer in situ. Although it 

successfully preserved the histology of mouse tracheal epithelium and intracellular 

PAS-positive mucin stores, immersion-fixation of mouse tracheal segments with 2% 

paraformaldehyde/picric acid failed to reveal the existence of a mucus layer (Figure 

5.11 A, Figure 5.11 C, Figure 5.15). To minimise disruption of the mucus layer by virtue 

of the instillation or immersion processes, both the ATP/saline solutions and the 

paraformaldehyde/picric acid fixative were nebulised into an aerosol form and gently 

ventilated into the lumen of tracheal segments following perfusion with media for 24 h. 

However, this approach was also unsuccessful, as there was no evidence of an in situ 

mucus layer in tracheal segments stimulated or fixed by solutions in an aerosol form 

(Figure 5.11 B, Figure 5.11 D, Figure 5.15).  

 

Tracheal segments instilled with ATP or the saline vehicle and immediately flash frozen 

with liquid nitrogen exhibited poor epithelial morphology. Post-fixation with 

paraformaldehyde/picric acid did not improve the quality of the morphology, as 

epithelial cells appeared swollen and some cells had begun to detach from adjacent 

cells and from the basement membrane (Figure 5.12). As expected, there was no 

quantitative evidence of an in situ mucus layer on the apical surface of the epithelial 

cells (Figure 5.15).   

 

5.3.2.2 The non-aqueous fixative methacarn partially captured the mucus layer in 
situ 

Fixation of tracheal segments stimulated with ATP (100 mM) or the saline vehicle with 

the non-aqueous fixative methacarn resulted in preservation of patches of the mucus 

layer over some areas of the epithelium. Under standard processing conditions, 

tracheal segments stimulated with the saline vehicle following 24 h of media perfusion 

exhibited a thin and sporadic layer of PAS-positive mucin on the apical surface of the 

epithelium (1.2 ± 0.4 µm thick, n=24 sites from 2 tracheae; Figure 5.13 A, Figure 5.15). 
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Figure 5.9. Dose-dependent effects of ATP on levels of intracellular PAS-positive 
epithelial mucin in mouse tracheal segments exposed to LPS (1 µg ml-1) prior to 
media perfusion for 24 h. 

Effect of increasing concentrations of ATP (15 min exposure) on the levels of strong 

positive pixels (SPP) (A), the total intensity of SPP (B), and the total number of pixels 

(C) within the epithelial layer, as determined using a Positive Pixel Count algorithm 

(Aperio Technologies). Data are presented as mean ± S.E.M (n=3-8). *p<0.05, 

***p<0.001 compared to control (0 mM ATP). 
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Figure 5.10. Differences between acrolein-induced secretion of epithelial mucin 
stores formed by perfusion alone or induced in combination with LPS. 

Changes in the % strong positive pixels (SPP) (A), total intensity of SPP (B), and the 

reduction in % SPP normalised to the maximal response elicited by ATP (C) were 

measured. Data are presented as mean ± S.E.M (n=3-8). *p<0.05 compared to 0 µM 

acrolein (-LPS); #p<0.05, ##p<0.01, ###p<0.001 compared to 0 µM acrolein (+LPS). 
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Figure 5.11. PAS-stained sections of mouse tracheal segments fixed with PFA by 
immersion or aerosolisation. 

Control tracheal segments were perfused for 24 h in the perfusion system before 

exposed to a solution of sterile saline and immersion-fixed with paraformaldehyde 

(PFA)(A) or exposed to aerosolised solutions of sterile saline then PFA prior to 

immersion-fixation with PFA (B). Stimulated tracheal segments were perfused for 24 h 

in the perfusion system before exposed to a solution of ATP (100 mM) and immersion-

fixed with PFA (C) or exposed to aerosol solutions of ATP (100 mM) then PFA prior to 

immersion-fixation with PFA (D). Fixation with PFA did not successfully retain the in 

situ mucus layer. Black bar = 100 µm. 

 

24 h perfusion 
then ATP       
(100 mM,        

15 min)   

24 h perfusion 
then saline      

(15 min)   

A 

D 

B 

Aerosolised PFA 
followed by immersion 

Immersion in PFA  

C 




