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Figure 5.12. PAS-stained sections of mouse tracheal segments flash-frozen with 
liquid nitrogen prior to paraformaldehyde fixation post-staining. 

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

exposed to a solution of sterile saline and immediately frozen with liquid nitrogen and 

embedded in Optimal Cutting Temperature embedding medium (A). Stimulated 

tracheal segments were perfused for 24 h in the perfusion system before exposed to a 

solution of ATP (100 mM) and then frozen with liquid nitrogen and embedded in OCT 

(B). Slide-mounted tracheal segments were post-fixed with paraformaldehyde after 

staining. Black bar = 100 µm. 
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Figure 5.13. PAS-stained sections of mouse tracheal segments fixed with 
methacarn and processed under standard or modified conditions. 

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

exposed to a solution of sterile saline and then fixed by immersion with methacarn and 

processed under standard conditions to paraffin wax (A), or processed under modified 

conditions (methanol, ethanol, then xylene) to paraffin wax (B). Stimulated tracheal 

segments were perfused for 24 h in the perfusion system before exposed to a solution 

of ATP (100 mM) prior to being fixed by immersion with methacarn and processed 

under standard (C) or modified (D) conditions. Black bar = 100 µm. 
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It was noted that the presence of intracellular PAS-positive mucin was not as prominent 

as paraformaldehyde-fixed sections. When tracheal segments were stimulated with 

ATP, the presence of a PAS-positive mucin layer was retained on the apical surface, 

although it was not significantly thicker than the layer present on the apical surface of 

the epithelium of tracheal segments treated with the saline vehicle (2.6 ± 0.6 µm vs 1.2 

± 0.4 µm, n=24 sites from 2 tracheae; Figure 5.13 C, Figure 5.15).  

 

When processing of methacarn-fixed tracheal segments was modified based on the 

protocol outlined by Johansson and Hansson (2012), a PAS-positive mucin layer was 

present over more continuous areas of the epithelial surface of saline-treated tracheal 

segments (2.2 ± 0.6 µm, n=24 sites from 2 tracheae; Figure 5.13 B, Figure 5.15). In 

ATP-treated tracheal segments, the presence of a thicker PAS-positive mucin layer 

was evident, but only in specific areas of the apical surface of the epithelium. Thus, the 

mean thickness of the mucin layer was not significantly greater than in the saline-

treated tracheal segments (1.5 ± 0.5 µm vs 2.2 ± 0.6 µm, n=36 sites from 3 tracheae; 

Figure 5.13 D, Figure 5.15).  

 

5.3.2.3 The non-aqueous fixative OsO4 in FC-72 successfully captured the mucus 
layer in situ 

Based on results of optimisation studies in which tracheae were isolated from mouse 

airways and immediately fixed with solutions of OsO4 ranging from 0.05-1% (dissolved 

in FC-72) and for 5-90 min of fixation, fixation with 0.1% OsO4 for a period of 5 min was 

selected as the optimal fixation conditions for preserving the morphology of mouse 

tracheal epithelium. Tracheal segments fixed with 0.05% OsO4 or with concentrations 

greater than 0.1% or for longer periods of fixation were under- and over-fixed, 

respectively (data not shown). In contrast, tracheal segments fixed with 0.1% OsO4 for 

5 min exhibited a continuous PAS-positive mucin layer along the entire circumference 

of the apical surface of the tracheal epithelium (4.3 ± 0.3 µm, 24 sites from 2 tracheae; 

Figure 5.14 A). When tracheal segments perfused with media for 24 h were stimulated 

with a saline vehicle aerosol followed by aerosolised 0.1% OsO4 for 5 min, the in situ 

mucin layer was partially disrupted (0.9 ± 0.5 µm, 12 sites from 2 tracheae; Figure 5.14 

B, Figure 5.15). However, when tracheal segments perfused for 24 h were stimulated 

with an ATP aerosol (100 mM) and subsequently fixed with aerosolised 0.1% OsO4, a 

significantly thicker PAS-positive mucin layer was captured on the apical surface (11.2 

± 1.9 µm vs 0.9 ± 0.5 µm, 24 sites from 2 tracheae, p<0.0001; Figure 5.14 C, Figure 
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5.15). Furthermore, and consistent with mucin release, there was evidence of 

flocculent, PAS-positive material that extruded from the epithelial surface, which was 

not captured with the other fixation approaches.  Thus, among the fixation approaches 

trialled, the combination of delivery of an aerosol secretagogue and aerosolised OsO4 

in FC-72 was the most successful fixation approach to capture the mucus layer in situ 

and the mucin secretory process. 
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Figure 5.14. PAS-stained sections of mouse tracheal segments fixed with 0.1% 
OsO4 in FC-72 by immersion and aerosolisation. 

Trachea were isolated from naïve mouse airways and immersion-fixed with 0.1% OsO4 

(dissolved in FC-72) for 5 min (A). Control tracheal segments were perfused for 24 h in 

the perfusion system before sequential exposure to aerosolised solutions of sterile 

saline and 0.1% OsO4 in FC-72 (B). Stimulated tracheal segments were perfused for 

24 h in the perfusion system before sequential exposure to aerosolised solutions of 

ATP (100 mM) and 0.15% OsO4 in FC-72 (C). Black bar = 100 µm. 
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Figure 5.15. Measurements of the thickness of the in situ PAS-positive mucus 
layer.  

Mouse tracheal segments exposed to saline (vehicle) or ATP (100 mM) following 24 h 

of perfusion with media were fixed with 2% paraformaldehyde (PFA)/picric acid by 

immersion or aerosol, flash frozen, or fixed with methacarn (with standard or modified 

processing), or aerosolised 0.1% OsO4 in FC-72. Slide-mounted sections were stained 

with PAS and the in situ mucus layer present on the apical surface of the epithelium 

measured using the ImageScope 13.2.0 program (Aperio Technologies). Mean ± 
S.E.M thicknesses of the mucus layer are shown (n=2-3). ****p<0.0001 compared to 

saline (vehicle). 
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5.4 DISCUSSION  

In this Chapter, acute acrolein exposure was demonstrated to elicit the secretion of 

epithelial mucin stores from perfused mouse tracheal segments in a time- and dose-

dependent manner. A U-shaped dose-response curve was observed for acrolein, with 

100 µM acrolein eliciting maximal secretory responses. When secretory responses 

were examined for mucin stores induced by exposure to LPS, a leftward shift of the 

dose-response curve was observed, with 50 µM acrolein eliciting maximal secretory 

responses. A U-shaped dose-response curve was not observed for the established 

secretagogue ATP, indicating this was perhaps a characteristic feature of acrolein-

induced mucin secretion. Although a leftward shift of the U-shaped dose-response 

curve for acrolein was observed when mucin stores were induced by LPS, maximum 

secretory responses were smaller in the LPS-perfusion model than the perfusion model 

alone, indicating increased potency but reduced efficacy. Together, these findings 

document the complexity of acrolein-induced mucin secretion and suggest that the 

stimuli of mucous metaplasia influences subsequent secretory responses. Finally, in 

order to develop a more direct approach to measuring mucin secretion, several fixation 

techniques were evaluated for their capacities to capture the mucus layer in situ. 

Following extensive optimisation, fixation of tracheal segments with 0.1% OsO4 

dissolved in the perfluorocarbon FC-72 and delivered in an aerosol form was identified 

as the most successful fixation approach to capturing secretagogue-induced increases 

in the mucus layer in situ.  

 

Acute acrolein exposure has been well-established to stimulate a strong mucous 

secretory response in animals (Burcham et al., 2010c; 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, as these acute respiratory responses have been largely examined 

within an in vivo setting, our understanding of the secretory response has not 

progressed substantially beyond observational evidence of increases in mucus 

secretions deposited into the airway lumen and a number of important questions have 

not been addressed. For example, the profile of acrolein-induced mucin secretion has 

also not been fully characterised in terms of the time- and dose-dependency of 

secretion. Furthermore, whether these secretory responses are dependent on the 

stimuli of mucous metaplasia has not yet been investigated.  
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Perfusion of mouse tracheal segments in the ex vivo perfusion system induced a 

phenotypic shift of the tracheal epithelium to a mucin-producing state that more closely 

reflected the epithelium of human large airways. This phenotypic shift enabled the 

mucin secretory processes to be further examined and several fundamental 

conclusions were made. Firstly, results from this Chapter provided direct evidence that 

the surface epithelium is an important source of mucins secreted in response to acute 

acrolein exposure. As ex vivo tracheal preparations were isolated from mouse airways 

and maintained using the perfusion system, reductions in intracellular epithelial mucin 

levels were able to be measured in isolation from submucosal glands. Secondly, 

results demonstrated that acrolein elicited epithelial mucin secretion in a time-

dependent manner, where increasing lengths of acrolein exposure were associated 

with increasing secretory responses. Thus, the protective mucin secretory response 

likely reflected a regulated and measured response controlled by the activation of 

specific cellular pathways rather than an uncontrolled response to airway insult.  

 

Further characterisation of the acrolein-induced mucin secretory response revealed a 

U-shaped dose-response curve. The concentrations of acrolein examined in this 

Chapter are likely to be relevant to those present in smoke, where acrolein levels have 

been documented to reach the micromolar range (Eiserich et al., 1995). Although PAS 

staining levels were reduced by concentrations of acrolein ranging from 0-100 µM, 

levels were not significantly reduced by exposure to 200 µM acrolein. Importantly, a U-

shaped curve was not observed for ATP-induced mucin secretion, indicating that this 

was a characteristic feature of acrolein-induced secretion and not a general feature of 

the mucin secretory response. Although the mechanisms underlying the U-shaped 

nature of the dose-response curve require further investigation, the differential 

responses to low and high concentrations of acrolein may reflect differences in the 

capacity of the airways to mount a protective response to acrolein. In response to lower 

concentrations of acrolein, mucin secretory responses may have been triggered as a 

protective response to combat subsequent exposure to noxious stimuli, a key function 

of mucin secretion (Davis and Dickey, 2008; Fahy and Dickey, 2010; Thornton et al., 

2008). In contrast, exposure to higher concentrations of acrolein may have 

overwhelmed the protective capacities of the airway and triggered alternative cellular 

mechanisms that lead to tissue injury and an impaired secretory response. 

Alternatively, as acrolein has previously been used as a crossed-linking fixative 

(Flitney, 1966; King et al., 1983; Luquin et al., 2010; Saito and Keino, 1976), it possible 

that higher concentrations of acrolein fixed the tracheal tissue and subsequently 
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prevented any mucin secretory effects from being observed. However, as 

concentrations of acrolein required to elicit a fixative effect are quite high (up to 5% v/v) 

and acrolein has only largely been used within the context of the fixation of neural 

tissue, this explanation remains unlikely. Thus, a switch from a protective mucin 

secretory response to an injurious response is a more likely explanation for the smaller 

mucin secretory response observed with exposure to higher concentrations of acrolein. 

Intriguingly, a similar U-shaped dose-response curve has previously been reported for 

other protective responses evoked by acrolein. For example, acrolein-induced 

activation of glutathione-S-transferase, a conjugating enzyme that protects cells 

against the cytotoxic effects of acrolein by catalysing the conjugation of acrolein with 

glutathione, exhibited a similar U-shape dose-response curve (Monteil et al., 1999). 

Together, these findings provide evidence in support of the postulate that protective 

responses may be elicited by lower concentrations of acrolein but may be 

overwhelmed by higher concentrations of acrolein.  

 

In Chapter 4, a LPS model of mucous metaplasia was established using the ex vivo 

perfusion system as a pathologic model of mucin expression (see Chapter 4, Section 

4.2.3). Using this LPS model, the expression of PAS-positive mucin stores was 

substantially elevated above that produced by the perfusion model alone. Mucin 

secretory responses elicited by acrolein in this LPS model of mucous metaplasia were 

further characterised and compared to those observed in the perfusion system. 

Although U-shaped dose-response curves were observed in both models, results from 

this Chapter revealed a number of key differences between the profile of the secretory 

responses observed in these two models. Firstly, a leftward shift of the U-shaped dose-

response curve was reported, indicating an increased potency of acrolein to elicit 

epithelial mucin secretion in the LPS model. The maximum secretory response was 

elicited by 50 µM acrolein, half the concentration required to elicit the maximum 

secretion of mucin stores formed from perfusion alone. Although the mechanisms 

remain to be fully understood, increases in the sensitivity of the LPS-exposed tracheal 

segments to secrete epithelial mucins in response to lower doses of acrolein may 

reflect a “priming” effect of LPS on the epithelium. Interestingly, whilst LPS may have 

primed the epithelium to mucin secretion, the size of the maximum secretory response 

elicited by acrolein was found (when normalised to the response of ATP) to be smaller 

in magnitude than in the perfusion model alone. This was an unexpected finding, as it 

stands in direct contradiction with findings of the putative relationship between mucin 

store volumes and the capacity for agonist-induced mucin secretion (Zhu et al., 2015). 
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Since epithelial mucin stores were increased by LPS exposure, one might predict that a 

stronger driving force exists for secretagogue-induced mucin secretion in the LPS 

model, resulting in a greater acrolein-induced secretory response. Such predictions 

form, in part, the mechanistic basis of the link between mucous metaplasia and 

mucous hypersecretion in many airway diseases (Adler et al., 2013). However, results 

from this Chapter suggest that a more complex relationship may exist, whereby 

increases in the mucin stores do not necessarily enhance the capacity for agonist-

induced release of those stores. Rather, priming of the mucin secretory response by 

LPS increased the potency of acrolein to elicit secretion without an increase in the 

maximum secretion. Together, these findings document the complexity of the profile of 

acrolein-induced mucin secretion and suggest that differences do exist between 

secretion of mucin stores induced by different stimuli.  

 

Although the profile of acrolein-induced mucin secretion was further characterised in 

both the perfusion model and the LPS-model, the cellular mechanisms through which 

acrolein produces these mucin secretory responses require more investigation. Purine 

nucleotides such as ATP and UTP are powerful mucin secretagogues and appear to be 

the most important secretagogue for the surface epithelium (Fahy and Dickey, 2010). 

There is experimental evidence that nucleotides are secreted in response to a number 

of airway stresses, independent of cytotoxicity. For example, physical stresses such as 

mechanical deformation and shear stress trigger ATP or UTP release from a number of 

cell types, including airway epithelial cells (Lazarowski and Harden, 1999; Sauer et al., 

2000). Moreover, noxious stimuli, including cigarette smoke, have more recently been 

demonstrated to trigger ATP release from human bronchial epithelial cells and in 

murine models via TRP channel activation (Baxter et al., 2014). In view of these 

findings, it is tempting to speculate that airway epithelial cells release ATP upon acute 

acrolein exposure as a stress response, leading to paracrine activation of P2Y2 

receptor-mediated mucin secretion. Future studies that make direct measurements of 

extracellular ATP levels, together with the use of selective P2Y2 receptor antagonists 

such as AR-C118925 (Jacobson et al., 2009; Kemp et al., 2004) and P2Y2 receptor-

deficient mice (Ehre et al., 2007), should help to clarify the role of ATP in acrolein-

induced mucin secretion.  

 

However, even if ATP is identified to be an important mediator, it is unlikely to be the 

sole mediator of mucin secretory responses associated with acute acrolein exposure, 
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since results from this Chapter revealed a number of key differences between the 

profiles of acrolein- and ATP-induced secretion of epithelial stores. Firstly, secretory 

responses elicited by ATP were effectively complete within 5 min of exposure, with no 

differences in secretion levels observed after 5, 15, or 30 min. In contrast, secretory 

responses elicited by acrolein were only observed after 15 min of exposure, indicating 

a slower mechanism of secretion that may or may not involve ATP release, which 

typically occurs fairly rapidly. Secondly, the U-shaped dose-response curves for 

acrolein were not reproduced by ATP, again indicating that an alternative mechanism 

of secretion might be involved. It is possible that higher doses of acrolein failed to 

trigger the release of ATP, although this requires further investigation. Finally, 

differences in the profile of acrolein-induced secretion observed between the perfusion 

model and the LPS model were not mirrored for ATP, as might be predicted if ATP was 

a major mediator in the secretory response. Although they do not provide definitive 

evidence that excludes ATP as a potential mediator of acrolein-induced mucin 

secretion, these findings do raise the possibility that additional mechanisms may be 

involved. 

 

In order to characterise the profile of acrolein and ATP-induced secretion in the 

perfusion model and the LPS model, measurements of the reduction in the levels of 

intracellular PAS staining were made. As a complement to this indirect measure of 

mucin secretion, the final aim of this Chapter involved developing a more direct 

measure of mucin secretion by capturing increases in the mucus layer in situ. These 

measurements provided more definitive histological evidence of the secretory process 

while also revealing the morphological or histological changes that occur at the surface 

of the epithelium at the time of secretion. The first step to making these more direct 

measurements involved identifying and optimising a fixation approach capable of 

preserving the highly delicate and mobile apical layer of mucus that lies atop the 

epithelial layer. 

  

Results from this Chapter demonstrated that the conventional aqueous fixative 

paraformaldehyde failed to capture the mucus layer in situ. This finding supported 

conclusions made by previous studies, whereby use of a range of aqueous fixatives 

(e.g. formalin, aqueous glutaraldehyde) to preserve the mucus layer were met with 

limited success (Sims and Horne, 1997; Sims et al., 1991). Aqueous fixatives likely 

wash away or dissolve the mucus layer during the initial period of fixation more quickly 
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than the mucus layer can be stabilised or fixed, resulting in a loss of the mucus layer. 

In order to minimise disruption of the mucus layer, early studies proposed that delivery 

of aqueous fixatives in an aerosol form, rather than in solution, improved retention of 

the mucus layer on the airway epithelium in naïve animals (Hulbert et al., 1982; Morgan 

et al., 1984; Yoneda, 1976). However, aerosolisation of paraformaldehyde/picric acid 

fixative in this Chapter also failed to capture the mucus layer in situ. As we were 

attempting to capture secretagogue-induced secretion, it is conceivable that delivery of 

the secretagogue, even in an aerosol form, disrupted the mucus layer prior to fixation. 

Alternatively, studies have attributed disruption of the mucus layer to exposure of 

tissues to organic solvents as they are processed to paraffin wax. These studies 

proposed that solvents such as xylene extract the glycolipid content and dehydrate the 

mucus layer and consequently favoured an approach involving flash freezing tissue 

samples prior to embedding in OCT and PAS staining in order to avoid contact with 

organic solvents (Cohen et al., 2012; Jordan et al., 1998). However, results from this 

Chapter demonstrated that flash freezing tracheal segments followed by fixation with 

paraformaldehyde did not successfully preserve the morphology of the epithelial layer 

and therefore were not useful fixation approaches.  

 

Based on our findings that neither aqueous fixatives nor flash freezing were suitable 

approaches to capturing the mucus layer in situ, non-aqueous fixatives were 

subsequently trialled. Fixation of tissue samples with Carnoy’s solution or methacarn 

have been explored as alternatives to aqueous fixatives, having been used 

successfully to preserve the epithelial mucus layer in colon (Johansson et al., 2008; 

Johansson and Hansson, 2012; Matsuo et al., 1997; Ota and Katsuyama, 1992) and 

lung  tissue (Evans et al., 2015).  Although methacarn fixation successfully preserved 

the morphology of tracheal segments and improved retention of the mucus layer in situ, 

results from this Chapter demonstrated that the layer was thin and only sporadically 

present along the epithelial surface. Based on the protocol presented by Johansson 

and Hansson (2012), processing of tracheal samples to paraffin wax was modified to 

avoid contact with aqueous solutions. The mucus layer in these tracheal segments was 

present over more continuous areas of the epithelium, indicating that contact with 

aqueous solutions does in fact disrupt the mucus layer and should therefore be 

avoided. However, ATP stimulation did not increase the overall thickness of the mucus 

layer. Thus, methacarn fixation failed to capture agonist-induced mucin secretion. 
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Based on the improved capacity of non-aqueous fixatives to preserve the mucus layer 

in situ, tracheal segments were then fixed with a second non-aqueous fixative — 0.1% 

OsO4 dissolved in the non-aqueous perflurorocompound FC-72. Fixation of tracheal 

segments with OsO4 dissolved in non-aqueous solvents was first presented as an 

approach for preserving tracheal mucus in rat airways (Sims et al., 1991). This fixation 

approach preserved the tissue morphology and also stabilised mucus glycoproteins. In 

order to visualise the mucus layer, subsequent studies have used OsO4 as a fixative for 

tissues isolated from a range of different species, including rat and guinea pig tracheal 

tissue (Lee et al., 1995; Sims and Horne, 1997), pig intestinal tissue (Allan-Wojtas et 

al., 1997), and human tracheal and bronchial epithelial cells (Vermeer et al., 2003). 

More recently, use of the OsO4 fixative has been extended to successfully capture 

particles deposited onto the tracheal airway surface in mice (Donnelley et al., 2010) 

and for measuring the height of the periciliary layer in human bronchiole biopsies as a 

potential biomarker for assessing the efficacy of therapeutic strategies used to restore 

the periciliary layer in cystic fibrosis (Griesenbach et al., 2011).  

 

Results from this Chapter demonstrated that immersion-fixation of naïve mouse 

tracheal tissue with OsO4 dissolved in FC-72 successfully captured the mucus layer in 

situ. Although fixation with the non-aqueous fixative methacarn partially captured the 

mucus layer, fixation with OsO4 captured the mucus layer along the entire 

circumference of apical surface of the tracheal epithelium, and was clearly a superior 

fixative. The capacity of the OsO4 (in FC-72) fixative to capture the mucus layer in situ 

appears, in part, attributable to several unique physical properties of the 

perfluorocompound solvent. Firstly, the low water solubility of FC-72 facilitated delivery 

of OsO4 to the highly hydrated mucus network, resulting in stabilisation of the mucus 

network. Secondly, the high density of FC-72, coupled to its low viscosity and surface 

tension, allowed mucus surfaces to be evenly coated with OsO4, which could then 

penetrate and fix the mucus without disrupting or extracting the layer (Allan-Wojtas et 

al., 1997). In this Chapter, delivering the OsO4 fixative in an aerosol form further 

minimised disruption of the mucus layer. As such, fixation of ATP-stimulated tracheal 

segments with aerosolised OsO4 dissolved in FC-72 successfully captured increases in 

the thickness of the apical mucus layer as well as flocculent material that extruded from 

the epithelial surface, providing morphological insight into the secretory process. Thus, 

for the first time, a fixative approach was demonstrated not only to preserve the mucus 

layer in naïve tissue but also successfully capture secretagogue-induced secretory 

processes in situ. An obvious and important application of this approach for future 

studies is its use for capturing acrolein-induced mucin secretory responses in situ, 
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which would provide a complementary approach to the indirect measurements of 

secretion made in the first part of this Chapter. Moreover, in using a direct approach, 

further morphological insights into the secretory response may be revealed. Future 

studies should also measure %SPP to determine whether changes in the thickness of 

the apical mucus layer correlate with a decrease in intracellular mucin levels. In 

addition to acrolein, the secretagogue activity of other endogenous or exogenous 

agonists could be directly examined. Conversely, the capacity of pharmacological 

agents to inhibit the secretory process could also be examined using this more direct 

approach.   
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5.4.1 Major Findings 

In summary, the data obtained in Chapter 5 demonstrated that:  

1. Acute acrolein exposure elicited secretion of epithelial mucin stores formed from the 

perfusion of tracheal segments in the perfusion system in a time- and dose-

dependent manner, as assessed by a reduction in the levels of intracellular PAS 

staining. Characterisation of the dose-response curve of acrolein revealed a U-

shaped curve.  

 

2. Acute acrolein exposure also elicited secretion of epithelial mucin stores induced in 

an LPS model of mucous metaplasia. A leftward shift of the dose-response curve 

was observed, indicating an increase in the potency of acrolein to induce mucin 

secretion in this system. However, maximum secretory responses elicited by 

acrolein were smaller in the LPS model compared with the perfusion model alone. 

Therefore, although LPS increased the sensitivity of the epithelium to mucin 

secretion, secretory responses elicited by acrolein in the LPS model were smaller 

than in the perfusion model.  

 

3. Comparison of the mucin secretory responses elicited by acrolein to those elicited 

by the established secretagogue ATP revealed a number of key differences: 

(i) ATP-induced mucin secretory responses were complete within 5 min of 

exposure, while acrolein-induced secretion required 15 min  

(ii) In contrast to acrolein, the dose-response curve for ATP was not U-shaped 

but sigmoidal in shape 

(iii) In contrast to acrolein, maximum secretory responses elicited by ATP in the 

LPS model were comparable to the perfusion model alone 

Taken together, these differences suggest that ATP may not be a major cellular 

mediator of acrolein-induced mucin secretory responses, although additional studies 

are required.  

 

4. In an attempt to examine the secretory responses more directly by capturing the 

mucus layer in situ, aqueous fixatives and flash freezing of tracheal samples were 

not shown to be useful fixation approaches as they failed to preserve the mucus 

layer.   
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5. Non-aqueous fixatives, including methacarn and OsO4 dissolved in FC-72, more 

successfully preserved the mucus layer than aqueous fixatives, which was then 

shown to be increased by ATP. The combination of aerosol delivery of the 

secretagogue and aerosolised OsO4 in FC-72 was the most successful fixation 

approach to capture the mucus layer in situ.  
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 SECRETION OF BRONCHOACTIVE MEDIATORS ELICITED BY 
ACUTE ACROLEIN EXPOSURE  

 

6.0 PREAMBLE 

In Chapter 5, acrolein elicited a mucin secretory response from the epithelium of 

mouse isolated tracheal segments. In addition to mucins, the airway epithelium is an 

essential source of other cellular mediators that may also be secreted in response to 

acrolein, including those that possess important bronchoactive properties. Although 

distinct responses, mucin secretion and changes in bronchomotor tone are functionally 

linked by their roles in the regulation of airway lumen size, and together are important 

determinants of airway resistance. Collectively, these responses form a crucial part of 

lung defence against acrolein.  

 

The airway epithelium does not function in isolation of the surrounding airway 

structures. Clearly, bronchoactive mediators synthesised and secreted by the 

epithelium target neighbouring smooth muscle cells in order to effect their responses. 

Furthermore, secretion of these bronchoactive mediators from the epithelium may be 

under direct modulation of additional airway structures, including the airway sensory 

nerves, and a bi-directional interaction may exist (see Chapter 1, Section 1.4). To fully 

appreciate the complexity of epithelial secretory responses, it is important to consider 

the different airway structures involved in effecting downstream responses, as well as 

the interplay that exists between them; this was further explored in the present 

Chapter.  

 

6.1 INTRODUCTION  

6.1.1 Epithelium-dependent modulation of airway smooth muscle tone: role of 
prostaglandins   

As discussed in Chapter 1 (Section 1.2.3), the epithelium is an important source of 

bronchoactive mediators. A class of bronchoactive mediators that has been extensively 

characterised are the prostaglandins (PG), a group of 10-carbon fatty acids 

synthesised from arachidonic acids derived from the hydrolysis of membrane 
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phospholipids by phospholipase A2. Arachidonic acid is converted to PGG2 then to 

PGH2 by the cycloxygenase (COX) enzymes, of which there are two known subtypes, 

COX-1 and COX-2. Subsequent conversion of the unstable PGH2 intermediate into one 

of four PGs (PGD2, PGE2, PGF2α, PGI2) or thromboxane (TXA2) by cell-specific 

synthases generates bioactive mediators that have diverse roles in modulating airway 

smooth muscle tone and exert a multiplicity of effects (Clarke et al., 2009; Tang and 

Vanhoutte, 2009). The existence of different target receptors that are coupled to 

distinct intracellular signalling pathways provides a molecular basis for the contractile 

and relaxant properties of these mediators (Figure 6.1).  

 

Due in part to its ability to exert both a contractile and relaxant effect on the airways via 

activation of different EP receptors, PGE2 has attracted attention as a bronchoactive 

prostanoid (Ruan et al., 2011). The effects of PGE2 on airway smooth muscle tone 

have been characterised in several mammalian species including mouse, rat, guinea 

pig, and human (Cocks et al., 1999; FitzPatrick et al., 2014; Peters and Henry, 2009). 

EP2 and EP4 are G protein-coupled receptors whose activation results in an elevation of 

intracellular cAMP and consequential bronchodilation (Fortner et al., 2001; Sheller et 

al., 2000; Tilley et al., 2003b). In contrast, the EP1 and EP3 receptors are predominantly 

coupled to Ca2+ mobilisation and are therefore associated with contractile responses 

(Nayurumi, 1999). These functional roles have been consolidated by studies that have 

examined the responses of EP1-, EP2-, EP3-, and EP4-deficient mice to aerosolised 

PGE2 (Tilley et al., 2003b). In these studies, PGE2 evoked a bronchial contractile 

response that was diminished in EP1- and EP3-deficient mice and attenuated by pre-

treatment with atropine, but was unaffected in EP2-deficient mice. In contrast, PGE2 

elicited a relaxation response in anaesthetised mice and denervated tracheal tissue 

that was absent in EP2-deficient mice (Fortner et al., 2001; Tilley et al., 2003b). Taken 

together, these findings suggested that PGE2 elicits a contractile response through an 

indirect neural mechanism via EP1 and EP3 activation, but is also capable of eliciting a 

relaxation response via EP2 receptor activation in mouse airways. In human airways, 

PGE2-induced relaxation appears to be mediated by EP4 receptor activation (Benyahia 

et al., 2012; Buckley et al., 2011).  
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Figure 6.1. Prostaglandin production by epithelial cells and target receptors that 
mediate contractile or relaxation responses.  

Phospholipase A2 (PLA2) catalyses the hydrolysis of membrane phospholipids to 

arachidonic acid, which is subsequently converted to PGG2 and then PGH2 by 

cyclooxygenase (COX). PGH2 is then converted by cell-specific synthases to a range of 

spasmogenic and spasmolytic mediators.  

Epithelial cell 
Phospholipids 

PLA2 Arachidonic acid 

PGG2 

PGH2 

COX 

TxA2 PGF2α PGE2 PGI2 PGD2 

TP FP EP1 EP3 EP2 EP4 IP DP 

↑[Ca2+]i		

CONTRACTION 

↑[cAMP]i  

RELAXATION 

Smooth 
muscle 
cell 

CELL-SPECIFIC SYNTHASES 





ACROLEIN-INDUCED SECRETION OF BRONCHOACTIVE MEDIATORS ⑥ 
  

 
257 

6.1.2 Maintaining the balance between airway opening and closure 

A number of protective respiratory reflexes of the lungs are mediated by sensory 

nerves and involve changes in bronchomotor tone that have a profound influence on 

airway calibre. Responses elicited independently of changes in airway smooth muscle 

tone may also influence airway lumen size, including vasodilation (Martling et al., 1988) 

and increased vascular permeability (McDonald et al., 1988). Together, these reflexes 

reduce airway lumen size and limit further inhalational exposure to airborne irritants. 

Currently, the prevailing dogma is that respiratory reflexes such as bronchoconstriction 

and reduced tidal volume limit further inhalation of irritants while additional reflexes 

such as bronchial vasodilatation and cough promote their removal.  

 

The respiratory reflexes that are elicited by sensory nerves must be tightly regulated 

and carefully balanced. If left unmodulated, the neuropeptides involved in mediating 

these protective reflexes may contribute to the pathogenesis of respiratory disease. 

Notably, sensory neuropeptides have been implicated in the pathogenesis of asthma 

(Barnes, 1992; Barnes, 2001), where excessive activation of target receptors produces 

inappropriate reflex responses associated with neurogenic inflammation, including 

excessive bronchoconstriction (Belvisi, 2003b). Achieving a balance between the 

protective and pathological effects of neuropeptides appears to involve regulation by 

the “sensory nerve inhibitory system”, which protects the airways from excessve 

neurogenic activity and uncontrolled airway lumen narrowing (Szarek and Spurlock, 

1997; Szarek et al., 1998). Although less well-characterised than the excitatory arm, 

the inhibitory arm of the sensory nerve system produces bronchodilatory responses 

involving the co-ordinated actions of sensory nerves and the airway epithelium, which 

is an important source of bronchoactive prostanoids. For example, the bronchodilatory 

response elicited by capsaicin in rodent airways involves sequential activation of 

TRPV1 on sensory C-fibres, local (peripheral) release of substance P (SP), and 

activation of epithelial neurokinin receptors. This process culminates with the 

generation and release of the spasmolytic COX-derived product PGE2, activation of 

EP2 smooth muscle receptors, and bronchodilation (Manzini, 1992; Szarek et al., 1998; 

Taylor et al., 2012). Through this inhibitory system, bronchomotor tone is carefully 

regulated and a balance between the levels of airway opening and closure is achieved 

(Prakash, 2013). Although well-characterised for capsaicin, this protective 

bronchodilatory response has not yet been explored for other airborne irritants, such as 

acrolein.  
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6.1.3 Known effects of acrolein on airway smooth muscle tone 

As a highly noxious irritant, acrolein elicits a number of acute sensory nerve responses 

via activation of central and local axonal pathways (Burcham et al., 2010c). In addition 

to cough and a depression in the respiratory rate, acute acrolein exposure evokes 

reflexes that involve changes in airway smooth muscle tone. In animal studies, 

exposure to acrolein produced dose-dependent increases in pulmonary resistance in 

guinea pigs (Leikauf et al., 1989; Turner et al., 1993) and evoked bronchoconstriction 

in guinea pig isolated bronchi via a TRPA1-dependent mechanism (Andrè et al., 2008). 

The primary mechanisms underlying this bronchoconstrictor response involve a 

combination of reflex cholinergic pathways and the local axonal release of 

neuropeptides. Longstanding work established that acrolein-induced 

bronchoconstrictor responses were sensitive to atropine (Murphy et al., 1963) and in 

subsequent studies, they were demonstrated to be inhibited by capsaicin pre-treatment 

yet potentiated by thiorphan, implicating involvement of capsaicin-sensitive C-fibres in 

the response (Turner et al., 1993). Furthermore, acrolein was demonstrated to initiate 

the release of neuropeptides including SP and calcitonin gene-related peptide (CGRP), 

and bronchoconstriction was inhibited by NK1 and NK2 receptor antagonists (Andrè et 

al., 2008; Kichko et al., 2013; Springall et al., 1990). Collectively, these findings 

suggested that both cholinergic and tachykinergic (sensory C-fibre) pathways mediate 

acrolein-induced reflex bronchoconstriction.  

 

In addition to producing bronchoconstriction directly, there is evidence that acrolein can 

promote airway hyperresponsiveness (AHR) to other spasmogenic stimuli. Early 

studies demonstrated that prior exposure to acrolein increased the responsiveness of 

guinea pig airways to acetylcholine in a dose-dependent manner and as early as 1 h 

post-exposure (Leikauf et al., 1989). Hyperresponsiveness in additional mammalian 

species such as rat and ferret has since been reported in response to a number of 

other stimuli, including neuropeptides (Ben-Jebria et al., 1995; Ben-Jebria et al., 1993). 

Although the mechanisms remain incompletely understood, airway wall oedema and 

mucus secretion produced by acrolein exposure are thought to promote AHR (Burcham 

et al., 2010c).   
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6.1.4 Chapter aims 

Currently, the effects of acrolein on bronchomotor tone have been characterised within 

the context of its capacity to evoke reflex bronchoconstriction and promote AHR. The 

mechanisms through which the airways regulate these bronchoconstrictor responses 

via the “sensory nerve inhibitory system” in order to maintain a balance between airway 

opening and closing have not yet been examined. Furthermore, involvement of the 

airway epithelium as a source of bronchoactive mediators, or involvement of additional 

regulatory structures such as airway sensory nerves, in mediating potential relaxant 

effects of acrolein are completely unknown. Thus, the principal aim of the work 

described in this Chapter was to characterise acrolein-induced changes in mouse 

tracheal smooth muscle tone within the context of the “sensory nerve inhibitory system” 

and the secretion of spasmolytic prostanoids from the epithelium. Specifically, 

experiments aimed:  

1. To determine the effect of acute acrolein exposure on mouse isolated tracheal 

smooth muscle tone.  

 

2. To determine the effects of additional activators of TRPA1, namely 

crotonaldehyde, cinnamaldehyde, allyl isothiocyanate (AITC), on mouse isolated 

tracheal smooth muscle tone.  

 

3. To characterise acrolein-induced bronchodilation by examining whether responses 

exhibited:  

(i) a dose-dependent relationship 

(ii) regional differences between upper and lower tracheal segments 

 

4. To elucidate the mechanisms underlying acrolein-induced relaxation responses by 

evaluating:  

(i) Effects of HC-030031 and AP-18 on acrolein-induced bronchodilation, to 

evaluate the role of TRPA1 channel activation in the relaxation response 

(ii) Effects of exogenous SP and CGRP on tracheal smooth muscle tone, to 

evaluate the role of these neuropeptides in acrolein-induced 

bronchodilation  

(iii) Effect of RP-67580 on acrolein-induced bronchodilation, to evaluate the 

role of the NK1 receptor activation in the relaxation response 

(iv) Effect of CGRP (8-37) on acrolein-induced bronchodilation, to evaluate 

the role of the CGRP receptor in the relaxation response 
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(v) Effect of PF-04418948 on acrolein-induced bronchodilation, to evaluate 

the role of EP2 receptor activation in the relaxation response 

 

5. To determine the role of prostanoids secreted by the airway epithelium in 

mediating acrolein-induced relaxation by evaluating the effect of the non-selective 

COX−inhibitor indomethacin on relaxation responses, as well as quantifying levels 

of PGE2 secreted by the epithelium.   
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6.2 METHODS 

6.2.1 Isolation of mouse tracheal segments  

Tracheal segments were isolated from male, 7-8 wk-old BALB/c mice, as previously 

described (see Chapter 2, Section 2.3.1). Isolated tracheal segments were then flushed 

with Krebs solution before carefully bisected into upper and lower segments. Following 

bisection, tracheal segments were mounted in an organ bath system for isometric 

tension recording studies and the viability tested, as previously described (see Chapter 

2, Section 2.5). All concentrations listed referred to final concentration of the agent in 

the bath.   

 

6.2.2 Isometric tension recording studies 

6.2.2.1 Relaxation responses to bolus doses of acrolein and additional TRPA1 
channel activators  

Because mouse tracheal smooth muscle does not exhibit inherent airway tone, it was 

necessary to pre-contract tracheal segments with a spasmogen in order to examine 

subsequent relaxation responses. Therefore, viable tracheal preparations were pre-

contracted with carbachol (0.3 µM) to 60-80% Cmax and upon reaching a plateau level 

of contracture, preparations were exposed to a single bolus dose acrolein (30 µM), or 

additional TRPA1 channel activators including crotonaldehyde (100 µM), 

cinnamaldehyde (500 µM), or AITC (100 µM), and the relaxation response recorded. 

As differences in regional sensitivity to C-fibre-activating compounds have been 

reported in mouse trachea (Taylor et al., 2012), upper and lower mouse tracheal 

segments were examined separately. All relaxation responses were expressed as % R, 

where 100% R represented a full reversal of the carbachol pre-contraction. 

 

6.2.2.2 Dose-response curves to acrolein  

For construction of dose-response curves to acrolein, viable tracheal preparations 

(upper and lower segments) were pre-contracted using carbachol (0.3 µM) to 60-80% 

Cmax and upon reaching a plateau level of contracture, preparations were exposed to a 

bolus dose of acrolein and the relaxation response recorded. Preparations were then 

washed and rested for 15 min and the processes of carbachol pre-contraction and 

acrolein exposure were repeated. In preliminary studies, the magnitude of the 

relaxation responses produced by two sequential doses of acrolein was not 
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significantly different, indicating no appreciable desensitisation using this protocol (data 

not shown). By administering different combinations of acrolein concentrations to 

individual tracheal preparations (typically 1 µM followed by 10 µM, or 3 µM followed by 

30 µM, or 100 µM alone), dose-response curves were generated for acrolein (1-100 

µM, half-log increments).  

 

6.2.2.3 Antagonist studies to characterise acrolein-induced relaxation responses 

To elucidate the mechanisms underlying acrolein-induced relaxation of mouse tracheal 

smooth muscle, viable tracheal preparations (upper and lower segments) were 

incubated with an array of inhibitors and antagonists, including AP-18 (30 µM; selective 

TRPA1 channel inhibitor), HC-030031 (20 µM; selective TRPA1 channel inhibitor), RP-

67580 (20 nM; NK1 receptor antagonist), indomethacin (5 µM; non-selective COX 

inhibitor), or PF-04418948 (100 nM; EP2 receptor antagonist), or their respective 

vehicles (0.02% EtOH or 0.02% dimethyl sulfoxide (DMSO)) for 20 min prior to pre-

contraction with carbachol (0.3 µM) and exposure to a single bolus dose of acrolein (30 

µM).  

 

In negative control experiments, tracheal preparations were incubated with 

capsazepine (3 µM; TRPV1 channel inhibitor) for 20 min prior to pre-contraction with 

carbachol (0.3 µM) and then exposed to acrolein (30 µM). This process was repeated 

in separate tracheal preparations with a bolus exposure to capsaicin (10 µM) to confirm 

the inhibitory effects of the selected capsazepine concentration. In addition, separate 

tracheal preparations were incubated with CGRP 8-37 (1 µM; CGRP1 receptor 

antagonist) for 20 min prior to pre-contraction with carbachol (0.3 µM) and exposure to 

acrolein (30 µM).  

 

6.2.2.4 Antagonist studies to characterise exogenous SP- and CGRP-induced 
relaxation responses 

To evaluate the spasmolytic activity of SP, viable tracheal preparations (upper and 

lower segments) were pre-contracted with carbachol (0.3 µM) and upon reaching a 

plateau level of contracture were exposed to bolus doses of exogenous SP (1 nM SP 

for upper segment, 0.1 nM SP for lower segment). To identify the receptor(s) mediating 

SP-induced bronchodilation, the process of incubation of tracheal preparations with 

AP-18 (30 µM), HC-030031 (20 µM), RP-67580 (20 nM), or PF-04418948 (100 nM), or 
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their respective vehicles (0.02% EtOH or 0.02% DMSO) for 20 min prior to pre-

contraction with carbachol (0.3 µM) was conducted for separate viable tracheal 

preparations prior to exposure to a single bolus dose of SP (1 nM for upper segments, 

0.1 nM for lower segments). 

 

In separate experiments, the spasmolytic activity of CGRP was evaluated by pre-

contracting viable tracheal preparations with carbachol (0.3 µM) prior to sequential 

exposure to 10, 100, and 1000 nM CGRP (bolus doses). Responses elicited by CGRP 

were compared to those elicited by SP.  

 

6.2.2.5 Antagonist studies to characterise exogenous PGE2-induced relaxation 
responses 

To evaluate the spasmolytic activity of PGE2, viable tracheal preparations (upper and 

lower) were pre-contracted with carbachol (0.3 µM) and upon reaching a plateau level 

of contracture, cumulative dose-response curves (CDRCs) were generated for 

exogenous PGE2 (0.003-3 µM, half-log increments). To identify the receptor(s) 

mediating PGE2-induced bronchodilation, the process of incubation of viable tracheal 

preparations with AP-18 (30 µM), HC-030031 (20 µM), RP-67580 (20 nM), or PF-

04418948 (100 nM), or their respective vehicles (0.02% EtOH or 0.02% DMSO) for 20 

min prior to pre-contraction with carbachol (0.3 µM) were conducted for separate 

tracheal preparations prior to generation of CDRCs to PGE2 (for inhibitors in EtOH 

vehicle, 0.003-3 µM, half-log increments; for inhibitors in DMSO vehicle, 0.003-10 µM, 

half-log increments).  

 

6.2.3 Quantitation of PGE2 release 

To measure acrolein-induced secretion of PGE2 from the epithelium, tracheal segments 

were isolated from mice and mounted in 2 ml organ baths filled with Krebs solution, as 

previously described (see Chapter 2, Section 2.5). Viable tracheal segments were then 

washed with fresh Krebs solution to remove existing PGE2 in solution prior to pre-

contraction with 0.3 µM carbachol (5 min) and exposure to a single bolus dose of 

acrolein (30 µM) or a saline control (0.9%) for 10 min. For some preparations, 

segments were first exposed to HC-030031 (20 µM) or vehicle (0.02% DMSO) for 20 

min before pre-contraction and exposure to acrolein. Relaxation responses were 
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recorded before the entire bathing fluid was collected, frozen, and stored at -80oC until 

analysed using a commercial EIA kit according to the manufacturer’s instructions (no. 

514010, Cayman Chemical Co., Ann Arbor, MI). In brief, 50 µl of the thawed bathing 

fluid or PGE2 standards were loaded into a 96-well plate coated with a goat polyclonal 

anti-mouse IgG and blocked with a propriety formulation of proteins, then incubated 

with a PGE2 monoclonal antibody and PGE2 tracer at 4oC for 18 h. Wells were then 

washed thoroughly with buffer in five successive washes before development with 200 

µl Ellman’s Reagent and 5 µl tracer for 150 min at room temperature in the dark under 

gentle shaking conditions. Optical absorbance was read at 410 nm using a 

spectrophotometer (POLARstar Optima microplate reader, BMG labtech, Ortenberg, 
Germany). As specified by the manufacturer, the assay has a detection limit of 15 pg 

ml-1 and an extremely high specificity for PGE2 (and PGE2 metabolites), exhibiting low 

cross-reactivity (<0.01%) with other common prostanoids. Levels of PGE2 were 

expressed in terms of pg of PGE2 released by tracheal segments over a 15 min period. 

 

6.2.4 Data and Statistical analysis  

All data are presented as mean ± S.E.M. Relaxation (% R) data and PGE2  quantitation 

data were analysed by one- or two-way ANOVA with post-hoc comparisons (Holm–

Sidak method) and Student’s t-test (two-tailed, unpaired), where appropriate. The 

correlation between PGE2 levels and relaxation responses produced was analysed 

using the Pearson correlation coefficient.  
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6.3   RESULTS  

6.3.1 Effect of acrolein and additional TRPA1 activators on airway smooth muscle 
tone in pre-contracted mouse tracheal segments  

Acute acrolein exposure (30 µM) evoked a distinct relaxation response in pre-

contracted mouse tracheal segments (Figure 6.2). Additional TRPA1 activators 

crotonaldehyde (500 µM), cinnamaldehyde (500 µM), and AITC (100 µM) evoked 

similar relaxation responses, with peak relaxation observed within 1 min of 

administration (Figure 6.2). The relaxation response produced by 30 µM acrolein was 

similar in magnitude to those produced by the other TRPA1 activators administered at 

higher concentrations (100-500 µM). Responses to all four TRPA1 activators were 

significantly larger in lower tracheal segments than in the upper tracheal segments 

(Table 6.1).  

  

6.3.2 Characterisation of acrolein-induced relaxation responses  

6.3.2.1 Acrolein-induced relaxation responses exhibited a dose-dependent 
relationship and regional potency differences  

To further characterise acrolein-induced relaxation responses, bolus dose-response 

curves were generated (1-100 µM, half-log increments) from which a dose-dependent 

relationship to acrolein was established (Figure 6.3). Differences were not observed 

between the maximal relaxation responses induced by the highest concentration of 

acrolein tested (100 µM) in upper and lower tracheal segments (58 ± 8% vs 71 ± 6%, 

n=5 mice, p>0.05). In contrast, responses evoked by a mid-range concentration of 

acrolein (10 µM) were significantly greater in lower segments than in upper segments 

(53 ± 12% vs 24 ± 11%, n=5-7, p<0.05), indicative of regional differences in sensitivity 

to acrolein.  

 

6.3.3 Pharmacological characterisation of the mechanisms underlying acrolein-
induced relaxation responses  

6.3.3.1 Effect of TRPA1 and TPRV1 channel inhibitors on acrolein-induced 
relaxation responses  

Through use of selective inhibitors and antagonists, the mechanisms underlying the 

relaxation response elicited by acrolein were further characterised. Relaxation 
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responses elicited by 30 µM acrolein were inhibited by a number of selective TRPA1 

inhibitors. Crucially, pre-treatment with the selective TRPA1 channel inhibitor AP-18 

(30 µM) attenuated relaxation responses by greater than 90% (relative to the EtOH 

vehicle) in lower tracheal segments (p<0.001; Figure 6.4). In addition, HC-030031 (20 

µM) significantly inhibited acrolein-induced relaxant responses (relative to the DMSO 

vehicle) and by greater than 90% in upper tracheal segments (p<0.001; Figure 6.4, 

Table 6.2). In contrast, acrolein-induced relaxation responses were unaffected by 

capsazepine, a selective inhibitor of the TRPV1 channel (Figure 6.5, Table 6.2). 

Capsazepine was confirmed to inhibited relaxation responses evoked by capsaicin (10 

µM) (p<0.05; Figure 6.5, Table 6.2). The effects of AP-18, HC-030031 and 

capsazepine on acrolein-induced relaxation responses observed in upper tracheal 

segments were largely comparable to those observed in lower tracheal segments 

(Figure 6.4, Figure 6.5, Table 6.2).  

 

6.3.3.2 Effect of NK1 and CGRP receptor antagonists on acrolein-induced 
relaxation responses  

Acrolein-induced relaxation responses were also suppressed by modulation of 

receptors downstream of TRPA1 channel activation. Relaxation responses to 30 µM 

acrolein were suppressed by the potent NK1 receptor antagonist RP-67580 (20 nM) 

(p<0.05 in upper segments, p<0.001 in lower segments; Figure 6.4, Table 6.2). In 

contrast, responses to 30 µM acrolein were unaffected by the CGRP receptor 

antagonist CGRP 8-37 (1 µM) (Figure 6.6, Table 6.2).  

 

6.3.3.3 Effect of an EP2 receptor antagonist on acrolein-induced relaxation 
responses 

Acrolein-induced relaxation responses were significantly inhibited by the novel EP2 

receptor PF-04419848 (100 nM) in both upper and lower tracheal segments (Figure 

6.4, Table 6.2). 

 

6.3.3.4 Effect of TRPA1, NK1 and EP2 receptor antagonists on exogenous 
Substance P-induced relaxation responses 

Exogenous SP produced distinct relaxation responses in pre-contracted tracheal 

segments. Pronounced differences between the potency of SP in lower and upper 
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Figure 6.2. Relaxation responses elicited by TRPA1 channel activators. 

Representative isometric tension recordings of relaxation responses evoked by the 

TRPA1 activators acrolein (30 µM), crotonaldehyde (100 µM), cinnamaldehyde (500 

µM), and allyl isothiocyanate (AITC, 100 µM) in mouse isolated lower tracheal smooth 

muscle preparations pre-contracted with 0.3 µM carbachol 
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Figure 6.3. Bolus dose-response curves to acrolein in upper and lower mouse 
tracheal segments. 

Data are presented as mean ± S.E.M (n=4−7). *p<0.05 compared to response evoked 

by acrolein at corresponding concentrations in upper segments. 
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Figure 6.4. Effects of AP-18 (30 µM), RP-67580 (20 nM), HC-030031 (20 µM) and 
PF-04418948 (100 nM) on acrolein-induced relaxation responses in upper (A, B) 
and lower (C, D) mouse tracheal segments.  

Data are presented as mean ± S.E.M (n=3−9). *p<0.05, **p<0.001, **p<0.001 

compared to respective vehicles. 
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Figure 6.5. Effect of capsazepine (3µM) on acrolein-induced relaxation responses 
(A) and capsaicin-induced relaxation response (B) in upper and lower mouse 
tracheal segments.  

Data are presented as mean ± S.E.M (n=3−9). *p<0.05 compared to the response 

produced by capsaicin (10 µM) alone.   

 

A 

B 





ACROLEIN-INDUCED SECRETION OF BRONCHOACTIVE MEDIATORS ⑥ 
  

 
275 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Effect of CGRP 8-37 (1 µM) on acrolein-induced relaxation responses 
in upper and lower mouse tracheal segments. 

Data are presented as mean ± S.E.M (n=3−9).   
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Table 6.1. Relaxation responses induced by TRPA1 channel activators in upper 
and lower mouse tracheal segments. 

Structural similarities are highlighted in red.  

 

 

TRPA1 activator 
(concentration) 

Chemical 
structure 

Properties and 
sources Region (n) Relaxation (%) 

Acrolein 
(30 µM)  

Highly electrophilic 
α,β- unsaturated 
aldehyde, volatile and 
prevalent component 
of organic smoke 

Upper (7) 37 ± 7 

Lower (4) 68 ± 11 

Crotonaldehyde 
(100 µM)  

Electrophilic  α,β- 
unsaturated aldehyde, 
volatile component of 
smoke 

Upper (5) 30 ± 7 

Lower (4) 47 ± 8 

Cinnamaldehyde 
(500 µM)  

Electrophilic derivative 
of acrolein, major 
pungent ingredient in 
cinnamon  

Upper (6) 15 ± 4 

Lower (5) 24 ± 7 

Allyl 
isothiocyanate 
(100 µM) 

 
Electrophilic, major 
pungent ingredient in 
mustard and wasabi  

Upper (5) 32 ± 8 

Lower (4) 52 ± 11 

     





ACROLEIN-INDUCED SECRETION OF BRONCHOACTIVE MEDIATORS ⑥ 
  

 
279 

 

Table 6.2. Effects of selected inhibitors and antagonists on relaxation responses 
induced by acrolein, capsaicin and substance P in mouse tracheal segments 

 

 

Agonist 
(concentration) 

Treatment 
(concentration) Notes Region (n) Relaxation (%) 

Acrolein 
(100 µM) 

 None  − 
Upper (4) 58 ± 9 

Lower (4) 69 ± 6 

Indomethacin      
(5 µM) 

Non-selective 
cyclooxygenase 
inhibitor 

Upper (4) -3 ± 1a 

Lower (4) -0.5 ± 2a 

Acrolein  
(30 µM)    

None − 
Upper (4) 18 ± 1 

Lower (3) 33 ± 1 

CGRP (8-37) 
(human) (1 µM) 

Peptide CGRP1 
antagonist   

Upper (4)  13 ± 3 

Lower (4) 33 ± 7- 

EtOH  
(0.02%, vehicle) 

Vehicle for AP-18,   
RP-67580 

Upper (8) 37 ± 5 

Lower (8) 36 ± 5 

AP-18 (20 µM) Selective TRPA1 
channel blocker 

Upper (3) 10 ± 7b  

Lower (3) 3 ± 1d  

RP-67580   
(20 nM) 

Selective NK1 
receptor antagonist 

Upper (8)  17 ± 6b 

Lower (9) 9 ± 4d 

EtOH (0.01%, 
vehicle for 
capsazepine) 

− 
Upper (5) 37 ± 5 

Lower (3) 39 ± 5 

Capsazepine     
(3 µM) 

Selective TRPV1 
channel blocker 

Upper (9) 25 ± 2 

Lower (5) 33 ± 5 

DMSO  
(0.02%, vehicle) 

Vehicle for HC-
030031, 
capsazepine, 
PF-04419848 

Upper (4)  33 ± 5 

Lower (4) 50 ± 3 

HC-030031       
(20 µM) 

Selective TRPA1 
channel blocker  

Upper (3) 3 ± 2c  

Lower (3) 25 ± 3d  

PF-04418948 
(100 nM) 

Novel EP2 receptor 
antagonist 

Upper (3)  15 ± 3b 

Lower (3) 17 ± 4d 
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Table 6.2 (continued).  

Agonist 
(concentration) 

Treatment 
(concentration) Notes Region (n) Relaxation (%)                   

Capsaicin  
(10 µM)    

EtOH  
(0.03%, vehicle) 

Vehicle for 
capsazepine    

Upper (4)  60 ± 5 

Lower (3) 68 ± 4 

Capsazepine  
(3 µM) See above 

Upper (3)  30 ± 6b 

Lower (4) 28 ± 11b 

Substance P 
(0.1 nM for lower 
segments; 
1 nM for upper 
segments)   

EtOH  
(0.02%, vehicle) − 

Upper (8)  52 ± 7 

Lower (5) 62 ± 7  

AP-18 (20 µM) See above 
Upper (4)  51 ± 11 

Lower (4) 56 ± 9 

RP-67580 (20 nM) See above 
Upper (4)  2 ± 1c 

Lower (5) 3 ± 2d 

Capsazepine 
vehicle  
(0.01% EtOH) 

− 
Upper (3) 37 ± 3 

Lower (5) 59 ± 12 

Capsazepine  
(3 µM) See above 

Upper (6) 43 ± 9 

Lower (12) 42 ± 7 

DMSO  
(0.02%, vehicle) − 

Upper (6)  44 ± 5 

Lower (6) 64 ± 6 

HC-030031  
(20 µM) See above 

Upper (6)  37 ± 6 

Lower (5) 40 ± 17 

PF-04418948  
(100 nM) See above 

Upper (4)  17 ± 3b 

Lower (5) 26 ± 4 b 
 

a p<0.001 compared to respective control in respective region 
b p<0.05 compared to respective vehicle in respective region 
c p<0.01 compared to respective vehicle in respective region 
d p<0.001 compared to respective vehicle in respective region 
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segments were observed, with 0.1 nM SP inducing relaxation responses in lower 

segments that were similar in magnitude to those produced by 1 nM SP in upper 

segments (Figure 6.7, Table 6.3). In contrast to SP, the neuropeptide CGRP (0.01-1 

µM) failed to evoke consistent relaxation responses in either upper or lower segments 

(<1% relaxation, Table 6.3). As expected, SP-elicited responses were significantly 

inhibited by RP-67580 (20 nM) and PF-04418948 (100 nM), but were unaffected by 

HC-030031 (20 µM), AP-18 (30 µM), and capsazepine (3 µM) (Figure 6.7, Table 6.2).  

 

6.3.3.5 Effect of TRPA1, NK1 and EP2 receptor antagonists on exogenous PGE2-

induced relaxation responses 

Exogenous PGE2 elicited distinct relaxation responses in pre-contracted tracheal 

segments and exhibited a greater potency in lower tracheal segments than in upper 

segments (-log EC50 7.12 ± 0.07 vs 6.80 ± 0.14, n=6, p<0.05; Figure 6.8). Maximum 

PGE2 relaxation responses were significantly suppressed by PF-04418948 (100 nM) in 

both upper (78% inhibition, p<0.001) and lower (81% inhibition, p<0.001) segments 

(Figure 6.9, Table 6.4). Suppression by PF-04418948 was pronounced, such that 50% 

relaxation was not achieved and -logEC50 values were unable to be calculated. As 

expected, maximum PGE2-induced relaxation responses were unaffected by pre-

treatment with HC-030031 (20 µM), AP-18 (30 µM), capsazepine (3 µM), and RP-

67580 (20 nM) (Figure 6.9, Table 6.4). Interestingly, HC-030031 (20 µM) significantly 

increased the potency of PGE2 in upper tracheal segments (-logEC50 6.58 ± 0.23 vs 

5.78 ± 0.05, n=4-5, p<0.05; ~6-fold increase, Figure 6.9, Table 6.4) but not in lower 

tracheal segments (Figure 6.9; Table 6.4).  

 

6.3.3.6 Effect of indomethacin on acrolein-induced relaxation responses  

The non-selective COX inhibitor indomethacin (5 µM) abolished relaxation responses 

elicited by the highest concentration of acrolein examined (100 µM) in both upper (-3 ± 

1% vs 58 ± 9%, n=4, p<0.001) and lower (-0.5 ± 2% vs 69 ± 6%, n=4, p<0.001) 

tracheal segments (Figure 6.10). This strongly implicated involvement of the 

epithelium, and more specifically a COX-derived product, in mediating the acrolein-

induced relaxation response. 





ACROLEIN-INDUCED SECRETION OF BRONCHOACTIVE MEDIATORS ⑥ 
  

 
283 

 

 

 

 

 

   

 

 

 

 

 

 

 

Figure 6.7. Effects of AP-18 (30 µM), RP-67580 (20 nM), HC-030031 (20 µM), and 
PF-04418948 (100 nM) on substance P (SP)-induced relaxation responses in 
upper (A, B) and lower (C, D) mouse tracheal segments 

Data are presented as mean ± S.E.M (n=4−5). *p<0.05, ** p<0.001, ***p<0.001 

compared to respective vehicles. 
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Figure 6.8. Cumulative dose-response curves to PGE2 in upper and lower mouse 
tracheal segments. 

Data are presented as mean ± S.E.M (n=6). *p<0.05 compared to -logEC50 of lower 

segment. 
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Figure 6.9. Effects of AP-18 (30 µM), capsazepine (10 µM), RP-67580 (20 nM), HC-
030031 (20 µM), and PF-04418948 (100 nM) on PGE2-induced relaxation 
responses in upper (A, B) and lower (C, D) mouse tracheal segments. 

Data are presented as mean ± S.E.M (n=3−9). ***p<0.001 compared to maximum 

relaxation responses of DMSO vehicle; #p<0.05 compared to -logEC50 of DMSO 

vehicle. 
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Figure 6.10. Effect of indomethacin (5 µM) on acrolein-induced relaxation 
responses of carbachol pre-contracted upper and lower mouse tracheal 
segments. 

Data are presented as mean ± S.E.M (n=4) (A).***p<0.001 compared to respective 

controls. Representative isometric tension recordings demonstrating full abolition of 

acrolein-induced relaxation responses by 5 µM indomethacin (B). 
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Table 6.3. Relaxation responses evoked by neuropeptides substance P and 
CGRP in upper and lower mouse tracheal segments. 

Agonist Concentration (nM) Region (n) Relaxation (%) 

Substance P 1 
 
Upper (13) 

 
49 ± 5 

0.1 Lower (14) 68 ± 4 

CGRP 

10 

 
Upper (6) 

 
-4 ± 2a 

Lower (4) -4 ± 2a 

100 

 
Upper (5) 

 
0 ± 2 

Lower (4) -4 ± 3a 

1000 

 
Upper (5) 

 
-7 ± 4a 

Lower (4) -9 ± 3a 

 

 

a Negative relaxations reflect a contractile response (“negative” reversal of pre-contraction with carbachol 
(0.3 µM)) 
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Table 6.4. Effects of selected antagonists on relaxation responses evoked by 
PGE2 in mouse tracheal segments. 

CDRC, cumulative dose-response curve.  

 

Agonist  Treatment Region (n) 
      Relaxation parameters

 
  -log EC50                   Rmax (%) 

PGE2 
(0.5 log 
CDRC, 
0.003-3 µM) 
  

EtOH vehicle 
(0.02%) 

Upper (8-9) 6.70 ± 0.25 83 ± 6 

Lower (7) 6.99 ± 0.16 86 ± 4 

RP-67580 (20 nM) 
Upper (4) 7.02 ± 0.09 94 ± 4 

Lower (5-9) 7.33 ± 0.11 91 ± 5 

AP-18 (20 µM) 
Upper (6)  6.82 ± 0.17 94 ± 3 

Lower (5) 6.77 ± 0.22 96 ± 3 

Capsazepine          
(3 µM) 

Upper (3)  7.14 ± 0.14 99 ± 1 

Lower (3) 7.28 ± 0.07 98 ± 1 

DMSO vehicle 
(0.02%) 

Upper (4)  5.78 ± 0.05 90 ± 5 

Lower (3) 5.82 ± 0.37 86 ± 4 

HC-030031(20 µM) 
Upper (5) 6.58 ± 0.23a 99 ± 1 

Lower (3) 6.49 ± 0.28 95 ± 2 

PF-04418948     
(100 nM) 

Upper (3)       N.D. 20 ± 6b 

Lower (3)       N.D. 16 ± 4b 

 
a p<0.05 compared to -logEC50 of DMSO vehicle (upper)  
b p<0.001 compared to Rmax of DMSO vehicle in respective region 
N.D, -log EC50 not determined because 50% relaxation not achieved  
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6.3.4 Acrolein-induced changes in levels of PGE2 released by tracheal segments 

Consistent with involvement of a COX-derived product, exposure of mouse tracheal 

segments to 30 µM acrolein for 10 min significantly elevated the level of PGE2 secreted 

into the surrounding bathing fluid above basal levels of PGE2 (104 ± 9 pg trachea-1 vs 

33 ± 11 pg trachea-1, n=8−9, p<0.001; Figure 6.11). This elevation was significantly 

attenuated by HC-030031 (20 µM) (102 ± 16 pg trachea-1 vs 166 ± 25 pg trachea-1, 

n=9, p<0.05; Figure 6.11). In addition, there was a significant correlation between 

PGE2 levels and the relaxation responses observed in the same tracheal preparations 

from which the bathing fluid was collected for EIA analysis (Pearson correlation 

coefficient (r)=0.8574, p<0.0001; Figure 6.12). 
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Figure 6.11. Quantitation of PGE2 released by mouse tracheal segments.  

The effect of acrolein (ACR; 30 µM) on PGE2 released by carbachol pre-contracted 

mouse tracheal preparations into the surrounding organ bathing fluid. The effect of HC-

030031 (20 µM) on acrolein-induced PGE2 release was also assessed. Data are 

presented as mean ± S.E.M (n=7-9). *p<0.05, ***p<0.001, as indicated. 
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Figure 6.12. Relationship between acrolein-induced PGE2 secretion and airway 
smooth muscle relaxation. 

A clear association was established between the PGE2 levels released by tracheal 

segments in response to acrolein (ACR; 30 μM) in the presence and absence of HC-

030031 (20 μM) and the relaxation responses elicited (A). Data are presented as mean 

± S.E.M (n=7-9). *p<0.05, ***p<0.001 compared to respective control/vehicle. A 

significant correlation was established between PGE2 levels and relaxation responses 

produced (r= 0.8574, p<0.0001) (B).   

A 
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6.4 DISCUSSION  

In this Chapter, acute acrolein exposure was demonstrated to evoke distinct 

epithelium-dependent relaxation responses in mouse isolated tracheal segments. As a 

source of bronchoactive mediators, the epithelium played a key role in mediating this 

response through the production and secretion of the spasmolytic prostanoid PGE2. 

Further pharmacologic studies indicated that the novel relaxation response induced by 

acrolein involved interplay between the airway sensory nerves, the epithelium, and the 

airway smooth muscle. The proposed mechanism of acrolein-induced bronchodilation 

involves sequential activation of the TRPA1 channel expressed on sensory C-fibres, 

release of neuropeptides by activated sensory C-fibres, activation of NK1 receptors 

expressed on neighbouring epithelial cells, generation and secretion of PGE2 by 

epithelial cells, and activation of EP2 receptors expressed on neighbouring airway 

smooth muscle cells (Figure 6.13).  

 

The first aim of this Chapter was to determine the effect of acrolein on tracheal smooth 

muscle tone. Additional volatile TRPA1 channel activators, crotonaldehyde, 

cinnamaldehyde, and AITC, were also examined for their effects on smooth muscle 

tone. The electrophilic nature of these compounds facilitated covalent modification of 

nucleophilic cysteine residues within the ankyrin repeat sequences in the N-terminus, 

leading to channel activation (Hinman et al., 2006; Macpherson et al., 2007). All 

TRPA1 activators were examined at biologically relevant concentrations that are 

thought to activate the TRPA1 channel (Andrè et al., 2009; Bandell et al., 2004; 

Bautista et al., 2006). Results from this Chapter demonstrated that acrolein, as well as 

additional TRPA1 channel activators, were capable of producing distinct relaxation 

responses in both upper and lower regions of mouse isolated tracheal segments. The 

finding that acrolein-induced relaxation responses were attenuated by two selective 

TRPA1 channel inhibitors (HC-030031 and AP-18) but unaffected by selective TRPV1 

channel inhibitor (capsazepine) suggested that activation of TRPA1 and not TRPV1 

mediates this relaxation response. This concurs with prior observations that the TRPA1 

channel is not only robustly activated by acrolein but is a key chemosensory receptor 

for acrolein, as sensory neurons from TRPA1-deficient mice were shown to lack any 

responsiveness to acrolein (Andrè et al., 2008; Bautista et al., 2006). Although neither 

HC-030031 nor AP-18 completely inhibited acrolein-induced relaxation responses in 

upper or lower segments, the marked suppression of relaxation responses by both of 

these  selective TRPA1 inhibitors suggested that TRPA1 channel activation plays a 

major role in mediating this response. Future studies conducted in TRPA1-deficient 
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mice may yield definitive insights into whether the TRPA1 channel is the sole 

chemosensory receptor involved in relaxation responses evoked by acrolein. 

 

Downstream of TRPA1 channel activation, neuropeptides may be released peripherally 

by activated C-fibre endings via a local axonal reflex. High concentrations of acrolein 

have been reported to deplete the neuropeptide content of airway sensory C-fibre via 

the release of SP and CGRP (Kichko et al., 2013; Springall et al., 1990; Turner et al., 

1993). Thus, potential involvement of these two tachykinins as mediators of the 

relaxation response elicited by acrolein was evaluated. The effects of tachykinins on 

bronchomotor tone have been demonstrated to exhibit marked inter-species 

differences (Steinhoff et al., 2014). For example, In isolated guinea pig airways and 

human bronchus, exogenous SP (and NKA) produced powerful contractile responses 

via direct activation of NK1 and NK2 receptors expressed on smooth muscle cells. The 

same tachykinins produced an indirect bronchodilatory response via activation of NK1 

receptors expressed on epithelial cells, which synthesise and secrete spasmolytic 

mediators (Figini et al., 1997). However, due to a lack of NK1 receptor expression on 

airway smooth muscle cells, direct contractile responses are absent in mouse and rat 

airways, and relaxation responses prevail. Thus, SP has a well-documented relaxant 

effect in these species (Devillier et al., 1992; Manzini, 1992; Szarek and Spurlock, 

1997; Szarek et al., 1995; Taylor et al., 2012; Tournoy et al., 2003). Consistent with 

these findings, results from this Chapter established SP as a potent spasmolytic agent 

that replicated the relaxation responses elicited by acrolein in both upper and lower 

mouse tracheal segments. In contrast to SP, the relaxant effects of CGRP are less 

definitive, with some reports of small and erratic relaxation responses evoked in 

mouse, rat, and pig airways (Kannan and Johnson, 1992; Manzini, 1992; Szarek et al., 

1995). Results from this Chapter demonstrated that CGRP failed to evoke relaxation 

responses in mouse tracheal segments and consistent with this finding, blockade of the 

CGRP1 receptor did not affect relaxations produced by acrolein. Taken together, these 

findings suggest that CGRP does not mediate acrolein-induced relaxation responses 

and implicates SP as the major neuropeptide released by sensory C-fibres activated by 

acrolein via TRPA1 channel activation.  

 

The relaxation responses elicited by SP have been established as an epithelium-

dependent response, and the absence of relaxation responses in NK1
-/- mice has 

provided definitive evidence for the role of the NK1 receptor in SP-induced relaxation 
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Figure 6.13. Schematic outlining the proposed paradigm of acrolein-induced 
relaxation of mouse tracheal smooth muscle. 

The paradigm is postulated to involve interplay between three major structures of the 

airways – the airway sensory nerves (which express the TRPA1 channel), epithelium 

(which express NK1 receptors) and smooth muscle (which express EP2 receptors). 

PGE2, prostaglandin E2; SP, substance P. 
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responses (Devillier et al., 1992; Szarek et al., 1995). In accordance with previous 

studies, the NK1 receptor antagonist RP-67580 abolished exogenous SP-induced 

relaxation responses in mouse tracheal segments, thereby confirming its 

pharmacologic site of action. In addition, SP-induced relaxation responses were 

suppressed by PF-04418948 whilst unaffected by HC-030031 and AP-18. Together, 

these findings provided evidence that EP2 receptor activation is involved in mediating 

SP-induced relaxation responses while also confirming that HC-30031 and AP-18 do 

not have direct effects on responses evoked by SP but likely act upstream of NK1 

receptor activation. Importantly, RP-67580 also significantly suppressed acrolein-

elicited relaxation, providing evidence for a role of SP and activation of its cognate 

receptor, the NK1 receptor, in mediating the relaxation response.  

 

Following NK1 receptor activation, SP has been demonstrated to trigger the production 

and secretion of spasmolytic mediators from the airway epithelium. Studies conducted 

in mouse and rat provided compelling evidence that the COX-derived product PGE2 is 

synthesised and secreted in response to NK1 receptor activation (Devillier et al., 1992; 

Fortner et al., 2001; Szarek et al., 1998; Taylor et al., 2012). In keeping with these 

findings, acrolein-induced relaxation responses observed in this Chapter were 

abolished by the non-selective COX inhibitor indomethacin, indicating that a COX-

derived epithelial cell product is an essential mediator of the relaxation response. 

Consistent with this, acrolein elevated levels of the COX-derived product PGE2 

secreted into the surrounding bathing fluid. Interestingly, acrolein has previously been 

reported to elevate PGE2 levels in numerous cell types present in the respiratory tract, 

including epithelial cells and fibroblasts, in the hours following exposure. Increased 

PGE2 levels were attributed to induction of COX-2 expression, which was observed 6 h 

following acrolein exposure (Sarkar and Hayes, 2007). Results from this Chapter 

indicated that acrolein elevated the levels of PGE2 secreted by the airway epithelium 

within 10 min of exposure, suggesting that acrolein has additional effects on the acute 

production of PGE2. Importantly, a correlation between PGE2 levels and the relaxation 

responses was established, whereby acrolein-induced relaxation responses were 

associated with an increase in PGE2 levels and the inhibition of this relaxation 

response by HC-030031 was associated with a corresponding reduction in PGE2 

levels. Together, these findings are consistent with reports that PGE2 is released in 

response to other spasmolytic agents, notably capsaicin, that elicit C-fibre nerve 

activation via the TRPV1 channel (Taylor et al., 2012). Thus, it appears that C-fibre-

mediated relaxation response of mouse airways elicited by different irritant stimuli is 
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mediated via a common pathway involving the release of epithelium-derived PGE2. As 

a source of PGE2, the airway epithelium plays an important intermediary role as the 

structural link between the sensory nerves and the smooth muscle.  

 

Following generation and release from epithelial cells, PGE2 induces relaxation 

responses via activation of cognate receptors expressed by airway smooth muscle 

cells.  Although four EP receptor subtypes exist, the EP2 receptor, which preferentially 

couples to the Gs protein and activates adenylate cyclase to increase cyclic AMP 

levels, is thought to be the major subtype mediating PGE2-induced relaxation of smooth 

muscle in mouse airways (Fortner et al., 2001; Sheller et al., 2000; Tilley et al., 2003b). 

Use of PF-04418948, a recently developed EP2-selective receptor antagonist that 

exhibits a markedly improved selectivity for the EP2 receptor compared to AH6809, 

which was previously the most selective EP2 antagonist available (Abramovitz et al., 

2000), has consolidated these findings (af Forselles et al., 2011). In this Chapter, 

maximum relaxation responses induced by exogenous PGE2 were markedly 

suppressed by PF-04418948. Importantly, acrolein-induced relaxation responses were 

also significantly supressed by PF-04418948, thereby implicating EP2 receptor 

activation in the response. It was also important to note that exogenous PGE2-induced 

relaxation responses were unaffected by AP-18 and RP-67580. These findings 

confirmed that AP-18 and RP-67580 do not have a direct effect on PGE2-induced 

bronchodilation but likely act upstream of EP2 receptor activation, thereby confirming 

their pharmacological targets. Interestingly, while it did not affect the maximum 

relaxation responses, HC-030031 significantly enhanced the potency of exogenous 

PGE2 in upper but not lower tracheal segments. Enhancements in the potency of PGE2 

by HC-030031 may have partly offset the inhibitory effect of TRPA1 channel blockade 

on relaxation responses, as low levels of PGE2 secreted from the epithelium would 

have produced a greater relaxation response than equivalent levels of PGE2 in the 

absence of HC-030031. However, as inhibition of acrolein-induced relaxation 

responses by HC-030031 was near-complete in upper segments (~97% inhibition), this 

may not have had an appreciable impact. In lower segments, only partial inhibition of 

acrolein-induced relaxation responses by HC-030031 was observed (~75% inhibition). 

However, as HC-030301 only significantly enhanced the potency of PGE2 in upper and 

not lower tracheal segments, this did not likely impact the overall findings. 

Enhancements in the potency of PGE2-induced relaxation by HC-030031 have not 

previously been documented and the underlying mechanisms require further 

investigation.  
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Collectively, results from this Chapter provide several lines of evidence that PGE2 is an 

important paracrine signal generated by the epithelium to the underlying smooth 

muscle and is a key mediator of the relaxation response evoked by acrolein. Firstly, 

inhibition of prostanoid synthesis by the COX inhibitor indomethacin abolished 

relaxation responses. Secondly, and consistent with involvement of a COX-derived 

product, levels of PGE2 were elevated in response to acrolein and levels of PGE2 

correlated with the magnitude of relaxation responses observed. Finally, and consistent 

with involvement of PGE2, selective inhibition of the EP2 receptor with PF-04418948 

attenuated the relaxation response.  

 

Additional characteristics of the acrolein-induced relaxation response were also of 

interest. Acrolein produced relaxation responses at concentrations far lower than the 

other TRP1 channel activators examined, in keeping with their reported potencies 

(Bessac and Jordt, 2008). Although difficult to measure, concentrations of acrolein 

reached in the lung during smoking have been reported to be as high as 80 µM, and 

these are conceivably exceeded during acute intoxication with larger volumes of smoke 

(Eiserich et al., 1995). Thus, the concentrations of acrolein examined in the present 

Chapter likely represent a biologically relevant range encountered in vivo. Closer 

examination of acrolein-induced relaxation responses revealed regional differences, 

with acrolein shown to be more potent in lower segments than in upper segments. 

Similar regional differences were observed for the other TRPA1 activators examined in 

the present Chapter, and have also been reported for other relaxant agents including 

the PAR2 activator SLIGRL (Henry et al., 2005) and the neuropeptide SP (Taylor et al., 

2012). The reasons underlying these regional differences are not fully understood but 

may arise from differences in the quantity of, or sensitivity to, mediators released 

downstream of TRPA1 activation. For example, the capacity of isolated tracheal 

segments to secrete PGE2 has been reported to be greater in lower than in upper 

tracheal segments (Henry et al., 2005). Alternatively, lower tracheal segments exhibit a 

greater sensitivity to SP, as established in this Chapter and supported by previous 

studies (Taylor et al., 2012). These differences may underpin observations of the 

increased sensitivity of lower tracheal segments to acrolein compared to upper tracheal 

segments.  
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What might the physiological significance of the relaxation response produced by 

acrolein be? As previously discussed, the “sensory nerve inhibitory system” is a system 

that may help protect the airways against excessive neurogenic activity by preventing 

uncontrolled airway lumen narrowing (Szarek and Spurlock, 1997; Szarek et al., 1998). 

Upon inhalation of an irritant, many of the well-documented respiratory reflexes, 

including bronchoconstriction, mucous hypersecretion, vasodilatation, and increased 

vascular permeability, combine to promote narrowing of the airway lumen (Barnes, 

1992; Belvisi, 2003b; van der Velden and Hulsmann, 1999). Unmodulated activation of 

target receptors by neuropeptides may lead to the generation of inappropriate reflexes 

that shift from being protective to deleterious in nature (Belvisi, 2003b). Furthermore, 

additional reflexes initiated by other neural pathways, including centrally-mediated, 

cholinergic bronchoconstriction, may also reduce airway lumen size (Lee and Pisarri, 

2001). Thus, the “sensory nerve inhibitory system” may be crucial for maintaining 

airway patency, and the bronchodilatory response elicited in response to acrolein may 

form an important part of this bronchoprotective system (Figure 6.14). In receiving 

sensory information from C-fibre nerves and generating a paracrine signal to promote 

airway smooth muscle relaxation, the epithelium serves an important intermediary 

function as the link between sensory nerve activation and changes in airway smooth 

muscle tone. 
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Figure 6.14. The balance between airway opening and closure. 

A system may exist in vivo in which sensory nerve-mediated responses and centrally-

driven reflexes are delicately balanced by a co-existing regulatory bronchoprotective 

“sensory nerve inhibitory system”. Bronchodilatory responses elicited by acrolein may 

contribute to this system. 
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6.4.1 Major Findings 

In summary, the data obtained in Chapter 6 demonstrated that: 

1. Acrolein elicited relaxation responses in mouse isolated tracheal segments in a 

dose-dependent manner. 

 

2. Acrolein-induced relaxation responses were markedly attenuated by two selective 

inhibitors of the TRPA1 channel, with AP-18 and HC-030031 inhibiting responses 

by >90%. This implicated involvement of airway sensory C-fibres and TRPA1 

channel activation in the relaxation response.  

 

3. Acrolein-induced relaxation responses were markedly inhibited by the selective 

NK1 receptor antagonist, RP-67580. This implicated involvement of airway 

epithelial cells and NK1 receptor activation in the relaxation response. 

 

4. Acrolein-induced relaxation responses were abolished by the non-selective COX 

inhibitor indomethacin, confirming involvement of a COX-derived product. 

Consistent with this, acrolein elevated levels epithelial PGE2 secreted into the 

surrounding bathing fluid, and a strong correlation was established between 

PGE2 levels and relaxation responses produced. Thus, the airway epithelium 

played a crucial role as a source of a spasmolytic mediator involved in acrolein-

induced bronchodilation.  

 

5. Acrolein-induced relaxation responses were markedly inhibited by the selective 

EP2 receptor antagonist, PF-04418948. This implicated involvement of EP2 

receptor activation in the relaxation response.  

 

6. The novel acrolein-induced relaxation response involved interplay between 

multiple components of the airways, including TRPA1-expressing sensory C-fibres, 

which release SP to induce the production and secretion of PGE2 from the 

neighbouring epithelial cells (Figure 6.13). 
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 INFLUENCE OF INFLUENZA A INFECTION ON THE 
SECRETION OF BRONCHOACTIVE MEDIATORS ELICITED BY 
ACUTE ACROLEIN EXPOSURE  

 

7.0 PREAMBLE 

In Chapter 6, acrolein was shown to evoke a relaxation response in pre-contracted 

mouse isolated tracheal segments via a mechanism that involved interplay between 

three key structural components of the airways ─ the sensory nerves, epithelium, and 

the smooth muscle.  The relaxation response was postulated to form part of a 

regulatory “‘sensory nerve inhibitory system” responsible for the negative regulation of 

smooth muscle contraction that may help to lessen the severity of airway constriction. 

Through this system, reflex responses that promote airway narrowing are carefully 

regulated. The airway epithelium plays a crucial role in this system as a source of the 

spasmolytic prostanoid PGE2, which evoked the relaxation response via activation of 

EP2 receptors expressed on neighbouring smooth muscle cells.  

 

Currently, the influence of epithelium-disrupting processes such as influenza A 

infection on this bronchoprotective system and, more specifically, on acrolein-induced 

relaxation responses, is unknown. However, it is conceivable that damage to the 

epithelium associated with influenza A infection may modulate this relaxation response. 

Furthermore, modulation of targets downstream of the airway epithelium, specifically 

the smooth muscle, by influenza A infection has been reported and may therefore also 

influence relaxation responses evoked by acrolein.  

 

7.1 INTRODUCTION 

7.1.1 Respiratory tract viruses  

As a leading cause of infection, respiratory tract viruses are a major cause of morbidity 

and mortality worldwide. Due to their propensity to cause disease, respiratory viruses 

are regarded as important human pathogens and they have been classed into six 

major families — Orthomyxoviridae, Paramyxoviridae, Adenoviridae, Picornaviridae, 

Coronaviridae, and Herpetoviridae  (Nathanson and Murphy, 2007). Infection begins 
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when the virus enters and propagates within the airway epithelium, which serves as the 

primary site of replication for all respiratory viruses (Gern, 2004; Jackson and 

Johnston, 2010). Typically, entry into epithelial cells is dependent on binding of the 

virus to host surface glycoproteins, with different viruses binding to various cell surface 

proteins and different strains of the same virus exhibiting different binding specificity. 

For example, human influenza viruses bind glycoproteins with terminating sialic acid 

residues linked to galactose by an α-2,6 linkage (Julkunen et al., 2000; Kuiken and 

Taubenberger, 2008; Message and Johnston, 2001) while major group human 

rhinoviruses bind to intracellular adhesion molecule-1 (Yamaya, 2012). Following 

endocytosis, viruses uncoat within cell endosomes and upon fusion of virus and 

endosomal membranes, nucleocaspids are released and the viral genome and 

associated proteins are replicated within the host cell (Julkunen et al., 2000). Some of 

the newly synthesised proteins are transported back into the nucleus, where they aid in 

further viral replication. The newly synthesised viral genomes then combine with 

existing virus proteins to form virions that bud from the cell membrane, continuing the 

process of infection, replication, and release (Barnard, 2009).   

 

7.1.1.1 Influenza A virus  

7.1.1.1.1 Biology 

Influenza viruses are members of the Orthomyxoviridae family and are enveloped 

viruses that contain negative-sense, single-stranded RNA composed of seven to eight 

segmented genes or ribonucleoprotein segments. The three known families of 

Influenza viruses (A, B, C) differ in pathogenicity and host species (Taubenberger and 

Morens, 2008). While influenza B and C infect only humans, influenza A infects a wide 

range of mammalian hosts. Avian influenza viruses are thought to serve as the major 

reservoir for human influenza A strains (Das et al., 2010; Reperant et al., 2012; 

Taubenberger and Morens, 2008).  

 

Due to their highly contagious nature and propensity to cause both epidemic and 

pandemics in the human population, influenza A is viewed as the most clinically 

significant of the three families of influenza (Julkunen et al., 2000; La Gruta et al., 

2007). The eight segmented genes contained in the influenza A virus RNA encode ten 

proteins: the surface envelope proteins haemagglutinin and neuraminidase that project 

from the virion, the polymerases PB1, PB2, and PA, the ion channel protein M2, the 
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non-structural proteins NS1 and NS2, matrix protein M1, and the nucleoprotein (Das et 

al., 2010; Julkunen et al., 2000; Taubenberger and Morens, 2008). Influenza A viruses 

are categorised according to antigenic characterisation of haemagglutinin (H1-H16) 

and neuraminidase (N1-N9) surface proteins, and the major influenza A strains that 

infect humans during seasonal epidemics are H1N1, H2N2 and H3N2 (Das et al., 

2010). The evolution of individual influenza A strains are caused by point mutations 

that enable new mutant strains to replace existing strains in a process termed anti-

genetic drift (Carrat and Flahault, 2007; Das et al., 2010).  

 

7.1.1.1.2 Animal models of influenza A infection 

Respiratory tract infections are frequently studied using animal models. Due to their 

comparable lung physiology, high pathogenicity and transmissibility of human 

respiratory viruses, and capacity to recapitulate pathophysiologic and clinical features 

of viral infection, ferrets are the ideal animal model through which study the 

pathogenicity of these viruses as well as virus-host interactions (Barnard, 2009; Belser 

et al., 2011). However, limited availability and costs associated with use of these larger 

animals confer an economic burden that has made large-scale research an expensive 

endeavour. Thus, research in smaller and more cost-efficient animal models have 

typically been favoured over these larger animal models.   

 

Due to their low cost, wide availability, variety of genetic backgrounds, and 

resemblance to human airways, murine models, and in particular the BALB/c strain, are 

currently the most extensively used animal model for the study of influenza A (Barnard, 

2009; Kamal et al., 2014; Matsuoka et al., 2005). However, influenza A does not infect 

mice under natural conditions and must first be adapted for the murine environment by 

serial lung-to-lung passages in order to produce symptomatic infection in mice 

reflective of the pathology observed in humans (Ilyushina et al., 2010). Mice do not fully 

recapitulate all features of influenza A infection, as they fail to exhibit clinical symptoms 

observed in humans such as fever, sneezing, coughing or nasal exudates. 

Nonetheless, other host responses and clinical markers of disease severity including 

weight loss, piloerection, behavioural changes such as huddling and hypomobility, virus 

titres, cytokine levels, and viral protein levels, can all be readily measured in the mouse 

(Barnard, 2009; Kamal et al., 2014). Furthermore, responses to therapeutic 

interventions of influenza A infection in mice are typically predictive of their efficacy in 
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humans (Kamal et al., 2014).   As a result, murine models have proven to be extremely 

useful for studying the pathogenesis of influenza A and for evaluating potential 

therapeutic approaches to combat influenza A infection.  

 

7.1.1.2 Effects of influenza A infection on the respiratory epithelium 

As the host cell for viral replication, the epithelium is a focal point of the pathogenesis 

of influenza A. Disruption to the epithelium is characterised by histopathological 

changes and perturbations to airway epithelial homeostasis (Vareille et al., 2011). 

Although the degree of damage varies according to the virus strain, changes elicited by 

influenza A infection are typically widespread, extending from the upper to the lower 

respiratory tract and are accompanied by functional changes (Message and Johnston, 

2001; Vareille et al., 2011). The cause of epithelial disruption can be a direct 

cytopathogenic effect of the virus itself or arise from the ensuing inflammation 

(Montefort et al., 1992; Snelgrove et al., 2011; Sterk, 1993; Vareille et al., 2011).   

 

7.1.1.2.1 Loss of epithelial integrity via cytotoxic effects  

In the acute stages of influenza infection, epithelial cells of the trachea and bronchi 

undergo variable degrees of cytonecrosis characterised by cell shrinkage, loss of cilia, 

and vacuolisation. These responses appear to be caused directly by cytopathogenic 

effects of the virus. Subsequent multifocal desquamation, destruction, and extensive 

luminal shedding and sloughing of the pseudostratified columnar epithelial cells often 

leaves a single layer of flattened basal epithelial cells over the basement membrane 

(Betts et al., 2012; Taubenberger and Morens, 2008) (Figure 7.1). Epithelial cell 

necrosis may also stimulate the recruitment and infiltration of mononuclear 

inflammatory cells into the lamina propria. Viral replication and corresponding cell 

damage has been reported to peak 48 h after the initial infection, followed by epithelial 

repair processes that are typically complete by 7 days post-infection (Kuiken and 

Taubenberger, 2008). Changes to the epithelium in the lower respiratory tract are 

similar to those observed in the upper airways, although thinning of the epithelium can 

often be more pronounced. In these lower regions, Type I pneumocytes and ciliated 

bronchiolar epithelial cells serve as the major sites of viral replication. Necrosis of the 

alveolar epithelium can result in denudation and the presence of desquamated 

pneumocytes in the alveolar lumen is often observed. Together, losses in epithelial 

integrity in both the upper and lower respiratory tract may enhance the overall 
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Figure 7.1. Effect of influenza A infection on the tracheal epithelium. 

Immunostaining for influenza A in vehicle (A) and virus-infected (B) mice reveal the 

epithelium as the primary target of the virus. Scanning electron microscope images of 

the tracheal epithelial surface of vehicle (C) and virus-infected mice (D) reveal 

extensive damage, particularly desquamation of the epithelial layer (from Betts et al., 

2012). 
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permeability of the epithelial layer, resulting in greater penetration of airborne irritants 

and allergens into the underlying tissues (Kuiken and Taubenberger, 2008; Message 

and Johnston, 2001). 

 

7.1.1.2.2 Loss of epithelial integrity via inflammation  

Infection of human epithelial cells with influenza A stimulates rapid generation and 

release of cytokines and chemokines that recruit multiple inflammatory cell populations, 

including macrophages, lymphocytes, natural killer cells, neutrophils, and eosinophils 

to the airways (Guo et al., 2009; Message and Johnston, 2001; Message and 

Johnston, 2004; Perrone et al., 2008). Important chemokines synthesised and released 

by infected epithelial cells include RANTES, MCP-1, and IL-8, which preferentially 

recruit mononuclear cells to the site of infection (Guo et al., 2009; Julkunen et al., 2000; 

Matsukura et al., 1996). A key cytokine synthesised and released by infected epithelial 

cells is Type 1 interferon (IFN-α/β), although tissue-resident macrophages and 

dendritic cells may also contribute to the production of these interferons (Sanders et al., 

2011). Together, inflammatory cells recruited to the airways by chemokines and 

cytokines work to eliminate the influenza virus. During the early stages of infection, 

recruited macrophages and neutrophils serve a phagocytic function, engulfing and 

destroying viruses, while natural killer cells recognise virus-infected epithelial cells via 

alterations in normal cell surface proteins and eliminate them (Message and Johnston, 

2001). Clearly, a balance needs to be maintained between clearance of the virus via 

elimination of infected epithelial cells and excessive loss of epithelial cells in the host 

airways (Sanders et al., 2011). 

 

7.1.1.2.3 Loss of epithelial cell mediator generation 

As the epithelium is a rich source of a range of cellular mediators including cytokines, 

chemokines, growth factors, enzymes, reactive oxygen species, peptides, and lipids, it 

is largely unsurprising that epithelial damage caused by viral infection impacts the 

capacity of the airways to generate these mediators. With respect to bronchoactive 

mediators, longstanding work has demonstrated that influenza A infection reduces 

epithelial cell production of NO, as well as the peptidase-metabolising enzymes 

enkephalinase and neutral endopeptidase (Dusser et al., 1989; Folkerts et al., 1995; 

Jacoby et al., 1988). Importantly, a reduction in the capacity of epithelial cells to 
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generate and secrete these mediators may contribute to the development of airway 

hyperresponsiveness (AHR) by virtue of a loss of the negative regulation of smooth 

muscle tone (see Chapter 6, Section 6.4). However, whether influenza A infection 

influences the generation of other bronchoactive mediators secreted by the epithelium, 

and the functional consequences of these changes, remains largely unexplored.  

 

7.1.2 Modulation of airway responsiveness by respiratory tract viruses  

In addition to being significant pathologies in their own right, there is compelling 

evidence that respiratory tract viruses are involved in other respiratory disorders, most 

notably in asthma. Viral infections have been associated with close to 80% of asthma 

exacerbations in both adults and children. Although rhinovirus is the most common 

virus associated with asthma exacerbations, a range of additional respiratory viruses 

including respiratory syncytial virus, parainfluenza, coronavirus, adenovirus, and 

influenza A virus, have also been variably linked to asthma exacerbations, and of these 

viruses, influenza A is likely the most pathogenic (Heymann et al., 2004; Jackson and 

Johnston, 2010; Johnston et al., 1995; Nicholson et al., 1993; Wark et al., 2001).  

 

Alongside airway inflammation and mucous hypersecretion, AHR is a key feature of 

asthma exacerbations. Hyperreactive airways exhibit a greater susceptibility to 

bronchoconstriction and also enhanced bronchoconstrictor responses to allergens and 

airborne irritants, including cigarette smoke (Folkerts et al., 1998; Gern, 2004; Jackson 

and Johnston, 2010; Jamieson et al., 2015; Tan, 2005; Yamaya, 2012). Longstanding 

observations have established that respiratory tract viruses can trigger the 

development of AHR (Dakhama et al., 2005; De Gouw et al., 1998; Folkerts et al., 

1995; Hegele et al., 1995; Schwarze et al., 1997; Sterk, 1993). For example, virus-

infected airways exhibited a heightened sensitivity to methacholine, histamine, citric 

acid, as well as range of allergens and irritants (Bardin et al., 1996; Cheung et al., 

1995; Collins et al., 2005; Fraenkel et al., 1995; Laitinen et al., 1991; Sterk, 1993; Trigg 

et al., 1996).  

 

Mechanistically, the AHR produced by viral infection may arise as a consequence of an 

imbalance between airway opening and closure. Airway narrowing may be directly 

promoted by bronchoconstrictor responses evoked by spasmogenic stimuli and an 

array of non-contractile factors ranging from airway wall thickening and mucous 
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hypersecretion to increased plasma exudation from the bronchial microvasculature 

(Bossé et al., 2010; Fahy and Dickey, 2010; Holgate et al., 2009; Scullion, 2007). In 

contrast to these responses that promote airway narrowing directly, little is currently 

known about whether dysfunction of the “sensory nerve inhibitory system” can 

indirectly increase the propensity for airway closure by tipping the balance further in 

favour of airway narrowing (Figure 7.2). 
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Figure 7.2. An imbalance between airway closure and opening may drive airway 
obstruction. 

Responses that produce airway narrowing directly are known to be exacerbated in 

airway diseases. Less is known about whether dysfunction of the “sensory nerve 

inhibitory system”, which normally maintains airway opening, can further drive airway 

lumen narrowing in these airway diseases. 
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7.1.3 Chapter aims 

The principal aim of the work described in this Chapter was to characterise the effect of 

influenza A infection in mice and its effect on the relaxation response evoked by 

acrolein in mouse isolated tracheal segments that was first characterised in Chapter 6. 

In view of the role of the epithelium as a source of PGE2, together with the primary 

cellular target of influenza A, it was hypothesised that influenza A infection would 

attenuate acrolein-induced relaxation responses primarily through disruption of the 

airway epithelium. Upon observing an attenuation of relaxation responses, a 

subsequent aim of this Chapter was to characterise the specific mechanisms that 

underlie virus-induced effects by examining the mediators and receptors involved in the 

relaxation response. Specifically, experiments aimed:  

 

1. To characterise the effects of VIRUS (influenza A/PR-8/34) and SHAM (allantoic 

fluid; vehicle) infection on mice by examining clinical and histopathologic signs of 

infection, and by immunohistochemical detection of the Influenza A nucleoprotein 

in the trachea and peripheral lung.  

2. To examine the effect of influenza A infection on acrolein-induced relaxation 

responses in carbachol pre-contracted tracheal segments. 

3. To examine the effect of influenza A infection on epithelium-dependent relaxation 

responses produced by exogenous substance P (SP) in carbachol pre-contracted 

tracheal segments.  

4. To examine the effect of influenza A infection on relaxation responses produced 

by the direct smooth muscle relaxants PGE2 and isoprenaline in carbachol pre-

contracted tracheal segments.  

5. To determine whether influenza A infection affected the capacity of tracheal 

epithelium to generate and release PGE2 in response to acrolein (and SP) by 

quantifying the levels of PGE2 secreted by the epithelium.  
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7.2 METHODS 

7.2.1 Influenza A infection 

7.2.1.1 Influenza A/PR-8/34 virus 

Influenza A/PR-8/34 is a strain of influenza A used extensively to infect mammalian 

species, including mice (Buchweitz et al., 2007; Kamal et al., 2014; Quan et al., 2007; 

Ross et al., 2000). In this Chapter, mouse-adapted influenza A/PR-8/34 (H1N1) virus 

was propagated in the allantoic fluid of 9 day-old embryonated chicken eggs (Altona 

Hatchery, Forrestfield, Australia) at 37°C for 3 days and quantitated using procedures 

previously described (Betts et al., 2012; Lan et al., 2004; Williams and Mackenzie, 

1977). As quantitated using a haemagglutination assay, the virus contained 68 100 

infectious virions ml-1 and displayed a TC ID50 of 10-5.8 ml-1, where ID50 is the quantity of 

virus that produces infection in 50% of embryonated eggs. The virus and uninfected 

allantoic fluid were stored at -80°C until required on day 0, when aliquots of each were 

thawed and diluted 1/100 in sterile saline.  

 

7.2.1.2 Animals and viral inoculation  

Groups of specific pathogen-free male BALB/c mice aged 7-8 weeks were lightly 

anesthetised with methoxyflurane vapour and inoculated intranasally with 20 µl of 

either influenza A/PR-8/34 virus (VIRUS) or vehicle (uninfected allantoic fluid; SHAM). 

VIRUS and SHAM mice were monitored for clinical signs of illness and weighed daily 

for 4 days post-inoculation. The dose of influenza A/PR-8/34 was selected based on 

preliminary studies that indicated that a 1/100 dilution of the virus caused a robust 

infection characterised by typical clinical signs of infection, sloughing of airway 

epithelium, and profound infiltration of inflammatory cells into the lung. All studies were 

approved by The University of Western Australia Animal Ethics Committee and 

adhered to the Australian National Health and Medical Research Council’s Australian 

Code of Practice for the Care and Use of Animals for Scientific Purposes (8th Edition, 

2013). 
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7.2.2 Pathohistologic characterisation and immunohistochemical detection of 
viral infection 

7.2.2.1 Tissue processing and histochemical staining 

On day 4 post-inoculation, mice were killed with an overdose of sodium pentobarbitone 

(160 mg kg-1, i.p.) and immediately subjected to gravity fed cardiac pulmonary 

perfusion with heparinised phosphate-buffered saline (15 IU ml-1) followed by 2% (w/v) 

paraformaldehyde/picric acid fixative. The trachea and lungs were subsequently 

excised and post-fixed in the above fixative by immersion for 48 h at 4°C before rinsed 

in phosphate-buffered saline and processed to paraffin wax, as previously described 

(see Chapter 2, Section 2.4.1). Transverse sections were then cut at 5 µm onto 

Superfrost Plus slides before dewaxed and rehydrated through ascending EtOH 

solutions and stained with haematoxylin and eosin (H&E) staining for general 

histological analysis. H&E-stained sections were dehydrated through increasing EtOH 

solutions and xylene before coverslipped with DePex.  

 

7.2.2.2 Immunohistochemical staining 

To confirm the presence of influenza A virus in the lungs and trachea of A/PR-8/34-

inoculated mice, influenza A was visualised using standard immunohistochemical 

procedures. Slide-mounted tissue sections were dewaxed and rehydrated through 

ascending EtOH solutions before permeabilisation with Triton-X-10 for 15 min at room 

temperature. Following permeabilisation, tissue sections were blocked for 2 h with 50% 

(v/v) normal goat serum/1% bovine serum albumin in Tris-buffered saline (TBS; pH 

7.4), subjected to avidin/biotin blocking (Avidin/Biotin Blocking Kit, Vector Laboratories, 

Burlingame, CA), and then incubated overnight at 4°C with a 1/1000 dilution (5 µg ml-1) 

of goat anti-Influenza A nucleoprotein polyclonal antibody (Chemicon (Merck-Millipore, 

Merck KGaA, Darmstadt, Germany)) or a normal goat IgG isotype control. Following 

extensive washing in TBS, endogenous peroxidase was quenched with 3% H2O2 in 

TBS for 15 min at room temperature and sections were exposed to biotinylated rabbit 

anti-goat secondary Ig followed by an avidin-biotin-horseradish-peroxidase complex 

(Vector Elite ABC kit, Vector Laboratories, Burlingame, CA). The bound complex was 

developed with diaminobenzidine (0.4 mg ml-1). Sections were then counterstained with 

Mayer’s haematoxylin, blued with Scott’s Tap Water Substitute, washed, and 

dehydrated through increasing EtOH solutions and xylene before being coverslipped 

with DePex. All stained sections were examined by brightfield microscopy and digital 

images were generated using ScanScope (Aperio Technologies, Vista, CA). 
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7.2.3 Effect of influenza A infection on responses of mouse isolated tracheal 
smooth muscle  

7.2.3.1 Isometric tension recordings  

On day 4 post-viral inoculation, tracheal segments were isolated from VIRUS and 

SHAM mice (whole segments) and mounted in an organ bath system for isolated 

tension recording studies, as previously described (see Chapter 2, Section 2.5.). 

Cumulative dose-response curves (CDRCs) to carbachol were firstly generated in both 

VIRUS and SHAM segments (0.01-10 µM, half-log increments) and contractile 

responses elicited by 10 µM carbachol were designated Cmax. For examination of 

relaxation responses, tracheal preparations were pre-contracted with carbachol (0.3 

µM) to 60-80% Cmax and upon reaching a plateau level of contracture, preparations 

were exposed to a single, bolus dose of acrolein (30 µM). Following a 15 min washout 

and recovery period, preparations were again pre-contracted with carbachol (0.3 µM) 

and then exposed to a single, bolus dose of SP (0.01 nM). This process of a 20 min 

washout and rest period, pre-contraction with carbachol (0.3 µM), and exposure to a 

single, bolus dose of SP was repeated four more times with successively higher 

concentrations of SP (0.1, 1, 10, 100 nM). After an additional 15 min washout period, 

preparations were then pre-contracted with carbachol (0.3 µM) before a CDRC to PGE2 

(0.003-3 µM, half-log increments) was generated. This process was then repeated to 

generate a CDRC to isoprenaline (0.001-1 µM, half-log increments). All relaxation 

responses were expressed as a percentage of the level of contraction induced by 

carbachol (% R), where 100% R represented a complete reversal of the pre-

contraction. 

 

7.2.4 Effect of Influenza A infection on PGE2 production in pre-contracted tracheal 
segments  

To measure levels of PGE2 generated and secreted in response to acrolein and SP by 

VIRUS and SHAM segments, tracheal segments were mounted in 2 ml organ baths 

filled with Krebs solution, as previously described (see Chapter 2, Section 2.5). Viable 

tracheal preparations were then washed with fresh Krebs solution to remove existing 

PGE2 before being pre-contracted with carbachol (0.3 µM) for 5 min and exposed to the 

vehicle for acrolein and SP (60 µl of 0.09% saline) for 10 min to determine basal PGE2 

release. The entire organ bathing fluid was subsequently collected and stored at -80oC 

until assayed for PGE2. Preparations were then rested for an additional 15 min and the 
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process repeated from the pre-contraction step twice more for acrolein (30 µM) and SP 

(1 nM). Levels of PGE2 present in each of the samples were measured using a 

commercial PGE2 EIA kit (Cayman Cayman Chemical Co., Ann Arbor, MI), as 

previously described (see Chapter 6, Section 6.2.3), and expressed in terms of pg of 

PGE2 released by tracheal segments over a 15 min period.  

 

7.2.5 Data and Statistical analysis  

Grouped relaxation (% R) and contraction (% Cmax) data are expressed as mean ± 

S.E.M. -log EC50 and % R were the two principal parameters analysed using Student’s 

t-test (2-tailed, unpaired) and Mann–Whitney rank sum test, where appropriate. PGE2 

release and body weight data were analysed by two-way ANOVA with post-hoc 

comparisons (Holm–Sidak method) and repeated measures, respectively. All 

photomicrographs were representative of at least 3 mice.  
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7.3 RESULTS 

7.3.1 Clinical, histochemical, and immunohistochemical detection of influenza A 
infection 

Mice inoculated with a high dose of influenza A/PR-8/34 (H1N1) exhibited clear signs 

of clinical illness on day 4 post-inoculation, including reduced mobility, ruffled coats, 

huddling, laboured breathing, and weight loss (Figure. 7.3 A).  In contrast, SHAM mice 

displayed no signs of clinical illness. Examination of H&E stained sections of tracheae 

isolated from SHAM mice revealed a healthy pseudostratified columnar epithelium 

largely comprised of ciliated and club cells (Figure. 7.3 B). However, in tracheae 

isolated from VIRUS mice, desquamation of the epithelium was evident alongside 

regions of epithelial shedding (Figure 7.3 C). In addition, widespread infiltration of 

inflammatory cells including neutrophils and macrophages was evident in the 

peripheral lung, with extensive cell debris noted in the lumen of bronchi and 

bronchioles that was absent in SHAM mice (Figure 7.3 D, Figure 7.3 E). The presence 

of influenza A/PR-8/34 virus was confirmed by visualisation of immunoreactive 

nucleoprotein in the epithelium of bronchioles and in cellular material that had shed into 

the lumen of airways (Figure 7.3 G), whereas the peripheral lung of SHAM mice was 

negative for Influenza A nucleoprotein (Figure 7.3 F). Together, these signs confirmed 

viral infection in VIRUS mice.  

 

7.3.2 Effect of influenza A infection on relaxation responses evoked by acrolein 

Acrolein (30 µM) elicited a robust relaxation response in SHAM tracheal segments (28 

± 5%, n=14; Figure 7.4). In comparison, responses elicited by acrolein in VIRUS 

segments were >90% smaller in magnitude than those elicited in SHAM segments (2 ± 

1% vs 28 ± 5% relaxation, n=14, p<0.01; Figure 7.4). Thus, infection with influenza A 

virus profoundly attenuated relaxation responses of tracheal segments to acrolein.  

 

 

7.3.3 Effect of influenza A infection on relaxation responses evoked by substance 
P 

At all concentrations of SP greater than 0.1 nM, relaxation responses were significantly 

attenuated in VIRUS tracheal segments compared to SHAM segments (Figure 7.5). 
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Figure 7.3. Clinical, histopathologic, and immunohistochemical evaluation of 
influenza A infection in mice. 

Time course of changes in body weight of SHAM and VIRUS mice (A). Shown are the 

mean ± S.E.M cumulative weight changes in SHAM and VIRUS mice on 0, 1, 2 and 3 

days post-inoculation (n=14). ***p<0.001 compared to SHAM mice on day 3.  H&E 

stained sections of trachea and peripheral lung tissue isolated from SHAM (B, D) and 

VIRUS (C, E) mice on day 4 post-inoculation. Immunohistochemical detection of 

influenza A nucleoprotein in the peripheral lungs isolated from SHAM (F) and VIRUS 

(G) mice on day 4 post-inoculation. Black bar =100 µm.   
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Figure 7.4. Relaxation responses evoked by acrolein (30 µM) in tracheal 
segments isolated from SHAM and VIRUS mice. 

Representative isometric tension recordings (A) and mean ±S.E.M data (n=14) (B). 

***p<0.001 compared to SHAM mice. 
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Figure 7.5. Bolus dose-response curves to substance P in tracheal segments 
isolated from SHAM and VIRUS mice. 

Data are presented as mean ± S.E.M (n=8-14). ***p<0.001 compared to SHAM at 

corresponding concentrations of substance P. 
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For example, 1 nM SP elicited 47 ± 6% relaxation in SHAM tracheal segments while 

only producing a 1 ± 1% relaxation in VIRUS segments (n=14, p<0.001). The relaxation 

response elicited by the highest concentration of SP administered to VIRUS segments 

(100 nM) was smaller than 40% relaxation, such that an EC50 was unable to be 

determined. It was therefore not possible to fit the partial dose-response curves of the 

VIRUS tracheal segments in order to quantitate the magnitude of the rightward shift of 

the curve relative to the SHAM dose-response curve, but a clear loss of potency was 

evident. Thus, infection with influenza A virus rendered tracheal segments markedly 

hyporesponsive to the relaxant effects of exogenous SP.  

 

7.3.4 Effect of influenza A infection on relaxation responses evoked by 
exogenous PGE2 and contractile responses evoked by carbachol  

In contrast to acrolein and SP, responses of VIRUS tracheal segments to exogenous 

PGE2 were not attenuated compared to SHAM segments (Figure 7.6). Maximum 

relaxation responses evoked by PGE2 were equally large in VIRUS segments as in 

SHAM segments (102 ± 1 % vs 100 ± 0.5%, n=7, p>0.05; Table 7.1). Interestingly, 

whilst maximum responses were not affected, PGE2 was 2.8-fold more potent in VIRUS 

segments than in SHAM segments (-logEC50 7.82 ± 0.14 vs 7.38 ± 0.05, n=7, p<0.01; 

Table 7.1). In contrast to PGE2, responses of VIRUS segments were unchanged to 

isoprenaline and carbachol, which elicit direct relaxation and contractile effects on 

tracheal smooth muscle, respectively. Neither maximum relaxation responses nor 

potencies of isoprenaline (Figure 7.7 A) and carbachol (Figure 7.7 B) were significantly 

different for VIRUS segments compared to SHAM segments (Table 7.1).  

 

7.3.5 Effect of influenza A infection on epithelial secretion of PGE2  

Exposure of tracheal segments to vehicle (0.09% saline) for 10 min enabled basal 

levels of PGE2 secreted into the surrounding bathing fluid to be measured for SHAM 

and VIRUS segments. Surprisingly, levels of basal PGE2 production were not found to 

differ significantly between the two groups (62 ± 5 pg tracheal segment-1 vs 64 ± 4 pg, 

n=6, p>0.05; Figure 7.8 A). In SHAM segments, levels of PGE2 were significantly 

elevated in response to a single bolus dose of acrolein (30 µM) (115 ± 17 pg vs 62 ± 5 

pg, n=6, p<0.001). In contrast, exposure of VIRUS segments to acrolein did not 

produce a significant elevation in PGE2 levels, and levels were significantly smaller 

than that produced by SHAM segments in response to acrolein (Figure 7.8 A). 
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Similarly, the elevation in PGE2 release evoked by 1 nM SP was significantly greater in 

SHAM segments relative to VIRUS segments (229 ± 39 pg vs 112 ± 8 pg, n=6, 

p<0.001; Figure 7.8 C). Differences between the levels of PGE2 secreted by VIRUS 

and SHAM tracheal segments were reflected by differences in the magnitude of 

relaxation responses elicited in the VIRUS and SHAM segments from which PGE2 

measurements were made in response to both acrolein and SP exposure (Figure 7.8 

B, Figure 7.8 D). 
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Figure 7.6. Cumulative dose-response curves to PGE2 in tracheal segments 
isolated from SHAM and VIRUS mice. 

Data are presented as mean ± S.E.M (n=7). **p<0.01 compared to -log EC50 in SHAM. 

 





INFLUENCE OF INFLUENZA A ON ACROLEIN-INDUCED SECRETION OF BRONCHOACTIVE MEDIATORS ⑦ 
  

 
341 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7. Cumulative dose-response curve to isoprenaline (A) and carbachol 
(B) in tracheal segments isolated from SHAM and VIRUS mice. 

Relaxation responses are expressed as a percentage reversal of the carbachol pre-

contraction, while contractile responses are expressed as a percentage of Cmax, the 

maximum contraction elicited by 10-5 M carbachol. Data are presented as mean ± 

S.E.M (n=7-8). 
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Figure 7.8. Quantitation of PGE2 released by SHAM and VIRUS tracheal segments 
and corresponding relaxation responses.  

PGE2 levels (A) and relaxation responses (B) produced by tracheal segments in 

response to vehicle (0.09% saline) and acrolein (ACR, 30 µM). PGE2 levels (C) and 

corresponding relaxation responses (D) produced by SHAM and VIRUS tracheal 

segments in response to substance P (SP; 1 nM). Data are presented as mean ± 

S.E.M (n=6). **p<0.01, ***p<0.001 compared to PGE2 release or relaxation responses 

produced by SHAM segments; ††p<0.01 compared to level of PGE2 generated by 

SHAM segments in response to ACR (30 µM). 
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Table 7.1. Differences in the responses of tracheal segments isolated from SHAM 
and VIRUS mice to spasmogenic and spasmolytic agents. 

BDRC, bolus dose-response curve; CDRC, cumulative dose-response curve.  
 

 

 

a p<0.01 compared to relaxation response produced by SHAM segments 
b p<0.001 compared to Rmax (maximum relaxation) produced by SHAM segments 
c p<0.01 compared to -logEC50 of SHAM segments 
N.A. Not applicable 
N.D. Not determined  
 

 

 

 

 

 

Agonist 
-logEC50 

 
           SHAM                          VIRUS 

  

Rmax (%) 
 

         SHAM                             VIRUS 
 

Acrolein 
(30 µM) N.D. N.D. 28 ± 2 2 ±  1a 

Carbachol 
(0.5 log CDRC, 
0.01-10 µM) 

6.51 ± 0.06 6.29 ± 0.06 N.A. N.A. 

Substance P 
(1.0 log BDRC, 
0.01-100 nM) 

8.75 ± 0.15 N.D. 77 ±  2 39 ± 8b 

PGE2 
(0.5 log CDRC, 
0.003-3 µM) 

7.38 ± 0.05 7.82 ± 0.14c 100 ± 0.5 103 ± 1 

Isoprenaline 
(0.5 log CDRC, 
0.001-1 µM) 

7.33 ± 0.06 7.59 ± 0.17 100 ± 0.4 101 ± 2 
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7.4 DISCUSSION  

In this Chapter, influenza A infection was demonstrated to markedly attenuate 

relaxation responses of mouse isolated tracheal smooth muscle evoked by acrolein. 

The secretion of epithelium-derived PGE2 in response to acrolein was also markedly 

reduced by viral infection, most likely due to a loss of epithelial cells via virus-induced 

luminal shedding. Relaxation responses and the secretion of PGE2 by the airway 

epithelium in response to SP were likewise reduced in VIRUS tracheal segments. 

Collectively, these findings suggest that epithelial damage plays a central role in the 

attenuation of acrolein-induced relaxation responses by influenza A infection.   

  

As characterised in Chapter 6, acrolein evoked a robust relaxation response via a 

mechanism that involves interplay between three key cellular components within the 

airways ─ the sensory nerves, epithelium, and smooth muscle. The proposed 

mechanism of acrolein-induced bronchodilation involved activation of TRPA1 channels 

localised to sensory C-fibres resulting in the local axonal release of the neuropeptide 

SP. Subsequent activation of the NK1 receptor on airway epithelial cells by SP was 

proposed to lead to the production and secretion of the COX-derived product PGE2. In 

turn, PGE2 activated EP2 receptors expressed on airway smooth muscle cells which, 

being functionally coupled to adenylyl cyclase and an increase in cAMP, mediated 

smooth muscle relaxation (Cheah et al., 2014). Thus, the mechanism(s) through which 

influenza A infection attenuates acrolein-induced relaxation responses might involve 

modulation of one or all three of these key airway structures or associated mediators, 

and this was further explored in the present Chapter.  

 

Disruption of the airway epithelium is a characteristic and defining feature of influenza 

A infection. In the acute stages of infection, widespread cytonecrosis precedes 

multifocal desquamation of pseudostratified columnar epithelial cells (Kuiken and 

Taubenberger, 2008; Taubenberger and Morens, 2008). Similar histopathological 

changes of influenza A-infected tracheal epithelium were observed in the present 

Chapter, where desquamation of the epithelial layer and epithelial shedding were 

particularly pronounced in VIRUS mice. Based on these histopathological changes, a 

functional deficit in the capacity of the epithelium to generate mediators, including 

those with bronchoactive properties, seemed likely. Indeed, a dependency of smooth 

muscle relaxation responses on an intact epithelium has been demonstrated for 

several bronchorelaxants, including capsaicin (Szarek et al., 1995; Taylor et al., 2012) 
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and SP (Bodelsson et al., 1999; Szarek et al., 1998), whereby relaxation responses 

were substantially diminished by either mechanical or viral-induced disruption of the 

epithelium. Therefore, in view of the intermediary role of the epithelium in acrolein-

induced relaxation responses, together with the well-established effects of influenza A 

on the epithelium, the airway epithelium represented an obvious target for modulation 

of relaxation responses by influenza A. Results from the present Chapter suggest that 

influenza A-induced disruption of the airway epithelium and subsequent reduction in 

the generation of inhibitory mediators rendered tracheal segments hyporesponsive to 

the relaxant actions of acrolein. Consistent with this, levels of PGE2 generated in 

response to acrolein were profoundly diminished in VIRUS segments, most likely due 

to the presence of fewer epithelial cells resulting from virus-induced epithelial luminal 

shedding, as established by histopathological studies. In addition, a reduction in the 

capacity of VIRUS segments to secrete PGE2 and produce a relaxation response were 

mirrored in response to SP, consistent with previous observations (Taylor et al., 2012). 

Surprisingly, although the capacity to generate new PGE2 in response to acrolein and 

SP was profoundly diminished, basal production of PGE2 did not appear to be 

adversely affected by viral infection. Thus, it appears that the single layer of basal 

epithelial cells that remained following shedding of the columnar epithelial cells may 

have been able to maintain basal production of PGE2, but they were clearly incapable 

of generating and secreting new PGE2 in response to acrolein and SP. Overall, 

influenza A-induced disruption of the airway epithelium was a major contributing factor 

in the attenuation of relaxation responses evoked by acrolein. More specifically, a 

reduced capacity of the airways to generate epithelial PGE2 (in response to SP 

released by sensory C-fibres activated by TRPA1 channel activation) likely played a 

central role in the attenuation of the relaxation response (Figure 7.9).  

 

Downstream of epithelial disruption, modulation of the expression and function of 

receptors expressed on smooth muscle cells by viral infection have also been reported. 

Infection has been demonstrated to alter the contractile and relaxation responses 

elicited by a range of compounds, including histamine, endothelin-1, adenosine, and 

noradrenaline, and at various stages of infection (Ashraf et al., 2001; Carr et al., 1996; 

Henry et al., 1991). On a mechanistic level, viral infection was shown to alter the 

density, distribution, and function of receptors that modulate airway smooth muscle in 

mouse and human airways, including β-adrenoceptors and PAR2 (Henry et al., 1991; 

Lan et al., 2004; Moore et al., 2006). Additionally, perturbations of intracellular 

processes, including coupling of β-adrenoceptor activation to transmembrane signalling 
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Figure 7.9. Schematic representation of the postulated mechanism through 
which influenza A virus (V) attenuates acrolein-induced relaxation responses.  

Acrolein-induced relaxation responses involve interplay between three key structural 

components of the airways: (1) sensory nerves (expressing TRPA1 channels), (2) 

epithelium (expressing NK1 receptors) and (3) smooth muscle (expressing EP2 

receptors). Disruption of the airway epithelium by influenza A and subsequent 

reduction of PGE2 generation in response to substance P (SP) released by sensory 

nerves activated by acrolein may lead to an attenuated relaxation response. This may 

have potential implications for the development of airway hyperresponsiveness.   
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pathways, by viral infection may also attenuate relaxation responses (Hakonarson et 

al., 1999; Hakonarson et al., 1998). However, results from this present Chapter clearly 

demonstrated that relaxation responses elicited by isoprenaline, which activates β-

adrenoceptors expressed by the smooth muscle, were not altered by influenza A 

infection. The reasons for the discrepancy between these findings and those 

established in the literature remain unclear, however strain- or dose-dependent effects 

of the virus may in part account for observed differences. Nonetheless, as normal 

smooth muscle relaxation responses were observed, attenuation of acrolein-induced 

bronchodilation by influenza A infection via direct effects of the virus on the smooth 

muscle appears unlikely in the present Chapter.  

 

Similar to isoprenaline, responses of VIRUS tracheal segments to exogenous PGE2 

were also not diminished compared to SHAM segments. In fact, although maximum 

responses were unchanged, exogenous PGE2 was actually more potent in VIRUS 

tracheal segments than in SHAM segments, consistent with previous observations 

(Taylor et al., 2012). Although the precise mechanisms underlying the enhanced 

potency of PGE2 are not well-understood, it is conceivable that a heightened sensitivity 

to exogenous PGE2 may have developed as a compensatory mechanism to a 

deficiency in PGE2 production. However, the heightened sensitivity exhibited by 

VIRUS-infected mice to PGE2 was insufficient to compensate for the reduction in the 

PGE2-generating capacity of epithelial cells in response to acrolein, resulting in an 

overall attenuation of the acrolein-induced relaxation response. This finding suggested 

that the diminished relaxation responses to both acrolein and exogenous SP caused by 

influenza A infection were most likely attributable to a cellular target upstream of the 

smooth muscle, consistent with the airway epithelium. Therefore, it is disruption of the 

epithelium, rather than changes in the smooth muscle, that likely rendered influenza A-

infected tracheal segments hyporesponsive to the relaxant actions of acrolein. 

 

Influenza A infection has been recognised to induce central nervous system 

dysfunction and might therefore be capable of modulating sensory nerve function 

directly (Toovey, 2008). Indeed, highly pathogenic strains of influenza A such as H5N1 

and H5N3 are neurovirulent in mice (Jang et al., 2009; Park et al., 2002; Shinya et al., 

2000). However, the strain of Influenza A (H1N1) used in the present Chapter has not 

been demonstrated to exhibit a high degree of neuropathogenicity in most mammalian 

species, including mice (Folkerts et al., 1998). Consistent with its mild 
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neuropathogenicity, the capacity of Influenza A/PR-8/34 (H1N1)-infected mice to 

generate and release SP from sensory C-fibres was not found to be adversely affected 

by viral infection (Taylor et al., 2012). Thus, attenuation of acrolein-induced relaxation 

of tracheal smooth muscle via neuropathogenic effects of influenza A appears unlikely 

in this context.  

 

The potential implications of an attenuated capacity to produce relaxation responses 

lies in the protective function of the response. As discussed in Chapter 6, a critical 

function of the “sensory nerve inhibitory system” is to protect the airways against 

excessive constriction by maintaining airway patency via the release of spasmolytic 

mediators from epithelial cells (Fortner et al., 2001; Szarek and Spurlock, 1997; Szarek 

et al., 1995). Therefore, disruption of this inhibitory system may predispose the airways 

to inappropriate bronchoconstrictor responses, which could have deleterious 

consequences (Folkerts et al., 1998; Folkerts et al., 1995; Sterk, 1993) (Figure 7.2). 

Overall, losses in the capacity of the airways to generate bronchodilatory responses 

have a purported role in the development of AHR. For example, epithelial shedding 

was revealed to directly enhance airway responsiveness in isolated bronchi by 

compromising the capacity of the epithelium to produce spasmolytic mediators (e.g. 

PGE2) or spasmogenic mediator-degrading enzymes (e.g. neutral endopeptidase) 

(Borson et al., 1989; Dusser et al., 1989; Jacoby et al., 1988; Nadel, 1991; Sterk, 1993; 

Vanhoutte, 2013). Surprisingly, genetic downregulation of the PGE2 synthase-PGE2-

EP2 pathway did not alter in vivo responsiveness to cholinergic stimuli, although 

upregulation of PGE2 production in the mouse lung protected the airways against AHR 

(Hartney et al., 2006). In asthmatic airways, loss of bronchodilator responses produced 

by deep inspiration have been proposed to contribute to AHR (Skloot and Togias, 

2003; Slats et al., 2007), however this remains a contentious issue (Lutchen, 2014; 

Noble et al., 2014; Scichilone et al., 2001). In addition to PGE2, more recent studies 

have established that the airway epithelium secretes other mediators that have 

implications for AHR. For example, epithelium-derived neuropeptide Y markedly 

enhanced methacholine-induced bronchoconstriction in human airways, and genetic 

deletion of neuropeptide Y in FOXp1/4DKO mice strongly attenuated the AHR phenotype 

(Li et al., 2016). Thus, it is clear that the contribution of the airway epithelium to the 

development of AHR is complex.  
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What impact might an attenuated relaxation response have on the airways specifically 

within the context of influenza A infection? Liken to other disease contexts, an 

attenuation in the capacity of influenza A-infected tracheal segments to produce 

relaxation responses may reflect an increase in the tendency of airways to develop 

obstruction upon encounter with an airborne stimulus. While an array of factors have 

been proposed to contribute to the development of AHR in influenza A, including 

exposure of afferent nerve endings and increased penetration of airborne irritants due 

to epithelial shedding (Folkerts et al., 1995; Jacoby et al., 1988; Jacoby, 2002; Jacoby 

and Fryer, 1990), results from this Chapter demonstrated the importance of the 

production and secretion of spasmolytic mediators such as PGE2 by a healthy 

epithelium. Although this deficiency in PGE2 production did not augment 

bronchoconstrictor responses to carbachol, a reduction in the capacity of VIRUS 

tracheal segments to produce smooth relaxation responses may translate to a reduced 

capacity to regulate bronchoconstrictor responses to additional stimuli. This may drive 

an imbalance between airway closure and opening by “tipping the balance” further in 

favour of airway narrowing (Figure 7.2), thus providing a mechanism through which 

influenza A infection produces AHR (Figure 7.9).  
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7.4.1 Major Findings 

In summary, the data obtained in Chapter 7 demonstrated that: 

1. Mice inoculated with a high dose of influenza A/PR-8/34 (H1N1) exhibited clear 

signs of clinical illness as well as pathohistological and immunohistochemical 

evidence of infection in the trachea and peripheral lung. 

2. Tracheal segments isolated from VIRUS mice responded weakly to the relaxant 

effects of acrolein and SP compared to SHAM mice.  

3. Tracheal segments isolated from VIRUS mice were hypersensitive to exogenous 

PGE2, which was ~3-fold more potent in VIRUS than SHAM segments. Maximum 

relaxation responses elicited by PGE2 were similar in both VIRUS and SHAM 

segments. 

4. Tracheal segments isolated from VIRUS mice exhibited normal relaxation and 

contractile responses to the β-adrenoceptor agonist isoprenaline and carbachol, 

respectively. This was indicative of normal smooth muscle function.  

5. Levels of epithelial PGE2 secretion were elevated in response to acrolein and SP 

in SHAM segments. This elevation in PGE2 secretion was profoundly diminished in 

VIRUS segments. 

6. The proposed mechanism through which influenza A infection attenuates acrolein-

induced relaxation involves disruption of the airway epithelium leading to epithelial 

cell loss and a subsequent reduction of the capacity of the epithelium to generate 

PGE2 in response to SP released by TRPA1-expressing sensory nerves activated 

by acrolein (Figure 7.9). This provides novel insights into the mechanisms by 

which AHR is produced by influenza A infection.  
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 GENERAL DISCUSSION  

The airway epithelium is a central component of lung defense against noxious airborne 

irritants, including smoke. Although smoke is far too complex a mixture to be studied as 

a homogenous compound, acrolein has emerged as a key mediator of the effects that 

accompany smoke exposure, having recently been recognised as the most significant 

(non-cancer) contributor of the respiratory effects elicited by cigarette smoke (Yeager 

et al., 2016). In its broadest sense, the work generated by this Thesis aimed to add to 

the existing body of knowledge of the acute physiological responses to acrolein that are 

elicited in a protective capacity. To add to this body of knowledge, acute responses to 

acrolein that are mediated by the airway epithelium, and more specifically those 

involving the secretion of mucins and bronchoactive mediators from the surface 

epithelium, were characterised, as summarised in Figure 8.1.  

 

Conceptually, the work presented in this Thesis fell under two experimental 

approaches that were related but reciprocal in nature. The first three Results Chapters 

(Chapters 3-5) involved developing novel experimental approaches to characterise 

established airway responses evoked by acute acrolein exposure. The dynamic 

ex vivo systems developed in these Chapters serve as novel experimental platforms 

through which to gain further mechanistic insight into longstanding in vivo observations 

of responses elicited by acrolein. Contrariwise, the final two Results Chapters 

(Chapters 6-7) involved using established experimental approaches to characterise 

novel airway responses evoked by acute acrolein exposure. In these Chapters, a 

well-established organ bath approach was used together with conventional biochemical 

assays to characterise a novel response elicited by acrolein involving the secretion of 

bronchoactive mediators from the surface epithelium and consequential relaxation of 

mouse isolated tracheal smooth muscle. 
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8.1 USE OF NOVEL EXPERIMENTAL APPROACHES TO FURTHER 
CHARACTERISE ESTABLISHED AIRWAY RESPONSES TO ACROLEIN 

8.1.1 Development of dynamic ex vivo systems  

Prior to examination of acrolein-induced secretory responses of the airway epithelium, 

work presented in Chapter 3 aimed to develop an experimental system that would 

facilitate the investigation of these responses within a dynamic ex vivo setting. In better 

reproducing the biological complexity of the intact airways, ex vivo models facilitate the 

study of potential interactions between different airway structures and can therefore 

provide more physiologically relevant insights than isolated cell culture models. In 

Chapter 3, an ex vivo perfusion-superfusion system and a ventilation-superfusion 

system that better reproduced the dynamic in vivo environment were successfully 

developed. The viability of mouse isolated tracheal segments was successfully 

preserved by both of these systems, although to a superior degree by the perfusion-

superfusion system.  Preservation of the integrity of mouse tracheal segments was 

revealed by examination of the histology of segments. Preservation of the functional 

integrity was revealed by an organ bathing approach, where bronchomotor activity 

served as functional readout of the preservation of functional responses. Future studies 

that measure the cilia beat frequency of the epithelium of perfused/ventilated tracheal 

segments using optimal coherence tomography approaches (Lemieux et al., 2015), or  

measure the transepithelial electrical resistance of tracheal segments (Tosoni et al., 

2016), or stain for the presence of additional airway cells such as immune cells, are 

required to provide a more comprehensive overview of the capacities of the two 

dynamic systems to preserve the integrity of mouse isolated tracheal segments.  

 

Although the perfusion-superfusion and ventilation-superfusion systems were used for 

the study of mouse isolated tracheal tissue, both of these systems have the potential to 

be used for the examination of additional tissue types. By selecting needles of an 

appropriate gauge, these systems could be used to examine different regions of the 

mouse airway, ranging from the nasal passages down to the bronchioles. Of clinical 

significance, these systems also provide a unique opportunity to examine human ex 

vivo airways in a more physiologically relevant and dynamic setting that has not 

previously been possible (unpublished data, ongoing experiments in our laboratory). 

Therefore, the perfusion-superfusion and ventilation-superfusion systems represent 

powerful platforms through which to consolidate findings derived from animal models in 

human tissue in a wide array of experimental contexts.  
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Figure 8.1. Schematic outlining major findings of individual Results Chapters.  
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8.1.2 Using the dynamic ex vivo systems to investigate mucous metaplasia   

Having developed two dynamic ex vivo systems, work performed in subsequent 

Chapters aimed to use these systems to characterise the secretory responses of the 

epithelium elicited by acute acrolein exposure. However, the serendipitous discovery 

that mucous metaplasia developed spontaneously in the perfusion-superfusion system 

provided a unique opportunity to explore the physical factors that drive mucous 

metaplasia, which was subsequently examined in conjunction with an in vivo ovine 

model. Work presented in Chapter 4 provided evidence that perturbations of the 

mechanical environment influence the levels of epithelial mucin, thereby adding to the 

growing body of evidence that proposes the mechanical environment as an important 

driver of changes in the airways (Gosens and Grainge, 2015; Manuyakorn, 2014). In 

addition, the presence of lumenal fluid was identified for the first time as a physical 

stimuli capable of influencing the levels of mucin in the surface epithelium. In these 

studies, as levels of intracellular mucin were measured solely through staining of PAS-

positive mucin, whether observed changes in mucin protein levels were driven by 

transcriptional changes is unknown and measurements of changes in the expression of 

Muc5ac or Muc5b mRNA levels in perfused or ventilated tracheal segments should be 

made in future studies.  

 

Why might investigating the physical stimuli of mucous metaplasia be important within 

the context of respiratory disease? A number of therapeutic approaches have been 

developed to target pathologic mucus produced in respiratory disease. These include 

targeting the mucin exocytosis process through pharmacological blockade of regulatory 

proteins such as the myristoylated alanine-rich protein kinase C substrate protein 

(Andre Van et al., 2011) or heat shock protein 70 (Fang et al., 2013), or interference 

with intracellular calcium handling (Lu et al., 2011). Alternatively, pathologic mucus has 

been clinically targeted through promotion of the clearance of secreted mucus by 

physical measures (Flume et al., 2009), inhaled hypertonic saline (Elkins et al., 2006), 

solubilisation of mucus by N-acetylcysteine (Decramer and Janssens, 2010), or 

osmotic agents such as mannitol (Daviskas and Rubin, 2013). However, each of these 

approaches are fraught with problems. Few of the inhibitors of the mucin exocytosis 

have progressed into clinical trials and may not be viable therapeutic options due to the 

widespread role of targeted molecules in other physiological processes. While in 

clinical use, mucolytics are not widely prescribed because they exhibit poor efficacy 

and tolerability in patients at the concentrations required to produce therapeutic effects. 

In view of these issues, the mucous metaplastic process has been identified as a more 
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attractive therapeutic target and inhibition of the mucin production process may prove 

to be a more fruitful endeavour (Ha and Rogers, 2015). While much of the existing 

literature has focused on the biochemical stimuli of mucous metaplasia (see Chapter 4, 

Section 4.1.3.1), work performed in Chapter 4 demonstrated that physical stimuli might 

also drive changes in epithelial mucin levels. Together with the biochemical stimuli 

already identified, future studies that characterise the mechanisms through which 

physical stimuli drive epithelial mucin production may help to form a more complete 

understanding of the mucous metaplastic process. As these biochemical and physical 

stimuli become increasingly understood, novel therapeutic targets may be revealed that 

ultimately fulfil the unmet need to target the pathologic mucus in wide range of 

respiratory diseases.  

 

8.1.3 Using the dynamic ex vivo system to investigate acrolein-induced secretion 
of mucin from the surface epithelium  

Having established a dynamic ex vivo system capable not only of preserving the 

integrity of segments but that served as a robust model of mucous metaplasia, work 

presented in Chapter 5 aimed to characterise mucin secretory responses elicited by 

acute acrolein exposure in mouse isolated tracheal segments. Using the perfusion-

superfusion system, acrolein was demonstrated to elicit mucin secretion in an ex vivo 

setting, consolidating longstanding observations of the strong mucous secretory  

responses evoked by acrolein in experimental animals (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). Prior to the development of appropriate ex vivo models, an understanding of 

these protective secretory responses had not progressed significantly beyond global 

observations of fluid secreted into the lumen of the airways of experimental animals. 

For example, whether secretions produced by surface epithelial cells contribute equally 

to glandular sources of mucus is largely unknown, and the mechanisms underlying the 

secretory process is poorly understood. Equipped with an ex vivo model of acrolein-

induced mucin secretion, studies that begin to advance our mechanistic understanding 

of these secretory processes may now be feasible. As discussed in Chapter 5, ATP is 

unlikely to be a major mediator of acrolein-induced mucin secretion, although additional 

studies are required to fully clarify its role. Future work conducted using the perfusion-

superfusion system could investigate potential involvement of additional candidate 

mediators, receptors, and downstream signalling pathways that underpin the mucin 

secretory process, including muscarinic or neurokinin receptor-mediated pathways 

(Adler et al., 2013; Davis and Dickey, 2008).  Furthermore, as glandular secretion and 
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surface epithelial mucin secretion can be studied separately in the perfusion-

superfusion system, their relative contributions to the overall secretory response can be 

more fully characterised.  

 

Another major finding that emerged from work presented in Chapter 5 is that mucin 

secretory responses elicited by acrolein are more complex than perhaps first 

recognised. The complexity of these secretory responses was revealed by 

observations of a U-shaped (biphasic) dose-response curve coupled to findings that 

the profile of acrolein-induced secretion differed when mucin stores developed in 

response to LPS exposure compared to perfusion alone, for reasons that remain 

incompletely understood. As the stimuli of mucin store formation appears to influence 

mucin secretory responses, it would be intriguing to compare the profile of acrolein-

induced secretion of mucin stores formed in response to a range of different stimuli. 

For example, future studies could examine responses of airway segments isolated from 

mice in which mucous metaplasia is first induced by ovalbumin challenge (Evans et al., 

2015; Young et al., 2007), viral infection (Buchweitz et al., 2007; Grayson et al., 2007; 

Tyner et al., 2006), or environmental irritants (Wagner et al., 2003). Following 

experimental induction of mucous metaplasia, subsequent secretory responses of 

those mucin stores by acute acrolein exposure could be further characterised using the 

perfusion-superfusion system. In the latter part of Chapter 5, a novel fixation approach 

that utilised an OsO4 (in FC-72) aerosol to capture the mucin secretory process in situ 

was developed through an exhaustive optimisation process. Using this novel fixation 

approach, acrolein-induced mucin secretory responses, or those induced by other 

secretagogues, could be further characterised within an in situ context.   

 

8.2 USE OF ESTABLISHED EXPERIMENTAL APPROACHES TO CHARACTERISE 
NOVEL AIRWAY RESPONSES TO ACROLEIN 

8.2.1 Acrolein-induced secretion of bronchoactive mediators from the surface 
epithelium in health and disease  

The final two Chapters examined the secretory function of the airway epithelium within 

the context of the production and secretion of bronchoactive mediators. Using a 

combination of well-established organ bath and biochemical approaches, work 

presented in Chapters 6 and 7 demonstrated that acute acrolein exposure elicits a 

novel bronchodilatory response via secretion of PGE2 from the surface epithelium of 
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mouse isolated tracheal smooth muscle (Cheah et al., 2014). A more complete 

mechanistic understanding of this novel relaxation response was characterised and 

postulated to form part of a bronchoprotective “sensory nerve inhibitory system” in 

which the airway epithelium plays a crucial intermediary role as the structural link 

between sensory nerve activation and the relaxation responses observed.  

 

As acrolein-induced relaxation responses were characterised in mouse isolated 

tracheal segments, it is clear that these responses are produced in the large airways, 

where the epithelium is densely innervated by bronchial C-fibres. Whether these 

relaxation responses are also observed in the smaller intrapulmonary airways has not 

yet been explored but if found to exist, could have intriguing implications for respiratory 

disease. There are several lines of evidence that this inhibitory system could exist in 

the small airways of mice. Firstly, the small airways of mice are densely innervated by 

pulmonary C-fibres (Belvisi, 2003b). Secondly, the candidate spasmolytic mediator 

produced by the epithelium, PGE2, has been reported to elicit relaxation responses in 

mouse small airways, where it exhibited a greater efficacy and potency than traditional 

bronchodilators such as salbutamol (FitzPatrick et al., 2014). Due to their inherently 

small lumen area and lack of an effective mucociliary transport system, small airways 

are highly susceptible to occlusion by both contractile and non-contractile factors, such 

as mucin secretion. For these reasons, the existence of a “sensory nerve inhibitory 

system” might be even more crucial at this level of the airways than in the larger 

airways. In order to evaluate the potential existence of this system in small airways, it 

would be necessary to confirm whether relaxation responses elicited in mouse tracheal 

segments are replicated in small airways. Lung slice systems are powerful 

experimental system that have been widely utilised for the study of the contractility of 

mouse small airways (Bourke et al., 2013; Donovan et al., 2013; Donovan et al., 2016; 

FitzPatrick et al., 2014; Morin et al., 2013; Rosner et al., 2013) and could be used to 

uncover the existence of the inhibitory system in the small airways.  

 

Another important and intuitive question that arises from Chapter 6 pertains to the 

existence of the “sensory nerve inhibitory system” in humans.  Although a large body of 

evidence exists in support of a direct role of C-fibres in mediating chemoreflex 

responses in rodents, their relative importance in the human airways remains to be fully 

established (Lee, 2009). Because experimental limitations render direct measurements 

of C-fibre afferents nearly impossible to perform in humans, ascribing specific 
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responses to C-fibre activation remain tentative due to conflicting reports. For example, 

typical respiratory chemoreflexes evoked by the prototypical C-fibre activator capsaicin 

have not been reported in human subjects when administered intravenously (Winning 

et al., 1986). In contrast, cough responses were strongly elicited when capsaicin was 

administered by aerosol inhalation (Dicpinigaitis, 2007). This suggests that the 

responses elicited in humans may be more complex than in other mammalian species, 

although studies in human ex vivo tissue should help to clarify the role of C-fibres.  

Notwithstanding this complexity, there is experimental evidence that favours the 

existence of the “sensory nerve inhibitory system” in humans. Exposure of human 

subjects to aerosolised capsaicin elicited a powerful bronchodilatory response under 

cholinergic and β-adrenergic blockade and that was abolished by lignocaine (Lammers 

et al., 1988; 1989). On a cellular level, expression of the neural and downstream 

components of this system have been confirmed in human airways. Longstanding work 

has established that SP-immunoreactive nerves are expressed in the epithelial 

membrane of human tissue (Ollerenshaw et al., 1991), that the target receptor NK1 of 

SP is expressed on the epithelium (Fischer et al., 1992), and that activation of the NK1 

receptor produces bronchodilation in pre-constricted human airways (Chitano et al., 

1994). Upon NK1 receptor activation, is PGE2 a likely candidate spasmolytic mediator 

secreted by the epithelium in human airways, as observed for rodent airways? There is 

definitive evidence that PGE2 is a potent bronchodilator of human isolated airway 

segments, likely mediated by EP4 receptor activation (Benyahia et al., 2012; Buckley et 

al., 2011). However, the in vivo effects of PGE2 are complicated by the existence of 

multiple receptor subtypes (EP1-4) that are coupled to distinct signal transduction 

pathways, and the biological effects of PGE2 are more multi-faceted compared to those 

observed in ex vivo tissue. Nonetheless, aerosolised PGE2 has been demonstrated to 

exert a net bronchodilatory effect in human subjects and is therefore generally 

considered to be a bronchoprotective prostanoid in human airways (Gauvreau et al., 

1999; Mathé and Hedqvist, 1975; McGraw et al., 2006; Vancheri et al., 2004). Taken 

together, these findings provide evidence that the bronchodilatory responses that form 

part of the “sensory nerve inhibitory system” may be relevant in human airways.  

 

Since the “sensory nerve inhibitory system” serves an important bronchoprotective 

function by regulating airway opening and closure, dysfunction of this system may have 

important implications for respiratory disease. Work presented in Chapter 7 

demonstrated for the first time that infection of mice with influenza A markedly 

attenuated acrolein-induced relaxation of tracheal smooth muscle through disruption of 
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the tracheal epithelium and consequent reduction in PGE2 production and secretion 

due to epithelial cell loss (Cheah et al., 2015). Dysfunction of the “sensory nerve 

inhibitory system” due to targeted disruption of the epithelium by influenza A infection 

may provide a mechanism through which airway hyperresponsiveness is produced. As 

disruption of the epithelium is a characteristic feature of an array of other respiratory 

diseases, most notably asthma (Holgate, 2007; 2008; Lambrecht and Hammad, 2012), 

future studies that investigate whether relaxation responses elicited by acrolein, as well 

as other compounds, are likewise attenuated in these diseases due to a similar 

dysfunction of the bronchoprotective inhibitory system may yield important insights into 

the development of airway hyperresponsiveness.  

 

8.3 CONCLUDING REMARKS  

In summary, the work presented in this Thesis has characterised the secretory 

responses of the airway epithelium to acrolein within the context of two major 

compounds produced and secreted by the epithelium — mucins and bronchoactive 

mediators. Although distinct responses, mucin secretion and changes in bronchomotor 

tone are functionally linked by their roles in the regulation of airway calibre and together 

are important determinants of airway resistance. As such, understanding the processes 

of mucin secretion and changes in bronchomotor tone is crucial not only for advancing 

our understanding of the protective function of these responses but also for 

understanding implications of its dysfunction, which may be relevant to the 

development of airway obstruction. As these processes become increasingly 

characterised on a mechanistic level, perhaps with the aid of novel experimental 

models, a more complete understanding of the role of the airway epithelium in 

mediating responses to acrolein will undoubtedly be formed. 

 



REFERENCES ⑨ 
  

 
365 

 REFERENCES 

Abramovitz M, Adam M, Boie Y, Carrière M-C, Denis D, Godbout C, Lamontagne S, Rochette 
C, Sawyer N and Tremblay NM (2000) The utilization of recombinant prostanoid 
receptors to determine the affinities and selectivities of prostaglandins and related 
analogs. Biochim Biophys Acta 1483:285-293. 

Ackerman V, Carpi S, Bellini A, Vassalli G, Marini M and Mattoli S (1995) Constitutive 
expression of endothelin in bronchial epithelial cells of patients with symptomatic and 
asymptomatic asthma and modulation by histamine and interleukin-1. J Allergy Clin 
Immunol 96:618-627. 

Adcock I, Peters M, Gelder C, Shirasaki H, Brown C and Barnes P (1993) Increased tachykinin 
receptor gene expression in asthmatic lung and its modulation by steroids. J Mol 
Endocrinol 11:1-7. 

Adler KB, Tuvim MJ and Dickey BF (2013) Regulated mucin secretion from airway epithelial 
cells. Front Endocrinol 4:1-9. 

Adriaensen D and Scheuermann DW (1993) Neuroendocrine cells and nerves of the lung. The 
Anatomical Record 236:70-86. 

af Forselles K, Root J, Clarke T, Davey D, Aughton K, Dack K and Pullen N (2011) In vitro and 
in vivo characterization of PF-04418948, a novel, potent and selective prostaglandin 
EP2 receptor antagonist. Br J Pharmacol 164:1847-1856. 

Agrawal A, Rengarajan S, Adler KB, Ram A, Ghosh B, Fahim M and Dickey BF (2007) Inhibition 
of mucin secretion with MARCKS-related peptide improves airway obstruction in a 
mouse model of asthma. J Appl Physiol 102:399-405. 

Aikawa T, Shimura S, Sasaki H, Ebina M and Takishima T (1992) Marked goblet cell 
hyperplasia with mucus accumulation in the airways of patients who died of severe 
acute asthma attack. Chest 101:916-921. 

Alarie Y and Stokinger HE (1973) Sensory irritation by airborne chemicals. CRC Crit Rev 
Toxicol 2:299-363. 

Aldini G, Orioli M and Carini M (2011) Protein modification by acrolein: Relevance to 
pathological conditions and inhibition by aldehyde sequestering agents. Mol Nutr Food 
Res 55:1301-1319. 

Ali MS and Pearson JP (2007) Upper Airway Mucin Gene Expression: A Review. The 
Laryngoscope 117:932-938. 

Allan-Wojtas P, Farnworth ER, Modler HW and Carbyn S (1997) A solvent-based fixative for 
electron microscopy to improve retention and visualization of the intestinal mucus 
blanket for probiotics studies. Microsc Res Tech 36:390-399. 

Alzahrany M and Banerjee A (2015) A biomechanical model of pendelluft induced lung injury. J 
Biomech 48:1804-1810. 

Andersson DA, Gentry C, Moss S and Bevan S (2008) Transient receptor potential A1 is a 
sensory receptor for multiple products of oxidative stress. J Neurosci 28:2485-2494. 

Andrè E, Campi B, Materazzi S, Trevisani M, Amadesi S, Massi D, Creminon C, Vaksman N, 
Nassini R and Civelli M (2008) Cigarette smoke–induced neurogenic inflammation is 
mediated by α, β-unsaturated aldehydes and the TRPA1 receptor in rodents. J Clin 
Invest 118:2574. 



REFERENCES ⑨ 
  

 
366 

Andrè E, Gatti R, Trevisani M, Preti D, Baraldi PG, Patacchini R and Geppetti P (2009) 
Transient receptor potential ankyrin receptor 1 is a novel target for pro-tussive agents. 
Br J Pharmacol 158:1621-1628. 

Andre Van A, Monica K, Nicola AH, Indu P and Edwin CM (2011) Inhibition Of Airway Mucus 
Hypersecretion And Inflammation With Bio-11006, A Novel Dual Action Drug, Results In 
Improvement Of Indices Of Bronchitis And Lung Function In Chronic Obstructive 
Pulmonary Disease (COPD), in C22 PATHOBIOLOGY OF COPD: LESSONS FROM 
INFLAMMATORY MECHANISMS AND GENOMIC STUDIES pp A4092-A4092, 
American Thoracic Society. 

Ashraf M, Singh M, Hussain M, Prasad A and Fahim M (2001) Influence of influenza viral 
infection on airway smooth muscle activity. Indian J Exp Biol 39:329-333. 

Bachar O, Adner M, Uddman R and Cardell LO (2004) Nerve growth factor enhances 
cholinergic innervation and contractile response to electric field stimulation in a murine 
in vitro model of chronic asthma. Clin Exp Allergy 34:1137-1145. 

Bai TR and Bramley AM (1993) Effect of an inhibitor of nitric oxide synthase on neural 
relaxation of human bronchi. Am J Physiol Lung Cel Mol Physiol 264:L425-L430. 

Ballard ST and Spadafora D (2007) Fluid secretion by submucosal glands of the 
tracheobronchial airways. Respir Physiol Neurobiol 159:271-277. 

Bandell M, Story GM, Hwang SW, Viswanath V, Eid SR, Petrus MJ, Earley TJ and Patapoutian 
A (2004) Noxious cold ion channel TRPA1 is activated by pungent compounds and 
bradykinin. Neuron 41:849-857. 

Banner KH, Igney F and Poll C (2011) TRP channels: Emerging targets for respiratory disease. 
Pharmacol Ther 130:371-384. 

Bardin P, Sanderson G, Robinson B, Holgate S and Tyrrell D (1996) Experimental rhinovirus 
infection in volunteers. Eur Respir J 9:2250-2255. 

Barnard DL (2009) Animal models for the study of influenza pathogenesis and therapy. Antiviral 
Res 82:A110-A122. 

Barnes P (1986a) Asthma as an axon reflex. Lancet 327:242-245. 

Barnes P (1986b) Neural control of human airways in health and disease. Am Rev Resp 
Disease 134:1289. 

Barnes PJ (1992) Neurogenic Inflammation and Asthma. J Asthma 29:165-180. 

Barnes PJ (2001) Neurogenic inflammation in the airways. Respir Physiol 125:145-154. 

Barnes PJ and Thomson NC (2009) Chapter 32 - Neural and Humoral Control of the Airways, in 
Asthma and COPD (Second Edition) pp 381-397, Academic Press, Oxford. 

Bautista DM, Jordt S-E, Nikai T, Tsuruda PR, Read AJ, Poblete J, Yamoah EN, Basbaum AI 
and Julius D (2006) TRPA1 mediates the inflammatory actions of environmental irritants 
and proalgesic agents. Cell 124:1269-1282. 

Bautista DM, Movahed P, Hinman A, Axelsson HE, Sterner O, Högestätt ED, Julius D, Jordt S-E 
and Zygmunt PM (2005) Pungent products from garlic activate the sensory ion channel 
TRPA1. Proc Natl Acad Sci USA 102:12248-12252. 

Bautista DM, Pellegrino M and Tsunozaki M (2013) TRPA1: A Gatekeeper for Inflammation. 
Ann Rev Physiol 75:181-200. 



REFERENCES ⑨ 
  

 
367 

Baxter M, Eltom S, Dekkak B, Yew-Booth L, Dubuis ED, Maher SA, Belvisi MG and Birrell MA 
(2014) Role of transient receptor potential and pannexin channels in cigarette smoke-
triggered ATP release in the lung. Thorax 69:1080-1089. 

Bein K and Leikauf GD (2011) Acrolein – a pulmonary hazard. Mol Nutrition Food Res 55:1342-
1360. 

Belser JA, Katz JM and Tumpey TM (2011) The ferret as a model organism to study influenza A 
virus infection. Dis Model Mech 4:575-579. 

Belvisi MG (2003a) Airway sensory innervation as a target for novel therapies: an outdated 
concept? Curr Opin Pharmacol 3:239-243. 

Belvisi MG (2003b) Sensory nerves and airway inflammation: role of Aδ and C-fibres. Pulm 
Pharmacol Ther 16:1-7. 

Ben-Jebria A, Crozet Y, Eskew ML, Rudeen BL and Ultman JS (1995) Acrolein-induced smooth 
muscle hyperresponsiveness and eicosanoid release in excised ferret tracheas. Toxicol 
Appl Pharmacol 135:35-44. 

Ben-Jebria A, Marthan R, Possetti M, Savineau J-P and Ultman JS (1993) Effect of in vito 
exposure to acrolein on carbachol responses in rat trachealis muscle. Respir Physiol 
93:111-123. 

Benyahia C, Gomez I, Kanyinda L, Boukais K, Danel C, Leseche G, Longrois D and Norel X 
(2012) PGE 2 receptor (EP 4) agonists: Potent dilators of human bronchi and future 
asthma therapy? Pulm Pharmacol Ther 25:115-118. 

Bergeron C, Al-Ramli W and Hamid Q (2009) Remodeling in asthma. Proc Am Thorac Soc 
6:301-305. 

Besaratinia A (2009) Acrolein: Excessive cytotoxicity or potent mutagenicity? Chem ResToxicol 
22:751-753. 

Bessac BF and Jordt S-E (2008) Breathtaking TRP Channels: TRPA1 and TRPV1 in Airway 
Chemosensation and Reflex Control. Physiology 23:360-370. 

Bessac BF and Jordt S-E (2010) Sensory Detection and Responses to Toxic Gases: 
Mechanisms, Health Effects, and Countermeasures. Proc Am Thorac Soc 7:269-277. 

Bessac BF, Sivula M, Von Hehn CA, Escalera J, Cohn L and Jordt SE (2008) TRPA1 is a major 
oxidant sensor in murine airway sensory neurons. J Clin Invest 118:1899. 

Betts RJ, Mann TS and Henry PJ (2012) Inhibitory influence of the hexapeptidic sequence 
SLIGRL on influenza A virus infection in mice. J Pharmacol Exp Ther 343:725-735. 

Biesalski H, Engel L, Stofft E and Zschäbitz A (1996) An ex vivo model of the rat trachea to 
study the effect of inhalable toxic compounds. Res Exp Med (Berl) 196:195-210. 

Billington CK, Ojo OO, Penn RB and Ito S (2013) cAMP regulation of airway smooth muscle 
function. Pulm Pharmacol Ther 26:112-120. 

Birrell MA, Belvisi MG, Grace M, Sadofsky L, Faruqi S, Hele DJ, Maher SA, Freund-Michel V 
and Morice AH (2009) TRPA1 agonists evoke coughing in guinea pig and human 
volunteers. Am J Respir Crit Care Med 180:1042. 

Birrell MA, Maher SA, Buckley J, Dale N, Bonvini S, Raemdonck K, Pullen N, Giembycz MA and 
Belvisi MG (2013) Selectivity profiling of the novel EP2 receptor antagonist, PF-
04418948, in functional bioassay systems: atypical affinity at the guinea pig EP2 
receptor. Br J Pharmacol 168:129-138. 



REFERENCES ⑨ 
  

 
368 

Black PN, Ghatei MA, Takahashi K, Bretherton-Watt D, Krausz T, Dollery CT and Bloom SR 
(1989) Formation of endothelin by cultured airway epithelial cells. FEBS Lett 255:129-
132. 

Black PN, Morgan-Day A, McMillan TE, Poole PJ and Young RP (2004) Randomised, controlled 
trial of N-acetylcysteine for treatment of acute exacerbations of chronic obstructive 
pulmonary disease BMC Pulm Med 4:13. 

Blank F, Rothen-Rutishauser B and Gehr P (2007) Dendritic cells and macrophages form a 
transepithelial network against foreign particulate antigens. Am J Respir Cell Mol Biol 
36:669-677. 

Blank F, Rothen-Rutishauser BM, Schurch S and Gehr P (2006) An Optimized In Vitro Model of 
the Respiratory Tract Wall to Study Particle Cell Interactions J Aerosol Med 19:392-405. 

Blanquart C, Romet S, Baeza A, Guennou C and Marano F (1991) Primary cultures of tracheal 
epithelial cells for the evaluation of respiratory toxicity. Toxicol In Vitro 5:499-502. 

Bodelsson M, Blomquist S, Caverius K and Törnebrandt K (1999) Substance P Relaxes Rat 
Bronchial Smooth Muscle via Epithelial Prostanoid Synthesis. Respiration 66:355-359. 

Borchers MT, Carty MP and Leikauf GD (1999a) Regulation of human airway mucins by 
acrolein and inflammatory mediators. Am J Physiol Lung Cell Mol Physiol 276:L549-
L555. 

Borchers MT, Wert SE and Leikauf GD (1998) Acrolein-induced MUC5ac expression in rat 
airways. Am J Physiol Lung Cel Mol Physiol 274:L573-L581. 

Borchers MT, Wesselkamper S, Wert SE, Shapiro SD and Leikauf GD (1999b) Monocyte 
inflammation augments acrolein-induced Muc5ac expression in mouse lung. Am J 
Physiol Lung Cel Mol Physiol 277:L489-L497. 

Borson D, Brokaw J, Sekizawa K, McDonald D and Nadel J (1989) Neutral endopeptidase and 
neurogenic inflammation in rats with respiratory infections. J Appl Physiol 66:2653-
2658. 

Borson DB (1991) Roles of neutral endopeptidase in airways. Am J Physiol Lung Cel Mol 
Physiol 260:L212-L225. 

Bossé Y, Riesenfeld EP, Paré PD and Irvin CG (2010) It's not all smooth muscle: non-smooth-
muscle elements in control of resistance to airflow. Annu Rev Physiol 72:437-462. 

Boucherat O, Boczkowski J, Jeannotte L and Delacourt C (2013) Cellular and molecular 
mechanisms of goblet cell metaplasia in the respiratory airways. Exp Lung Res 39:207-
216. 

Boucherat O, Chakir J and Jeannotte L (2012) The loss of Hoxa5 function promotes Notch-
dependent goblet cell metaplasia in lung airways. Biol Open 1:677-691. 

Bourke JE, Bai Y, Donovan C, Esposito JG, Tan X and Sanderson MJ (2013) Novel Small 
Airway Bronchodilator Responses to Rosiglitazone in Mouse Lung Slices. Am J Respir 
Cell Mol Biol 50:748-756. 

Bowden J and Gibbins I (1992) Relative Density of Substance P Immunoreactive (SP-IR) 
Nerve-Fibers in the Tracheal Epithelium of a Range of Species in FASEB pp A1276-
A1276. 

Brain S, Williams T, Tippins J, Morris H and MacIntyre I (1985) Calcitonin gene-related peptide 
is a potent vasodilator. Nature 313:54-56. 



REFERENCES ⑨ 
  

 
369 

Brusselle GG, Provoost S, Bracke KR, Kuchmiy A and Lamkanfi M (2014) Inflammasomes in 
respiratory disease: from bench to bedside. Chest 145:1121-1133. 

Buchweitz JP, Harkema JR and Kaminski NE (2007) Time-Dependent Airway Epithelial and 
Inflammatory Cell Responses Induced by Influenza Virus A/PR/8/34 in C57BL/6 Mice. 
Toxicol Pathol 35:424-435. 

Buckley J, Birrell MA, Maher SA, Nials AT, Clarke DL and Belvisi MG (2011) EP4 receptor as a 
new target for bronchodilator therapy. Thorax:1029-1035. 

Buisine M-P, Devisme L, Copin M-C, Durand-Réville M, Gosselin B, Aubert J-P and Porchet N 
(1999) Developmental Mucin Gene Expression in the Human Respiratory Tract. Am J 
Respir Cell Mol Biol 20:209-218. 

Burcham PC and Fontaine F (2001) Extensive protein carbonylation precedes acrolein-
mediated cell death in mouse hepatocytes. J Biochem Mol Toxicol 15:309-316. 

Burcham PC, Raso A and Henry PJ (2014) Airborne acrolein induces keratin-8 (Ser-73) 
hyperphosphorylation and intermediate filament ubiquitination in bronchiolar lung cell 
monolayers. Toxicology 319:44-52. 

Burcham PC, Raso A and Thompson CA (2010a) Intermediate filament carbonylation during 
acute acrolein toxicity in A549 lung cells: functional consequences, chaperone 
redistribution, and protection by bisulfite. Antioxid Redox Signal 12:337-347. 

Burcham PC, Raso A and Thompson CA (2010b) Toxicity of smoke extracts towards A549 lung 
cells: role of acrolein and suppression by carbonyl scavengers. Chem Biol Interact 
183:416-424. 

Burcham PC, Thompson CA and Henry PJ (2010c) Chapter 1 - Invited Review: Acrolein and the 
Lung: Chemical, Molecular, and Pathological Aspects. Advances Mol Toxicol Volume 
4:1-36. 

Burgel P-R, Lazarus SC, Tam DC-W, Ueki IF, Atabai K, Birch M and Nadel JA (2001) Human 
eosinophils induce mucin production in airway epithelial cells via epidermal growth 
factor receptor activation. J Immunol 167:5948-5954. 

Burgel P-R and Nadel JA (2004) Roles of epidermal growth factor receptor activation in 
epithelial cell repair and mucin production in airway epithelium. Thorax 59:992-996. 

Burgel P-R and Nadel JA (2008) Epidermal growth factor receptor-mediated innate immune 
responses and their roles in airway diseases. Eur Respir J 32:1068-1081. 

Burgoyne RD and Morgan A (2007) Membrane trafficking: three steps to fusion. Curr Biol 
17:R255-R258. 

Burnstock G, Brouns I, Adriaensen D and Timmermans J-P (2012) Purinergic signaling in the 
airways. Pharmacol Rev 64:834-868. 

Button B and Boucher RC (2008) Role of mechanical stress in regulating airway surface 
hydration and mucus clearance rates. Respir Physiol Neurobiol 163:189-201. 

Carr MJ, Goldie RG and Henry PJ (1996) Time course of changes in ETB receptor density and 
function in tracheal airway smooth muscle during respiratory tract viral infection in mice. 
Br J Pharmacol 117:1222-1228. 

Carrat F and Flahault A (2007) Influenza vaccine: The challenge of antigenic drift. Vaccine 
25:6852-6862. 

Carstairs JR (1987) Distribution of calcitonin gene-related peptide receptors in the lung. Eur J 
Pharmacol 140:357-358. 



REFERENCES ⑨ 
  

 
370 

Casalino-Matsuda SM, Monzón ME and Forteza RM (2006) Epidermal growth factor receptor 
activation by epidermal growth factor mediates oxidant-induced goblet cell metaplasia in 
human airway epithelium. Am J Respir Cell Mol Biol 34:581. 

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD and Julius D (1997) The 
capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature 389:816-
824. 

Catilina P, Thieblot L and Champelix J (1966) Experimental respiratory lesions by inhalation of 
acrolein in the rat. Arch Mal Prof 27:857-867. 

Cerveri I and Brusasco V (2010) Revisited role for mucus hypersecretion in the pathogenesis of 
COPD. Eur Respir Rev 19:109-112. 

Cha YI, Solnica-Krezel L and DuBois RN (2006) Fishing for prostanoids: Deciphering the 
developmental functions of cyclooxygenase-derived prostaglandins. Dev Biol 289:263-
272. 

Chalmers GW, Little SA, Patel KR and Thomson NC (1997) Endothelin-1-induced 
bronchoconstriction in asthma. Am J Resp Cri Care Med 156:382-388. 

Cheah EY, Burcham PC, Mann TS and Henry PJ (2014) Acrolein relaxes mouse isolated 
tracheal smooth muscle via a TRPA1-dependent mechanism. Biochem Pharmacol 
89:148-156. 

Cheah EY, Mann TS, Burcham PC and Henry PJ (2015) Influenza A infection attenuates 
relaxation responses of mouse tracheal smooth muscle evoked by acrolein. Biochem 
Pharmacol 93:519-526. 

Chen G, Korfhagen TR, Xu Y, Kitzmiller J, Wert SE, Maeda Y, Gregorieff A, Clevers H and 
Whitsett JA (2009a) SPDEF is required for mouse pulmonary goblet cell differentiation 
and regulates a network of genes associated with mucus production. J Clin Invest 
119:2914-2924. 

Chen L, Wang T, Zhang J-Y, Zhang S-F, Liu D-S, Xu D, Wang X, Chen Y-J and Wen F-Q 
(2009b) Toll-like receptor 4 relates to lipopolysaccharide-induced mucus hypersecretion 
in rat airway. Arch Med Res 40:10-17. 

Chen P, Deng Z, Wang T, Chen L, Li J, Feng Y, Zhang S, Nin Y, Liu D, Chen Y, Ou X and Wen 
F (2013) The potential interaction of MARCKS-related peptide and diltiazem on acrolin-
induced airway mucus hypersecretion in rats. Int Immunopharmacol 17:625-632. 

Chen Y, Zhao YH and Wu R (2001) Differential regulation of airway mucin gene expression and 
mucin secretion by extracellular nucleotide triphosphates. Am J Resp Cell Mol Biol 
25:409-417. 

Chen Y-J, Chen P, Wang H-X, Wang T, Chen L, Wang X, Sun B-B, Liu D-S, Xu D and An J 
(2010) Simvastatin attenuates acrolein-induced mucin production in rats: involvement of 
the Ras/extracellular signal-regulated kinase pathway. Int Immunopharmacol 10:685-
693. 

Chen Z, Parameswaran S, Hu Y, He Z, Raj R and Parameswaran S (2014) Numerical 
Simulations of High-Frequency Respiratory Flows in 2D and 3D Lung Bifurcation 
Models. Int J Comp Meth Eng Sci Mech 15:337-344. 

Cheung D, Bel EH, Den Hartigh J, Dijkman JH and Sterk PJ (1992) The Effect of an Inhaled 
Neutral Endopeptidase Inhibitor, Thiorphan, on Airway Responses to Neurokinin A in 
Normal Humans In Vivo. Am Rev Respir Dis 145:1275-1280. 



REFERENCES ⑨ 
  

 
371 

Cheung D, Dick EC, Timmers MC, De Klerk E, Spaan W and Sterk PJ (1995) Rhinovirus 
inhalation causes long-lasting excessive airway narrowing in response to methacholine 
in asthmatic subjects in vivo. Am J Respir Crit Care Med 152:1490-1496. 

Chitano P, Blasi PD, Lucchini RE, Calabrò F, Saetta M, Maestrelli P, Fabbri LM and Mapp CE 
(1994) The effects of toluene diisocyanate and of capsaicin on human bronchial smooth 
muscle in vitro. Eur J Pharmacol 270:167-173. 

Chortarea S, Clift MJD, Vanhecke D, Endes C, Wick P, Petri-Fink A and Rothen-Rutishauser B 
(2015) Repeated exposure to carbon nanotube-based aerosols does not affect the 
functional properties of a 3D human epithelial airway model. Nanotoxicology 9:983-993. 

Chu EK, Cheng J, Foley JS, Mecham BH, Owen CA, Haley KJ, Mariani TJ, Kohane IS, 
Tschumperlin DJ and Drazen JM (2006) Induction of the plasminogen activator system 
by mechanical stimulation of human bronchial epithelial cells. Am J Respir Cell Mol Biol 
35:628-638. 

Chu EK, Foley JS, Cheng J, Patel AS, Drazen JM and Tschumperlin DJ (2005) Bronchial 
epithelial compression regulates epidermal growth factor receptor family ligand 
expression in an autocrine manner. Am J Respir Cell Mol Biol 32:373. 

Chu HW, Kraft M, Krause JE, Rex MD and Martin RJ (2000) Substance P and its receptor 
neurokinin 1 expression in asthmatic airways. J Allergy Clin Immunol 106:713-722. 

Ciofu O, Hansen CR and Høiby N (2013) Respiratory bacterial infections in cystic fibrosis. Curr 
Opin Pulm Med 19:251-258. 

Clarke DL, Dakshinamurti S, Larsson A-K, Ward JE and Yamasaki A (2009) Lipid metabolites 
as regulators of airway smooth muscle function. Pulm Pharmacol Ther 22:426-435. 

Cocks T, Fong B, Chow J, Anderson G, Frauman A, Goldie R, Henry P, Carr M, Hamilton J and 
Moffatt J (1999) A protective role for protease-activated receptors in the airways. Nature 
398:156-160. 

Cohen M, Varki NM, Jankowski MD and Gagneux P (2012) Using Unfixed, Frozen Tissues to 
Study Natural Mucin Distribution. J Vis Exp:e3928. 

Coleridge JC and Coleridge HM (1984) Afferent vagal C fibre innervation of the lungs and 
airways and its functional significance, in Reviews of Physiology, Biochemistry and 
Pharmacology, Volume 99 pp 1-110, Springer. 

Collins RA, Gualano RC, Zosky GR, Atkins CL, Turner DJ, Colasurdo GN and Sly PD (2005) 
Hyperresponsiveness to inhaled but not intravenous methacholine during acute 
respiratory syncytial virus infection in mice. Respir Res 6:142. 

Conway JD, Bartolotta T, Abdullah LH and Davis CW (2003) Regulation of mucin secretion from 
human bronchial epithelial cells grown in murine hosted xenografts. Am J Physiol Lung 
Cel Mol Physiol 284:L945-L954. 

Corriden R and Insel PA (2010) Basal release of ATP: an autocrine-paracrine mechanism for 
cell regulation. Sci Signal 3:re1. 

Cotgreave IA, Johansson U, Moldéus P and Brattsand R (1987) The effect of acute cigarette 
smoke inhalation on pulmonary and systemic cysteine and glutathione redox states in 
the rat. Toxicology 45:203-212. 

Cox RA, Burke AS, Soejima K, Murakami K, Katahira J, Traber LD, Herndon DN, Schmalstieg 
FC, Traber DL and Hawkins HK (2003) Airway Obstruction in Sheep with Burn and 
Smoke Inhalation Injuries. Am J Respir Cell Mol Biol 29:295-302. 



REFERENCES ⑨ 
  

 
372 

Coyle TB and Metersky ML (2013) The effect of the endothelin-1 receptor antagonist, bosentan, 
on patients with poorly controlled asthma: a 17-week, double-blind, placebo-controlled 
crossover pilot study. J Asthma 50:433-437. 

Cunningham F, Fiebelkorn S, Johnson M and Meredith C (2011) A novel application of the 
Margin of Exposure approach: Segregation of tobacco smoke toxicants. Food Chem 
Toxicol 49:2921-2933. 

Curran DR and Cohn L (2010) Advances in mucous cell metaplasia: a plug for mucus as a 
therapeutic focus in chronic airway disease. Am J Respir Cell Mol Biol 42:268. 

Dahlgren S, Dalen H and Dalhamn T (1972) Ultrastructural observations on chemically induced 
inflammation in guinea pig trachea. Virchows Archiv B 11:211-223. 

Dai J, Xie C, Vincent R and Churg A (2003) Air Pollution Particles Produce Airway Wall 
Remodeling in Rat Tracheal Explants. Am J Respir Cell Mol Biol 29:352-358. 

Dakhama A, Park J-W, Taube C, El Gazzar M, Kodama T, Miyahara N, Takeda K, Kanehiro A, 
Balhorn A and Joetham A (2005) Alteration of airway neuropeptide expression and 
development of airway hyperresponsiveness following respiratory syncytial virus 
infection. Am J Physiol Lung Cel Mol Physiol 288:L761-L770. 

Das K, Aramini JM, Ma L-C, Krug RM and Arnold E (2010) Structures of influenza A proteins 
and insights into antiviral drug targets. Nat Struct Mol Biol 17:530-538. 

Davidson DJ, Kilanowski FM, Randell SH, Sheppard DN and Dorin JR (2000) A primary culture 
model of differentiated murine tracheal epithelium. Am J Physiol Lung Cell Mol Physiol 
279:L766-L778. 

Davies JR, Wickström C and Thornton DJ (2012) Gel-Forming and Cell-Associated Mucins: 
Preparation for Structural and Functional Studies, in Mucins: Methods and Protocols 
(McGuckin AM and Thornton JD eds) pp 27-47, Humana Press, Totowa, NJ. 

Davis CW and Abdullah LH (1997) In vitro models for airways mucin secretion. Pulm Pharmacol 
Ther 10:145-155. 

Davis CW and Dickey BF (2008) Regulated Airway Goblet Cell Mucin Secretion. Annu Rev 
Physiol 70:487-512. 

Davis CW and Lazarowski E (2008) Coupling of airway ciliary activity and mucin secretion to 
mechanical stresses by purinergic signaling. Respir Physiol Neurobiol 163:208-213. 

Davis PB (2006) Cystic fibrosis since 1938. Am J Respir Crit Care Med 173:475-482. 

Daviskas E and Rubin BK (2013) Effect of inhaled dry powder mannitol on mucus and its 
clearance. Expert Rev Respir Med 7:65-75. 

De Gouw H, Grunberg K, Schot R, Kroes A, Dick E and Sterk P (1998) Relationship between 
exhaled nitric oxide and airway hyperresponsiveness following experimental rhinovirus 
infection in asthmatic subjects. Eur Respir J 11:126-132. 

Decramer M and Janssens W (2010) Mucoactive therapy in COPD. Eur Respir Rev 19:134-140. 

Decramer M, Rutten-van Mölken M, Dekhuijzen PR, Troosters T, van Herwaarden C, Pellegrino 
R, van Schayck CO, Olivieri D, Del Donno M and De Backer W (2005) Effects of N-
acetylcysteine on outcomes in chronic obstructive pulmonary disease (Bronchitis 
Randomized on NAC Cost-Utility Study, BRONCUS): a randomised placebo-controlled 
trial. Lancet 365:1552-1560. 

Demling RH (2008) Smoke inhalation lung injury: An update. Eplasty 8:254- 282. 



REFERENCES ⑨ 
  

 
373 

Deshmukh HS, Case LM, Wesselkamper SC, Borchers MT, Martin LD, Shertzer HG, Nadel JA 
and Leikauf GD (2005) Metalloproteinases Mediate Mucin 5AC Expression by 
Epidermal Growth Factor Receptor Activation. Am J Respir Crit Care Med 171:305-314. 

Deshmukh HS, McLachlan A, Atkinson JJ, Hardie WD, Korfhagen TR, Dietsch M, Liu Y, Di PY, 
Wesselkamper SC and Borchers MT (2009) Matrix metalloproteinase-14 mediates a 
phenotypic shift in the airways to increase mucin production. Am J Respir Crit Care Med 
180:834-845. 

Deshmukh HS, Shaver C, Case LM, Dietsch M, Wesselkamper SC, Hardie WD, Korfhagen TR, 
Corradi M, Nadel JA, Borchers MT and Leikauf GD (2008) Acrolein-Activated Matrix 
Metalloproteinase 9 Contributes to Persistent Mucin Production. Am J Respir Cell Mol 
Biol 38:446-454. 

Devillier P, Acker GM, Advenier C, Marsac J, Regoli D and Frossard N (1992) Activation of an 
epithelial neurokinin NK-1 receptor induces relaxation of rat trachea through release of 
prostaglandin E2. J Pharmacol Exp Ther 263:767-772. 

Di Maria G, Bellofiore S and Geppetti P (1998) Regulation of airway neurogenic inflammation by 
neutral endopeptidase. Eur Respir J 12:1454-1462. 

Di Maria G, Spicuzza L, Mistretta A and Mazzarella G (2000) Role of endogenous nitric oxide in 
asthma. Allergy 55:31-35. 

Dicpinigaitis PV (2007) Experimentally induced cough. Pulm Pharmacol Ther 20:319-324. 

Dinis P, Charrua A, Avelino A, Yaqoob M, Bevan S, Nagy I and Cruz F (2004) Anandamide-
evoked activation of vanilloid receptor 1 contributes to the development of bladder 
hyperreflexia and nociceptive transmission to spinal dorsal horn neurons in cystitis. J 
Neurosci 24:11253-11263. 

Donnelley M, Siu KK, Morgan KS, Skinner W, Suzuki Y, Takeuchi A, Uesugi K, Yagi N and 
Parsons DW (2010) A new technique to examine individual pollutant particle and fibre 
deposition and transit behaviour in live mouse trachea. J Synch Rad 17:719-729. 

Donovan C, Royce SG, Esposito J, Tran J, Ibrahim ZA, Tang ML, Bailey S and Bourke JE 
(2013) Differential effects of allergen challenge on large and small airway reactivity in 
mice. PLoS ONE 8:e74101. 

Donovan C, Seow Huei J, Bourke Jane E and Vlahos R (2016) Influenza A virus infection and 
cigarette smoke impair bronchodilator responsiveness to β-adrenoceptor agonists in 
mouse lung. Clin Sci 130:829-837. 

Dowell ML, Lavoie TL, Solway J and Krishnan R (2014) Airway smooth muscle: a potential 
target for asthma therapy. Curr Opin Pulm Med 20:66-72. 

Dupuy P, Shore S, Drazen J, Frostell C, Hill W and Zapol W (1992) Bronchodilator action of 
inhaled nitric oxide in guinea pigs. J Clin Investi 90:421. 

Dusser D, Jacoby D, Djokic T, Rubinstein I, Borson D and Nadel J (1989) Virus induces airway 
hyperresponsiveness to tachykinins: role of neutral endopeptidase. J Appl Physiol 
67:1504-1511. 

Edwards MR, Bartlett NW, Hussell T, Openshaw P and Johnston SL (2012) The microbiology of 
asthma. Nat Rev Micro 10:459-471. 

Efimova O, Volokhov A, Iliaifar S and Hales C (2000) Ligation of the bronchial artery in sheep 
attenuates early pulmonary changes following exposure to smoke. J Appl Physiol 
88:888-893. 



REFERENCES ⑨ 
  

 
374 

Ehre C, Worthington EN, Liesman RM, Grubb BR, Barbier D, O’Neal WK, Sallenave J-M, 
Pickles RJ and Boucher RC (2012) Overexpressing mouse model demonstrates the 
protective role of Muc5ac in the lungs. Proc Natl Acad Sci U S A 109:16528-16533. 

Ehre C, Zhu Y, Abdullah LH, Olsen J, Nakayama KI, Nakayama K, Messing RO and Davis CW 
(2007) nPKCε, a P2Y2-R downstream effector in regulated mucin secretion from airway 
goblet cells. Am J Physiol Cell Physiol 293:C1445-C1454. 

Eiserich JP, van der Vliet A, Handelman GJ, Halliwell B and Cross CE (1995) Dietary 
antioxidants and cigarette smoke-induced biomolecular damage: a complex interaction. 
Am J Clin Nutr 62:1490S-1500S. 

Elkins MR, Robinson M, Rose BR, Harbour C, Moriarty CP, Marks GB, Belousova EG, Xuan W 
and Bye PT (2006) A controlled trial of long-term inhaled hypertonic saline in patients 
with cystic fibrosis. N Engl J Med 354:229-240. 

Elovitz MA and Mrinalini C (2004) Animal models of preterm birth. Trends Endocrinol Metabol 
15:479-487. 

Enkhbaatar P and Traber DL (2004) Pathophysiology of acute lung injury in combined burn and 
smoke inhalation injury. Clin Sci 107:137-143. 

Ergul A, Glassberg MK, Wanner A and Puett D (1995) Characterization of endothelin receptor 
subtypes on airway smooth muscle cells. Exp Lung Res 21:453-468. 

Escalera J, von Hehn CA, Bessac BF, Sivula M and Jordt S-E (2008) TRPA1 Mediates the 
Noxious Effects of Natural Sesquiterpene Deterrents. J Biol Chem 283:24136-24144. 

Esterbauer H, Schaur R and Zollner H (1991) Chemistry and biochemistry of 4-hydroxynonenal, 
malonaldehyde and related aldehydes. Free Radic Biol Med 11:81-128. 

Evans CM, Kim K, Tuvim MJ and Dickey BF (2009) Mucus hypersecretion in asthma: causes 
and effects. Curr Opin Pulm Med 15:4. 

Evans CM and Koo JS (2009) Airway mucus: the good, the bad, the sticky. Pharmacol Ther 
121:332-348. 

Evans CM, Raclawska DS, Ttofali F, Liptzin DR, Fletcher AA, Harper DN, McGing MA, McElwee 
MM, Williams OW, Sanchez E, Roy MG, Kindrachuk KN, Wynn TA, Eltzschig HK, 
Blackburn MR, Tuvim MJ, Janssen WJ, Schwartz DA and Dickey BF (2015) The 
polymeric mucin Muc5ac is required for allergic airway hyperreactivity. Nat Comm 6. 

Evans CM, Williams OW, Tuvim MJ, Nigam R, Mixides GP, Blackburn MR, DeMayo FJ, Burns 
AR, Smith C, Reynolds SD, Stripp BR and Dickey BF (2004) Mucin Is Produced by 
Clara Cells in the Proximal Airways of Antigen-Challenged Mice. Am J Respir Cell Mol 
Biol 31:382-394. 

Fahy JV and Dickey BF (2010) Airway Mucus Function and Dysfunction. N Engl J Med 
363:2233-2247. 

Fang S, Crews AL, Chen W, Park J, Yin Q, Ren X-R and Adler KB (2013) MARCKS and HSP70 
interactions regulate mucin secretion by human airway epithelial cells in vitro. Am J 
Physiol Lung Cell Mol Physiol 304:L511-518. 

Faroon O, Roney N, Taylor J, Ashizawa A, Lumpkin M and Plewak D (2008) Acrolein health 
effects. Toxicol Ind Health 24:447-490. 

Feng Z, Hu W, Hu Y and Tang M-s (2006) Acrolein is a major cigarette-related lung cancer 
agent: Preferential binding at p53 mutational hotspots and inhibition of DNA repair. Proc 
Natl Acad Sci U S A 103:15404-15409. 



REFERENCES ⑨ 
  

 
375 

Feron VJ, Kruysse A, Til HP and Immel HR (1978) Repeated exposure to acrolein vapour: 
Subacute studies in hamsters, rats and rabbits. Toxicology 9:47-57. 

Figini M, Emanueli C, Bertrand C, Sicuteri R, Regoli D and Geppetti P (1997) Differential 
activation of the epithelial and smooth muscle NK1 receptors by synthetic tachykinin 
agonists in guinea-pig trachea. Br J Pharmacol 121:773-781. 

Finkelstein EI, Ruben J, Koot CW, Hristova M and van der Vliet A (2005) Regulation of 
constitutive neutrophil apoptosis by the α, β-unsaturated aldehydes acrolein and 4-
hydroxynonenal. Am J Physiol Lung Cel Mol Physiol 289:L1019-L1028. 

Fischer A, Kummer W, Couraud J, Adler D, Branscheid D and Heym C (1992) 
Immunohistochemical localization of receptors for vasoactive intestinal peptide and 
substance P in human trachea. Lab Invest  J Techn Methods Path 67:387-393. 

FitzPatrick M, Donovan C and Bourke J (2014) Prostaglandin E 2 elicits greater bronchodilation 
than salbutamol in mouse intrapulmonary airways in lung slices. Pulm Pharmacol Ther 
28:68-76. 

Flitney F (1966) The time course of the fixation of albumin by formaldehyde, glutaraldehyde, 
acrolein and other higher aldehydes. J Royal Microscop Society 85:353-364. 

Flume PA, Robinson K and O’Sullivan B (2009) Cystic fibrosis pulmonary guidelines: airway 
clearance therapies. Respir Care 54:522-537. 

Folkerts G, Busse W, Nijkamp F, Sorkness R and Gern J (1998) Virus-induced Airway 
Hyperresponsiveness and Asthma. Am J Respir Crit Care Med 157:1708-1720. 

Folkerts G and Nijkamp FP (1998) Airway epithelium: more than just a barrier! Trends 
Pharmacol Sci 19:334-341. 

Folkerts G, Van der Linde H and Nijkamp F (1995) Virus-induced airway hyperresponsiveness 
in guinea pigs is related to a deficiency in nitric oxide. J Clin Invest 95:26. 

Fortner CN, Breyer RM and Paul RJ (2001) EP2 receptors mediate airway relaxation to 
substance P, ATP, and PGE2. Am J Physiol Lung Cell Mol Physiol 281:L469-474. 

Foster WM, Adler KB, Crews AL, Potts EN, Fischer BM and Voynow JA (2010) MARCKS-
related peptide modulates in vivo the secretion of airway Muc5ac. Am J Physiol Lung 
Cel Mol Physiol 299:L345-L352. 

Fowles J and Dybing E (2003) Application of toxicological risk assessment principles to the 
chemical constituents of cigarette smoke. Tob Control 12:424-430. 

Fraenkel DJ, Bardin PG, Sanderson G, Lampe F, Johnston SL and Holgate ST (1995) Lower 
airways inflammation during rhinovirus colds in normal and in asthmatic subjects. Am J 
Respir Crit Care Med 151:879-886. 

Gaddum JH (1997) The technique of superfusion. Br J Pharmacol 120:82-87. 

Gaschen A, Lang D, Kalberer M, Savi M, Geiser T, Gazdhar A, Lehr C-M, Bur M, Dommen J, 
Baltensperger U and Geiser M (2010) Cellular Responses after Exposure of Lung Cell 
Cultures to Secondary Organic Aerosol Particles. Environ Sci Technol 44:1424-1430. 

Gauvreau GM, Watson RM and O'BYRNE PM (1999) Protective effects of inhaled PGE2 on 
allergen-induced airway responses and airway inflammation. Am J Respir Crit Care 
Med 159:31-36. 

Geppetti P, Bertrand C, Bacci E, Huber O and Nadel J (1993) Characterization of tachykinin 
receptors in ferret trachea by peptide agonists and nonpeptide antagonists. Am J 
Physiol Lung Cel Mol Physiol 265:L164-L169. 



REFERENCES ⑨ 
  

 
376 

Geppetti P, Patacchini R, Nassini R and Materazzi S (2010) Cough: the emerging role of the 
TRPA1 channel. Lung 188:63-68. 

Gern JE (2004) Viral respiratory infection and the link to asthma. Pediatr Infect Dis J 23:S78-
S86. 

Gerthoffer WT, Solway J and Camoretti-Mercado B (2013) Emerging targets for novel therapy of 
asthma. Curr Opin Pharmacol 13:324-330. 

Goldie RG (1999) Endothelins in health and disease: an overview Cli Exp Pharmacol Physiol 
26:145-148. 

Goldie RG, Grayson PS, Knott PG, Self GJ and Henry PJ (1994) Predominance of endothelinA 
(ETA) receptors in ovine airway smooth muscle and their mediation of ET-1-induced 
contraction. Br J Pharmacol 112:749-756. 

Goldie RG and Henry PJ (1999) Endothelins and asthma. Life Sci 65:1-15. 

Goldie RG, Henry PJ, Knott PG, Self GJ, Luttmann MA and Hay D (1995) Endothelin-1 receptor 
density, distribution, and function in human isolated asthmatic airways. Am J Resp Crit 
Care Med 152:1653-1658. 

Goldie RG, Papadimitriou JM, Paterson JW, Rigby PJ, Self HM and Spina D (1986) Influence of 
the epithelium on responsiveness of guinea-pig isolated trachea to contractile and 
relaxant agonists. Br J Pharmacol 87:5-14. 

Gosens R and Grainge C (2015) Bronchoconstriction and Airway Biology: Potential Impact and 
Therapeutic Opportunities. Chest 147:798-803. 

Grafström RC, Dypbukt JM, Willey JC, Sundqvist K, Edman C, Atzori L and Harris CC (1988) 
Pathobiological effects of acrolein in cultured human bronchial epithelial cells. Cancer 
Res 48:1717-1721. 

Grainge  CL, Lau  LCK, Ward  JA, Dulay  V, Lahiff  G, Wilson  S, Holgate  S, Davies  DE and 
Howarth  PH (2011) Effect of Bronchoconstriction on Airway Remodeling in Asthma. N 
Engl J Med 364:2006-2015. 

Grayson MH, Cheung D, Rohlfing MM, Kitchens R, Spiegel DE, Tucker J, Battaile JT, Alevy Y, 
Yan L and Agapov E (2007) Induction of high-affinity IgE receptor on lung dendritic cells 
during viral infection leads to mucous cell metaplasia. J Exp Med 204:2759-2769. 

Green TD, Crews AL, Park J, Fang S and Adler KB (2011) Regulation of mucin secretion and 
inflammation in asthma: A role for MARCKS protein? Biochim Biophys Acta 1810:1110-
1113. 

Gregory LG, Jones CP, Mathie SA, Pegorier S and Lloyd CM (2013) Endothelin-1 directs airway 
remodeling and hyper-reactivity in a murine asthma model. Allergy 68:1579-1588. 

Griesenbach U, Soussi S, Larsen MB, Casamayor I, Dewar A, Regamey N, Bush A, Shah PL, 
Davies JC and Alton EW (2011) Quantification of periciliary fluid height in human airway 
biopsies is feasible, but not suitable as a biomarker. Am J Respir Cell Mol Biol 44:309-
315. 

Groneberg D, Eynott P, Oates T, Lim S, Wu R, Carlstedt I, Nicholson A and Chung K (2002) 
Expression of MUC5AC and MUC5B mucins in normal and cystic fibrosis lung. Respir 
Med 96:81-86. 

Groneberg DA, Quarcoo D, Frossard N and Fischer A (2004) Neurogenic mechanisms in 
bronchial inflammatory diseases. Allergy 59:1139-1152. 



REFERENCES ⑨ 
  

 
377 

Grotegut S, von Schweinitz D, Christofori G and Lehembre F (2006) Hepatocyte growth factor 
induces cell scattering through MAPK/Egr-1-mediated upregulation of Snail. EMBO J 
25:3534-3545. 

Gu Q and Lin R-L (2010) Heavy metals zinc, cadmium, and copper stimulate pulmonary 
sensory neurons via direct activation of TRPA1. J Appl Physiol 108:891-897. 

Guo H, Kumar P, Moran TM, Garcia-Sastre A, Zhou Y and Malarkannan S (2009) The 
functional impairment of natural killer cells during influenza virus infection. Immunol Cell 
Biol 87:579-589. 

Gusev M, AI S, IS D, Grebenskova M and Golovina A (1966) Determination of the daily average 
maximum permissible concentration of acrolein in the atmosphere. Hyg Sanit 31:8. 

Ha E and Rogers D (2015) Novel Therapies to Inhibit Mucus Synthesis and Secretion in Airway 
Hypersecretory Diseases. Pharmacology 97:84-100. 

Haddock BJ, Zhu Y, Doyle SP, Abdullah LH and Davis CW (2014) Role of MARCKS in 
regulated secretion from mast cells and airway goblet cells. Am J Physiol Lung Cel Mol 
Physiol 306:L925-L936. 

Hakonarson H, Carter C, Maskeri N, Hodinka R and Grunstein MM (1999) Rhinovirus-mediated 
changes in airway smooth muscle responsiveness: induced autocrine role of interleukin-
1β. Am J Physiol Lung Cel Mol Physiol 277:L13-L21. 

Hakonarson H, Maskeri N, Carter C, Hodinka RL, Campbell D and Grunstein MM (1998) 
Mechanism of rhinovirus-induced changes in airway smooth muscle responsiveness. J 
Clin Invest 102:1732. 

Hales CA, Barkin PW, Jung W, Trautman E, Lamborghini D, Herrig N and Burke J (1988) 
Synthetic smoke with acrolein but not HCl produces pulmonary edema. J Appl Physiol 
64:1121-1133. 

Hales CA, Musto SW, Janssens S, Jung W, Quinn DA and Witten M (1992) Smoke aldehyde 
component influences pulmonary edema. J Appl Physiol 72:555-561. 

Harding R and Hooper S (1996) Regulation of lung expansion and lung growth before birth. J 
Appl Physiol 81:209-224. 

Harkema J, Plopper C, Hyde D, St George J and Dungworth D (1987) Effects of an ambient 
level of ozone on primate nasal epithelial mucosubstances. Quantitative histochemistry. 
Am J Pathol 127:90. 

Harrigan JA, Vezina CM, McGarrigle BP, Ersing N, Box HC, Maccubbin AE and Olson JR 
(2004) DNA adduct formation in precision-cut rat liver and lung slices exposed to benzo 
[a] pyrene. Toxicol Sci 77:307-314. 

Harrop CA, Thornton DJ and McGuckin MA (2012) Detecting, Visualising, and Quantifying 
Mucins, in Mucins: Methods and Protocols (McGuckin AM and Thornton JD eds) pp 49-
66, Humana Press, Totowa, NJ. 

Hartney JM, Coggins KG, Tilley SL, Jania LA, Lovgren AK, Audoly LP and Koller BH (2006) 
Prostaglandin E2 protects lower airways against bronchoconstriction. Am J Physiol 
Lung Cel Mol Physiol 290:L105-L113. 

Hartung T (2009) Toxicology for the twenty-first century. Nature 460:208-212. 

Hartung T and Leist M (2008) Food for thought on the evolution of toxicology and the phasing 
out of animal testing. ALTEX 25:91-96. 



REFERENCES ⑨ 
  

 
378 

Hartung T, van Vliet E, Jaworska J, Bonilla L, Skinner N and Thomas R (2012) Food for 
thought-systems toxicology. ALTEX 29:119. 

Haswell LE, Hewitt K, Thorne D, Richter A and Gaça MD (2010) Cigarette smoke total 
particulate matter increases mucous secreting cell numbers in vitro: a potential model of 
goblet cell hyperplasia. Toxicol In Vitro 24:981-987. 

Hauber H-P, Goldmann T, Vollmer E, Wollenberg B and Zabel P (2007) Effect of 
dexamethasone and ACC on bacteria-induced mucin expression in human airway 
mucosa. Am J Respir Cell Mol Biol 37:606-616. 

Haussmann H-J (2012) Use of hazard indices for a theoretical evaluation of cigarette smoke 
composition. Chem Res Toxicol 25:794-810. 

Hay D, Luttmann M, Hubbard W and Undem B (1993a) Endothelin receptor subtypes in human 
and guinea-pig pulmonary tissues. Br J Pharmacol 110:1175-1183. 

Hay DWP, Henry PJ and Goldie RG (1993b) Endothelin and the respiratory system. Trends 
Pharmacol Sci 14:29-32. 

Hayashi T, Ishii A, Nakai S and Hasegawa K (2004) Ultrastructure of goblet-cell metaplasia from 
Clara cell in the allergic asthmatic airway inflammation in a mouse model of asthma in 
vivo. Virchows Arch 444:66-73. 

Hays AM, Lantz RC and Witten ML (2003) Correlation between in vivo and in vitro pulmonary 
responses to jet propulsion fuel-8 using precision-cut lung slices and a dynamic organ 
culture system. Toxicol Pathol 31:200-207. 

Hegele RG, Hayashi S, Hogg JC and Paré PD (1995) Mechanisms of Airway Narrowing and 
Hyperresponsiveness in Viral Respiratory Tract Infections. Am J Respir Crit Care Med 
151:1659-1665. 

Henry PJ (1993) Endothelin-1 (ET-1)-induced contraction in rat isolated trachea: involvement of 
ETa and ETB receptors and multiple signal transduction systems. Br J Pharmacol 
110:435-441. 

Henry PJ, D'Aprile A, Self G, Hong T and Mann TS (2005) Inhibitors of Prostaglandin Transport 
and Metabolism Augment Protease-Activated Receptor-2-Mediated Increases in 
Prostaglandin E2 Levels and Smooth Muscle Relaxation in Mouse Isolated Trachea. J 
Pharmacol Exp Ther 314:995-1001. 

Henry PJ, Rigby PJ, Mackenzie JS and Goldie RG (1991) Effect of respiratory tract viral 
infection on murine airway β-adrenoceptor function, distribution and density. Br J 
Pharmacol 104:914-921. 

Henry PJ, Rigby PJ, Self GJ, Preuss JM and Goldie RG (1990) Relationship between 
endothelin-1 binding site densities and constrictor activities in human and animal airway 
smooth muscle. Br J Pharmacol 100:786-792. 

Hewson CA, Haas JJ, Bartlett NW, Message SD, Laza-Stanca V, Kebadze T, Caramori G, Zhu 
J, Edbrooke MR, Stanciu LA, Kon OM, Papi A, Jeffery PK, Edwards MR and Johnston 
SL (2010) Rhinovirus induces MUC5AC in a human infection model and in vitro via NF-
κB and EGFR pathways. Eur Respir J 36:1425-1435. 

Heymann PW, Carper HT, Murphy DD, Platts-Mills TA, Patrie J, McLaughlin AP, Erwin EA, 
Shaker MS, Hellems M and Peerzada J (2004) Viral infections in relation to age, atopy, 
and season of admission among children hospitalized for wheezing. J Allergy Clin 
Immunol 114:239-247. 

Hinman A, Chuang H-h, Bautista DM and Julius D (2006) TRP channel activation by reversible 
covalent modification. Sci Signaling 103:195-164. 



REFERENCES ⑨ 
  

 
379 

Hogg JC (2004a) Pathophysiology of airflow limitation in chronic obstructive pulmonary disease. 
Lancet 364:709-721. 

Hogg JC, Chu F, Utokaparch S, Woods R, Elliott WM, Buzatu L, Cherniack RM, Rogers RM, 
Sciurba FC and Coxson HO (2004b) The nature of small-airway obstruction in chronic 
obstructive pulmonary disease. N Engl J Med 350:2645-2653. 

Hogman M, Frostell CG, Hedenstrom H and Hedenstiema G (1993) Inhalation of nitric oxide 
modulates adult human bronchial tone. Am J Resp Crit Care Med 148:1474-1478. 

Holgate ST (2007) Epithelium dysfunction in asthma. J Allergy Clin Immunol 120:1233-1244. 

Holgate ST (2008) The airway epithelium is central to the pathogenesis of asthma. Allerg Int 
57:1-10. 

Holgate ST (2011) The sentinel role of the airway epithelium in asthma pathogenesis. Immunol 
Rev 242:205-219. 

Holgate Stephen T, Arshad Hasan S, Roberts Graham C, Howarth Peter H, Thurner P and 
Davies Donna E (2009) A new look at the pathogenesis of asthma. Clin Sci 118:439-
450. 

Horton ND, Biswal SS, Corrigan LL, Bratta J and Kehrer JP (1999) Acrolein Causes Inhibitor 
κB-independent Decreases in Nuclear Factor κB Activation in Human Lung 
Adenocarcinoma (A549) Cells. J Biol Chem 274:9200-9206. 

Hovenberg H, Davies J, Herrmann A, Lindén C-J and Carlstedt I (1996) MUC5AC, but not 
MUC2, is a prominent mucin in respiratory secretions. Glycoconj J 13:839-847. 

Howarth PH, Springall DR, Redington AE, Djukanovic R, Holgate ST and Polak JM (1995) 
Neuropeptide-containing nerves in endobronchial biopsies from asthmatic and 
nonasthmatic subjects. Am J Respir Cell Mol Biol 13:288-296. 

Hristova M, Heuvelmans S and van der Vliet A (2007) GSH-dependent regulation of Fas-
mediated caspase-8 activation by acrolein. FEBS Lett 581:361-367. 

Huang P, Lazarowski ER, Tarran R, Milgram SL, Boucher RC and Stutts MJ (2001) 
Compartmentalized autocrine signaling to cystic fibrosis transmembrane conductance 
regulator at the apical membrane of airway epithelial cells. Proc Natl Acad Sci U S A 
98:14120-14125. 

Hulbert W, Forster B, Laird W, Pihl C and Walker D (1982) An improved method for fixation of 
the respiratory epithelial surface with the mucous and surfactant layers. Lab Invest J 
Tech Meth Pathol 47:354-363. 

Hunter DD and Undem BJ (1999) Identification and substance P content of vagal afferent 
neurons innervating the epithelium of the guinea pig trachea. Am J Respir Crit Care 
Med 159:1943-1948. 

Hwang SW, Cho H, Kwak J, Lee S-Y, Kang C-J, Jung J, Cho S, Min KH, Suh Y-G and Kim D 
(2000) Direct activation of capsaicin receptors by products of lipoxygenases: 
endogenous capsaicin-like substances. Sci Signal 97:6155. 

Ilyushina NA, Khalenkov AM, Seiler JP, Forrest HL, Bovin NV, Marjuki H, Barman S, Webster 
RG and Webby RJ (2010) Adaptation of pandemic H1N1 influenza viruses in mice. J 
Virol 84:8607-8616. 

Jackson AD (2001) Airway goblet-cell mucus secretion. Trends Pharmacol Sci 22:39-45. 

Jackson DJ and Johnston SL (2010) The role of viruses in acute exacerbations of asthma. J 
Allergy Clin Immunol 125:1178-1187. 



REFERENCES ⑨ 
  

 
380 

Jacobson KA, Ivanov AA, de Castro S, Harden TK and Ko H (2009) Development of selective 
agonists and antagonists of P2Y receptors. Purinergic Signal 5:75-89. 

Jacoby D, Tamaoki J, Borson D and Nadel J (1988) Influenza infection causes airway 
hyperresponsiveness by decreasing enkephalinase. J Appl Physiol 64:2653-2658. 

Jacoby DB (2002) Virus-induced asthma attacks. JAMA 287:755-761. 

Jacoby DB and Fryer AD (1990) Abnormalities in neural control of smooth muscle in virus-
infected airways. Trends Pharmacol Sci 11:393-395. 

Jamieson KC, Warner SM, Leigh R and Proud D (2015) Rhinovirus in the pathogenesis and 
clinical course of asthma. Chest 148:1508-1516. 

Jammes Y, Fornaris E, Mei N and Barrat E (1982) Afferent and efferent components of the 
bronchial vagal branches in cats. J Auton Nerv Syst 5:165-176. 

Jang H, Boltz D, Sturm-Ramirez K, Shepherd KR, Jiao Y, Webster R and Smeyne RJ (2009) 
Highly pathogenic H5N1 influenza virus can enter the central nervous system and 
induce neuroinflammation and neurodegeneration. Proc Natl Acad Sci U S A 
106:14063-14068. 

Jemal A, Bray F, Center MM, Ferlay J, Ward E and Forman D (2011) Global cancer statistics. 
CA Cancer J Clin 61:69-90. 

Jimba M, Skornik W, Killingsworth C, Long N, Brain J and Shore S (1995) Role of C fibers in 
physiological responses to ozone in rats. J Appl Physiol 78:1757-1763. 

Johansson ME, Phillipson M, Petersson J, Velcich A, Holm L and Hansson GC (2008) The inner 
of the two Muc2 mucin-dependent mucus layers in colon is devoid of bacteria. Proc Natl 
Acad Sci U S A 105:15064-15069. 

Johansson MEV and Hansson GC (2012) Preservation of Mucus in Histological Sections, 
Immunostaining of Mucins in Fixed Tissue, and Localization of Bacteria with FISH, in 
Mucins: Methods and Protocols (McGuckin AM and Thornton JD eds) pp 229-235, 
Humana Press, Totowa, NJ. 

Johnston SL, Pattemore PK, Sanderson G, Smith S, Lampe F, Josephs L, Symington P, Toole 
SO, Myint SH and Tyrrell DA (1995) Community study of role of viral infections in 
exacerbations of asthma in 9-11 year old children. BMJ 310:1225-1229. 

Jones LC, Moussa L, Fulcher ML, Zhu Y, Hudson EJ, O’Neal WK, Randell SH, Lazarowski ER, 
Boucher RC and Kreda SM (2012) VAMP8 is a vesicle SNARE that regulates mucin 
secretion in airway goblet cells. J Physiol 590:545-562. 

Joos G, Germonpre P and Pauwels R (2000) Role of tachykinins in asthma. Allergy 55:321-337. 

Jordan D (2001) Central nervous pathways and control of the airways. Respir Physiol 125:67-
81. 

Jordan N, Newton J, Pearson J and Allen A (1998) A novel method for the visualization of the in 
situ mucus layer in rat and man. Clin Sci 95:97-106. 

Jordt S-E, Bautista DM, Chuang H-h, McKemy DD, Zygmunt PM, Högestätt ED, Meng ID and 
Julius D (2004) Mustard oils and cannabinoids excite sensory nerve fibres through the 
TRP channel ANKTM1. Nature 427:260-265. 

Julkunen I, Melén K, Nyqvist M, Pirhonen J, Sareneva T and Matikainen S (2000) Inflammatory 
responses in influenza A virus infection. Vaccine 19, Supplement 1:S32-S37. 



REFERENCES ⑨ 
  

 
381 

Kacmarek RM, Ripple R, Cockrill BA, Bloch KJ, Zapol WM and Johnson DC (1996) Inhaled 
nitric oxide. A bronchodilator in mild asthmatics with methacholine-induced 
bronchospasm. Am J Resp Cri Care Med 153:128-135. 

Kagnoff MF and Eckmann L (1997) Epithelial cells as sensors for microbial infection. J Clin 
Invest 100:6-10. 

Kamal R, Katz J and York I (2014) Molecular Determinants of Influenza Virus Pathogenesis in 
Mice,  pp 1-32, Springer Berlin Heidelberg. 

Kannan MS and Johnson DE (1992) Functional innervation of pig tracheal smooth muscle: 
neural and non-neural mechanisms of relaxation. J Pharmacol Exp Ther 260:1180-
1184. 

Kao J, Fortner CN, Liu LH, Shull GE and Paul RJ (1999) Ablation of the SERCA3 gene alters 
epithelium-dependent relaxation in mouse tracheal smooth muscle. Am J Physiol Lung 
Cel Mol Physiol 277:L264-L270. 

Karp PH, Moninger TO, Weber SP, Nesselhauf TS, Launspach JL, Zabner J and Welsh MJ 
(2002) An In Vitro Model of Differentiated Human Airway Epithelia: Methods for 
Establishing Primary Cultures. Methods Mol Biol 188:115-137. 

Kedzierski RM and Yanagisawa M (2001) Endothelin system: the double-edged sword in health 
and disease. Ann Rev Pharmacol Toxicol 41:851-876. 

Kehrer JP and Biswal SS (2000) The Molecular Effects of Acrolein. Toxicol Sci 57:6-15. 

Kemp PA, Sugar RA and Jackson AD (2004) Nucleotide-Mediated Mucin Secretion from 
Differentiated Human Bronchial Epithelial Cells. Am J Respir Cell Mol Biol 31:446-455. 

Kern JC and Kehrer JP (2002) Acrolein-induced cell death: a caspase-influenced decision 
between apoptosis and oncosis/necrosis. Chem Biol Interact 139:79-95. 

Kichko TI, Lennerz J, Eberhardt M, Babes RM, Neuhuber W, Kobal G and Reeh PW (2013) 
Bimodal Concentration-Response of Nicotine Involves the Nicotinic Acetylcholine 
Receptor, Transient Receptor Potential Vanilloid Type 1, and Transient Receptor 
Potential Ankyrin 1 Channels in Mouse Trachea and Sensory Neurons. J Pharmacol 
Exp Ther 347:529-539. 

Kim JH, Lee SY, Bak SM, Suh IB, Lee SY, Shin C, Shim JJ, In KH, Kang KH and Yoo SH 
(2004) Effects of matrix metalloproteinase inhibitor on LPS-induced goblet cell 
metaplasia. Am J Physiol Lung Cel Mol Physiol 287:L127-L133. 

Kim JS, Rabe KF, Magnussen H, Green JM and White SR (1995) Migration and proliferation of 
guinea pig and human airway epithelial cells in response to tachykinins. Am J Physiol 
Lung Cel Mol Physiol 269:L119-L126. 

Kim KC, Hisatsune A, Kim DJ and Miyata T (2003) Pharmacology of airway goblet cell mucin 
release. J Pharmacol Sci 92:301-307. 

Kim KC and Lee BC (1991) P2 purinoceptor regulation of mucin release by airway goblet cells 
in primary culture. Br J Pharmacol 103:1053-1056. 

Kim S-i, Pfeifer GP and Besaratinia A (2007) Lack of Mutagenicity of Acrolein-Induced DNA 
Adducts in Mouse and Human Cells. Cancer Res 67:11640-11647. 

King JC, Lechan RM, Kugel G and Anthony EL (1983) Acrolein: a fixative for 
immunocytochemical localization of peptides in the central nervous system. J 
Histochem Cytochem 31:62-68. 



REFERENCES ⑨ 
  

 
382 

Kirkham S, Sheehan J, Knight D, Richardson P and Thornton D (2002) Heterogeneity of 
airways mucus: variations in the amounts and glycoforms of the major oligomeric 
mucins MUC5AC and MUC5B. Biochem J 361:537-546. 

Kistemaker LE, Bos ST, Mudde WM, Hylkema MN, Hiemstra PS, Wess J, Meurs H, Kerstjens 
HA and Gosens R (2014) Muscarinic M3 receptors contribute to allergen-induced 
airway remodeling in mice. Am J Respir Cell Mol Biol 50:690-698. 

Knight DA and Holgate ST (2003) The airway epithelium: Structural and functional properties in 
health and disease. Respirology 8:432-446. 

Koeppen M, McNamee EN, Brodsky KS, Aherne CM, Faigle M, Downey GP, Colgan SP, Evans 
CM, Schwartz DA and Eltzschig HK (2013) Detrimental role of the airway mucin 
Muc5ac during ventilator-induced lung injury. Mucosal Immunol 6:762-775. 

Kohri K, Ueki IF, Shim J-J, Burgel P-R, Oh Y-M, Tam DC, Dao-Pick T and Nadel JA (2002) 
Pseudomonas aeruginosa induces MUC5AC production via epidermal growth factor 
receptor. Eur Respir J 20:1263-1270. 

Kouzaki H, Iijima K, Kobayashi T, O’Grady SM and Kita H (2011) The Danger Signal, 
Extracellular ATP, Is a Sensor for an Airborne Allergen and Triggers IL-33 Release and 
Innate Th2-Type Responses. J Immunol 186:4375-4387. 

Krasteva G, Canning BJ, Hartmann P, Veres TZ, Papadakis T, Mühlfeld C, Schliecker K, Tallini 
YN, Braun A and Hackstein H (2011) Cholinergic chemosensory cells in the trachea 
regulate breathing. Proc Natl Acad Sci U S A 108:9478-9483. 

Kreda SM, Davis CW and Rose MC (2012) CFTR, Mucins, and Mucus Obstruction in Cystic 
Fibrosis. Cold Spring Harbor Perspectives in Medicine 2. 

Kreda SM, Okada SF, Van Heusden CA, O'Neal W, Gabriel S, Abdullah L, Davis CW, Boucher 
RC and Lazarowski ER (2007) Coordinated release of nucleotides and mucin from 
human airway epithelial Calu-3 cells. J Physiol 584:245-259. 

Kreda SM, Seminario-Vidal L, Van Heusden CA, O’Neal W, Jones L, Boucher RC and 
Lazarowski ER (2010) Receptor-promoted exocytosis of airway epithelial mucin 
granules containing a spectrum of adenine nucleotides. J Physiol 588:2255-2267. 

Kuiken T and Taubenberger JK (2008) Pathology of human influenza revisited. Vaccine 26, 
Supplement 4:D59-D66. 

Kummer W, Fischer A, Kurkowski R and Heym C (1992) The sensory and sympathetic 
innervation of guinea-pig lung and trachea as studied by retrograde neuronal tracing 
and double-labelling immunohistochemistry. Neuroscience 49:715-737. 

Kummer W and Krasteva-Christ G (2014) Non-neuronal cholinergic airway epithelium biology. 
Cur Opinion Pharmacol 16:43-49. 

Kummer W, Lips K and Pfeil U (2008) The epithelial cholinergic system of the airways. 
Histochem Cell Biol 130:219-234. 

Kummer W, Wiegand S, Akinci S, Wessler I, Schinkel AH, Wess J, Koepsell H, Haberberger RV 
and Lips KS (2006) Role of acetylcholine and polyspecific cation transporters in 
serotonin-induced bronchoconstriction in the mouse. Respir Res 7:65. 

Kuyper LM, Paré PD, Hogg JC, Lambert RK, Ionescu D, Woods R and Bai TR (2003) 
Characterization of airway plugging in fatal asthma. Am J Med 115:6-11. 

La Gruta NL, Kedzierska K, Stambas J and Doherty PC (2007) A question of self-preservation: 
immunopathology in influenza virus infection. Immunol Cell Biol 85:85-92. 



REFERENCES ⑨ 
  

 
383 

Lagente V, Chabrier PE, Mencia-Huerta J-M and Braquet P (1989) Pharmacological modulation 
of the bronchopulmonary action of the vasoactive peptide, endothelin, administered by 
aerosol in the guinea-pig. Biochem Biophysical Res Comm 158:625-632. 

Laitinen A (1985) Ultrastructural organisation of intraepithelial nerves in the human airway tract. 
Thorax 40:488-492. 

Laitinen L, Elkin R, Empey D, Jacobs L, Mills J and Nadel J (1991) Bronchial 
hyperresponsiveness in normal subjects during attenuated influenza virus infection. Am 
Rev Respir Dis 143:358-361. 

Lam HC, Choi AM and Ryter SW (2011) Isolation of mouse respiratory epithelial cells and 
exposure to experimental cigarette smoke at air liquid interface. Journal of visualized 
experiments: JoVE. 

Lamb D and Reid L (1968) Mitotic rates, goblet cell increase and histochemical changes in 
mucus in rat bronchial epithelium during exposure to sulphur dioxide. J Pathol Bacteriol 
96:97-111. 

Lamb JP and Sparrow MP (2002) Three-dimensional mapping of sensory innervation with 
substance p in porcine bronchial mucosa: comparison with human airways. Am J Respir 
Crit Care Med 166:1269-1281. 

Lambert C, Li J, Jonscher K, Yang T-C, Reigan P, Quintana M, Harvey J and Freed BM (2007) 
Acrolein inhibits cytokine gene expression by alkylating cysteine and arginine residues 
in the NF-κB1 DNA binding domain. J Biol Chem 282:19666-19675. 

Lambrecht BN and Hammad H (2012) The airway epithelium in asthma. Nat Med 18:684-692. 

Lammers J, Minette P, McCusker M, Chung KF and Barnes P (1988) Nonadrenergic 
bronchodilator mechanisms in normal human subjects in vivo. J Appl Physiol 64:1817-
1822. 

Lammers J, Minette P, McCusker M, Chung KF and Barnes P (1989) Capsaicin-induced 
bronchodilation in mild asthmatic subjects: possible role of nonadrenergic inhibitory 
system. J Appl Physiol 67:856-861. 

Lan RS, Stewart GA, Goldie RG and Henry PJ (2004) Altered expression and in vivo lung 
function of protease-activated receptors during influenza A virus infection in mice. Am J 
Physiol Lung Cell Mol Physiol 286:L388-L398. 

Lane BP, Miller SL and Drummond EJ (1976) Use of tracheal organ cultures in toxicity testing. 
Environ Health Perspect 16:89. 

Lazarowski ER and Boucher RC (2009) Purinergic receptors in airway epithelia. Curr Opin 
Pharmacol 9:262-267. 

Lazarowski ER, Boucher RC and Harden TK (2000) Constitutive release of ATP and evidence 
for major contribution of ecto-nucleotide pyrophosphatase and nucleoside 
diphosphokinase to extracellular nucleotide concentrations. J Biol Chem 275:31061-
31068. 

Lazarowski ER and Harden TK (1999) Quantitation of extracellular UTP using a sensitive 
enzymatic assay. Br J Pharmacol 127:1272-1278. 

Le Bouffant L, Martin J, Daniel H, Henin J and Normand C (1980) Action of intensive cigarette 
smoke inhalations on the rat lung. Role of particulate and gaseous cofactors. J Natl 
Cancer Inst 64:273-284. 

Leach CL, Hatoum NS, Ratajczak HV and Gerhart JM (1987) The pathologic and immunologic 
effects of inhaled acrolein in rats. Toxicol Lett 39:189-198. 



REFERENCES ⑨ 
  

 
384 

Lee H-M, Takeyama K, Dabbagh K, Lausier JA, Ueki IF and Nadel JA (2000) Agarose plug 
instillation causes goblet cell metaplasia by activating EGF receptors in rat airways. Am 
J Physiol Lung Cell Mol Physiol 278:L185-L192. 

Lee L-Y (2009) Respiratory sensations evoked by activation of bronchopulmonary C-fibers. 
Respir Physiol Neurobiol 167:26-35. 

Lee L-Y and Pisarri TE (2001) Afferent properties and reflex functions of bronchopulmonary C-
fibers. Respir Physiol 125:47-65. 

Lee L-Y and Undem BJ (2005) Bronchopulmonary Vagal Afferent Nerves. Advances Vagal 
Afferent Neurobiol:279-313. 

Lee MM, Schurch S, Roth SH, Jiang X, Cheng S, Bjarnason S and Green FHY (1995) Effects of 
Acid Aerosol Exposure on the Surface Properties of Airway Mucus. Exp Lung Res 
21:835-851. 

Leikauf GD, Borchers MT, Prows DR and Simpson LG (2002) Mucin apoprotein expression in 
COPD. Chest 121:166S-182S. 

Leikauf GD, Leming LM, O'Donnell JR and Doupnik CA (1989) Bronchial responsiveness and 
inflammation in guinea pigs exposed to acrolein. J Appl Physiol 66:171-178. 

Lemieux BT, Chen JJ, Jing J, Chen Z and Wong BJ (2015) Measurement of ciliary beat 
frequency using Doppler optical coherence tomography, in International forum of allergy 
& rhinology pp 1048-1054, Wiley Online Library. 

Li N, Li Q, Zhou XD, Kolosov VP and Perelman JM (2012) Chronic mechanical stress induces 
mucin5AC expression in human bronchial epithelial cells through ERK dependent 
pathways. Mol Bio Rep 39:1019-1028. 

Li S, Koziol-White C, Jude J, Jiang M, Zhao H, Cao G, Yoo E, Jester W, Morley MP, Zhou S, 
Wang Y, Lu MM, Panettieri RA, Jr. and Morrisey EE (2016) Epithelium-generated 
neuropeptide Y induces smooth muscle contraction to promote airway 
hyperresponsiveness. J Clin Invest 126:1978-1982. 

Li Y, Martin LD, Spizz G and Adler KB (2001) MARCKS Protein Is a Key Molecule Regulating 
Mucin Secretion by Human Airway Epithelial Cells in Vitro. J Biol Chem 276:40982-
40990. 

Liberati TA, Randle MR and Toth LA (2010) In vitro lung slices: a powerful approach for 
assessment of lung pathophysiology. Expert Rev Mol Diagn 10:501-508. 

Light AR (2004) Nocifensor” system re-revisited. Focus on “Two types of C nociceptor in human 
skin and their behavior in areas of capaicin-induced secondary hyperalgesia. J 
Neurophysiol 91:2401-2403. 

Lips KS, Volk C, Schmitt BM, Pfeil U, Arndt P, Miska D, Ermert L, Kummer W and Koepsell H 
(2005) Polyspecific Cation Transporters Mediate Luminal Release of Acetylcholine from 
Bronchial Epithelium. Am J Respir Cell Mol Biol 33:79-88. 

Liu C, Li Q, Zhou X, Kolosov VP and Perelman JM (2013) Rhythmic pressure waves induce 
Mucin5AC expression via an EGFR-mediated signaling pathway in human airway 
epithelial cells. DNA Cell Biol 32:423-429. 

Liu D-S, Liu W-J, Chen L, Ou X-M, Wang T, Feng Y-L, Zhang S-F, Xu D, Chen Y-J and Wen F-
Q (2009a) Rosiglitazone, a peroxisome proliferator-activated receptor-γ agonist, 
attenuates acrolein-induced airway mucus hypersecretion in rats. Toxicology 260:112-
119. 



REFERENCES ⑨ 
  

 
385 

Liu D-S, Wang T, Han S-X, Dong J-J, Liao Z-L, He G-M, Chen L, Chen Y-J, Xu D and Hou Y 
(2009b) p38 MAPK and MMP-9 cooperatively regulate mucus overproduction in mice 
exposed to acrolein fog. Int Immunopharmacol 9:1228-1235. 

Liu JQ, Yang D and Folz RJ (2006) A novel bronchial ring bioassay for the evaluation of small 
airway smooth muscle function in mice. Am J Physiol Lung Cel Mol Physiol 291:L281-
L288. 

Liu MC, Hubbard WC, Proud D, Stealey BA, Galli SJ, Kagey-Sobotka A, Bleecker ER and 
Lichtenstein LM (1991) Immediate and late inflammatory responses to ragweed antigen 
challenge of the peripheral airways in allergic asthmatics: cellular, mediator, and 
permeability changes. Am Rev Respir Dis 144:51-58. 

Liu X-y, Zhu M-x and Xie J-p (2010) Mutagenicity of acrolein and acrolein-induced DNA 
adducts. Toxicol Mech Methods 20:36-44. 

Livraghi A and Randell SH (2007) Cystic Fibrosis and Other Respiratory Diseases of Impaired 
Mucus Clearance. Toxicol Pathol 35:116-129. 

Logue JM, Price PN, Sherman MH and Singer BC (2011) A method to estimate the chronic 
health impact of air pollutants in US residences. Environ Health Perspectives doi 10. 

Long N, Frevert C and Shore S (1993) Capsaicin pretreatment increases inflammatory 
response to intratracheal instillation of endotoxin in rats. Regul Pept 46:208-210. 

LoPachin RM and Gavin T (2014) Molecular Mechanisms of Aldehyde Toxicity: A Chemical 
Perspective. Chem Res Toxicol. 

LoPachin RM and Gavin T (2016) Reactions of electrophiles with nucleophilic thiolate sites: 
relevance to pathophysiological mechanisms and remediation. Free Radic Res 50:195-
205. 

Lu S, Liu H and Farley JM (2011) Macrolide antibiotics inhibit mucus secretion and calcium 
entry in swine airway submucosal mucous gland cells. J Pharmacol Exp Ther 336:178-
187. 

Lumsden A, McLean A and Lamb D (1984) Goblet and Clara cells of human distal airways: 
evidence for smoking induced changes in their numbers. Thorax 39:844-849. 

Lundberg J, Hökfelt T, Martling C-R, Saria A and Cuello C (1984) Substance P-immunoreactive 
sensory nerves in the lower respiratory tract of various mammals including man. Cell 
Tissue Res 235:251-261. 

Lundberg JM and Saria A (1983) Capsaicin-induced desensitization of airway mucosa to 
cigarette smoke, mechanical and chemical irritants. Nature 302:251-253. 

Luquin E, Pérez-Lorenzo E, Aymerich MS and Mengual E (2010) Two-color Fluorescence 
Labeling in Acrolein-fixed Brain Tissue. J Histochem Cytochem 58:359-368. 

Lutchen KR (2014) Airway smooth muscle stretch and airway hyperresponsiveness in asthma: 
Have we chased the wrong horse? J App Physiol 116:1113-1115. 

Lyon JP, Jenkins Jr LJ, Jones RA, Coon RA and Siegel J (1970) Repeated and continuous 
exposure of laboratory animals to acrolein. Toxicol Appl Pharmacol 17:726-732. 

Macpherson LJ, Dubin AE, Evans MJ, Marr F, Schultz PG, Cravatt BF and Patapoutian A 
(2007) Noxious compounds activate TRPA1 ion channels through covalent modification 
of cysteines. Nature 445:541-545. 

Mannino DM and Buist AS (2007) Global burden of COPD: risk factors, prevalence, and future 
trends. Lancet 370:765-773. 



REFERENCES ⑨ 
  

 
386 

Manuyakorn W (2014) Airway remodelling in asthma: role for mechanical forces. Asia Pacific 
Allergy 4:19-24. 

Manzini S (1992) Bronchodilatation by tachykinins and capsaicin in the mouse main bronchus. 
Br J Pharmacol 105:968-972. 

Martling C-R (1987) Sensory nerves containing tachykinins and CGRP in the lower airways. 
Functional implications for bronchoconstriction, vasodilatation and protein 
extravasation. Acta Physiol Scand 563:1. 

Martling C-R, Saria A, Fischer JA, Hökfelt T and Lundberg JM (1988) Calcitonin gene-related 
peptide and the lung: neuronal coexistence with substance P, release by capsaicin and 
vasodilatory effect. Regul Pept 20:125-139. 

Mathé AA and Hedqvist P (1975) Effect of Prostaglandins F2α and E2 on Airway Conductance 
in Healthy Subjects and Asthmatic Patients 1–3. Am Rev Respir Dis 111:313-320. 

Mathis C, Poussin C, Weisensee D, Gebel S, Hengstermann A, Sewer A, Belcastro V, Xiang Y, 
Ansari S and Wagner S (2013) Human bronchial epithelial cells exposed in vitro to 
cigarette smoke at the air-liquid interface resemble bronchial epithelium from human 
smokers. Am J Physiol Lung Cel Mol Physiol 304:L489-L503. 

Matsukura S, Kokubu F, Noda H, Tokunaga H and Adachi M (1996) Expression of IL-6, IL-8, 
and RANTES on human bronchial epithelial cells, NCI-H292, induced by influenza virus 
A. J Allergy Clin Immunol 98:1080-1087. 

Matsuo K, Ota H, Akamatsu T, Sugiyama A and Katsuyama T (1997) Histochemistry of the 
surface mucous gel layer of the human colon. Gut 40:782-789. 

Matsuoka Y, Lamirande EW and Subbarao K (2005) The Mouse Model for Influenza, in Current 
Protocols in Microbiology, John Wiley & Sons, Inc. 

McDonald DM, Mitchell RA, Gabella G and Haskell A (1988) Neurogenic inflammation in the rat 
trachea. II. Identity and distribution of nerves mediating the increase in vascular 
permeability. J Neurocytol 17:605-628. 

McGraw DW, Mihlbachler KA, Schwarb MR, Rahman FF, Small KM, Almoosa KF and Liggett 
SB (2006) Airway smooth muscle prostaglandin-EP1 receptors directly modulate β2–
adrenergic receptors within a unique heterodimeric complex. J Clin Invest 116:1400-
1409. 

Message SD and Johnston SL (2001) The immunology of virus infection in asthma. Eur Respir 
J 18:1013-1025. 

Message SD and Johnston SL (2004) Host defense function of the airway epithelium in health 
and disease: clinical background. J Leukoc Biol 75:5-17. 

Moffatt JD, Cocks TM and Page CP (2004) Role of the epithelium and acetylcholine in 
mediating the contraction to 5-hydroxytryptamine in the mouse isolated trachea. Br J 
Pharmacol 141:1159-1166. 

Moghe A, Ghare S, Lamoreau B, Mohammad M, Barve S, McClain C and Joshi-Barve S (2015) 
Molecular Mechanisms of Acrolein Toxicity: Relevance to Human Disease. Toxicol Sci 
143:242-255. 

Montefort S, Herbert C, Robinson C and Holgate S (1992) The bronchial epithelium as a target 
for inflammatory attack in asthma. Clin Experimental Allergy 22:511-520. 

Monteil C, Le Prieur E, Buisson S, Morin JP, Guerbet M and Jouany JM (1999) Acrolein toxicity: 
comparative in vitro study with lung slices and pneumocytes type II cell line from rats. 
Toxicology 133:129-138. 



REFERENCES ⑨ 
  

 
387 

Moore PE, Cunningham G, Calder MM, DeMatteo AD, Peeples ME, Summar ML and Peebles 
RS (2006) Respiratory Syncytial Virus Infection Reduces β2-Adrenergic Responses in 
Human Airway Smooth Muscle. Am J Respir Cell Mol Biol 35:559-564. 

Moran MM, McAlexander MA, Bíró T and Szallasi A (2011) Transient receptor potential 
channels as therapeutic targets. Nat Rev Drug Discov 10:601-620. 

Moretto N, Volpi G, Pastore F and Facchinetti F (2012) Acrolein effects in pulmonary cells: 
relevance to chronic obstructive pulmonary disease. Ann N Y Acad Sci 1259:39-46. 

Morgan KT, Jiang X-Z, Patterson DL and Gross EA (1984) The Nasal Mucociliary Apparatus: 
Correlation of Structure and Function in the Rat 1–3. Am Rev Respir Dis 130:275-281. 

Morin J-P, Baste J-M, Gay A, Crochemore C, Corbière C and Monteil C (2013) Precision cut 
lung slices as an efficient tool for in vitro lung physio-pharmacotoxicology studies. 
Xenobiotica 43:63-72. 

Morin J-P, Hasson V, Fall M, Papaioanou E, Preterre D, Gouriou F, Keravec V, 
Konstandopoulos A and Dionnet F (2008) Prevalidation of in vitro continuous flow 
exposure systems as alternatives to in vivo inhalation safety evaluation 
experimentations: outcome from MAAPHRI-PCRD5 research program. Exp Toxicol 
Pathol 60:195-205. 

Morris JB, Stanek J and Gianutsos G (1999) Sensory nerve-mediated immediate nasal 
responses to inspired acrolein. J Appl Physiol 87:1877-1886. 

Morris JB, Symanowicz PT, Olsen JE, Thrall RS, Cloutier MM and Hubbard AK (2003) 
Immediate sensory nerve-mediated respiratory responses to irritants in healthy and 
allergic airway-diseased mice. J Appl Physiol 94:1563-1571. 

Morrison KJ, Gao Y and Vanhoutte PM (1990) Epithelial modulation of airway smooth muscle. 
Am J Physiol Lung Cel Mol Physiol 258:L254-L262. 

Mortellaro A, Diamond C, Khameneh HJ and Brough D (2015) Novel perspectives on non-
canonical inflammasome activation. Immunotargets Ther 4:131-141. 

Munkholm M and Mortensen J (2014) Mucociliary clearance: pathophysiological aspects. Clin 
Physiol Funct Imaging 34:171-177. 

Murphy S, Klingshirn D and Ulrich C (1963) Respiratory response of guinea pigs during acrolein 
inhalation and its modification by drugs. J Pharmacol Exp Ther 141:79-83. 

Myers CR and Myers JM (2009) The effects of acrolein on peroxiredoxins, thioredoxins, and 
thioredoxin reductase in human bronchial epithelial cells. Toxicology 257:95-104. 

Nadel J (1991) Neutral endopeptidase modulates neurogenic inflammation. Eur Respir J 4:745-
754. 

Nadel JA (2013) Mucous hypersecretion and relationship to cough. Pulm Pharmacol Ther 
26:510-513. 

Nadel JA and Burgel P-R (2001) The role of epidermal growth factor in mucus production. Curr 
Opin Pharmacol 1:254-258. 

Nagy I, Sántha P, Jancsó G and Urbán L (2004) The role of the vanilloid (capsaicin) receptor 
(TRPV1) in physiology and pathology. Eur J Pharmacol 500:351-369. 

Nardini M, Finkelstein EI, Reddy S, Valacchi G, Traber M, Cross CE and Van Der Vliet A (2002) 
Acrolein-induced cytotoxicity in cultured human bronchial epithelial cells. Modulation by 
alpha-tocopherol and ascorbic acid. Toxicology 170:173-185. 



REFERENCES ⑨ 
  

 
388 

Nassenstein C, Kwong K, Taylor-Clark T, Kollarik M, MacGlashan DM, Braun A and Undem BJ 
(2008) Expression and function of the ion channel TRPA1 in vagal afferent nerves 
innervating mouse lungs. J Physiol 586:1595-1604. 

Nathanson N and Murphy FA (2007) The sequential steps in viral infection. Viral pathogenesis 
and immunity (2nd edition), Elsevier Academic Press, Boston:14-26. 

Ngiam N, Post M and Kavanagh BP (2007) Early growth response factor-1 in acute lung injury. 
Am J Physiol Lung Cel Mol Physiol 293:L1089-L1091. 

Nicholson KG, Kent J and Ireland DC (1993) Respiratory viruses and exacerbations of asthma 
in adults. BMJ 307:982. 

Nijkamp FP, Van Der Linde HJ and Folkerts G (1993) Nitric oxide synthesis inhibitors induce 
airway hyperresponsiveness in the guinea pig in vivo and in vitro: role of the epithelium. 
Am Rev Resp Disease 148:727-734. 

Ning W, Li C-J, Kaminski N, Feghali-Bostwick CA, Alber SM, Di YP, Otterbein SL, Song R, 
Hayashi S and Zhou Z (2004) Comprehensive gene expression profiles reveal 
pathways related to the pathogenesis of chronic obstructive pulmonary disease. Proc 
Natl Acad Sci U S A 101:14895-14900. 

Ninomiya H, Uchida Y, Saotome M, Nomura A, Ohse H, Matsumoto H, Hirata F and Hasegawa 
S (1992) Endothelins constrict guinea pig tracheas by multiple mechanisms. J 
Pharmacol Exp Ther 262:570-576. 

Noble PB, Bates JHT, Seow CY, Brusasco V, Skloot G, McFawn PK, Mitchell HW, Ansell TK, 
Pellegrino R, Togias A and Scichilone N (2014) Commentaries on Viewpoint: Airway 
smooth muscle and airway hyperresponsiveness in human asthma: Have we chased 
the wrong horse? J Appl Physiol 116:1116-1118. 

Okada SF, Zhang L, Kreda SM, Abdullah LH, Davis CW, Pickles RJ, Lazarowski ER and 
Boucher RC (2011) Coupled nucleotide and mucin hypersecretion from goblet-cell 
metaplastic human airway epithelium. Am J Resp Cell Mol Biol 45:253-260. 

Ollerenshaw S, Jarvis D, Sullivan C and Woolcock A (1991) Substance P immunoreactive 
nerves in airways from asthmatics and nonasthmatics. Eur Resp J 4:673-682. 

Olver RE, Walters DV and M. Wilson S (2004) Developmental Regulation of Lung Liquid 
Transport. Annu Rev Physiol 66:77-101. 

Ordonez C, Khashayar R, Wong H, Ferrando RON, Wu R, Hyde D, Hotchkiss J, Zhang Y, 
Novikov A, Dolganov G and Fahy J (2001) Mild and Moderate Asthma Is Associated 
with Airway Goblet Cell Hyperplasia and Abnormalities in Mucin Gene Expression. Am J 
Respir Crit Care Med 163:517-523. 

Ota H and Katsuyama T (1992) Alternating laminated array of two types of mucin in the human 
gastric surface mucous layer. Histochem J 24:86-92. 

Ou X-m, Wang B-d, Wen F-q, Feng Y-l, Huang X-y and Xiao J (2008a) Simvastatin attenuates 
lipopolysaccharide-induced airway mucus hypersecretion in rats. Chinese Med J 
121:1680. 

Ou XM, Feng YL, Wen FQ, Wang K, Yang J, Deng ZP, Liu DS and Li YP (2008b) Macrolides 
attenuate mucus hypersecretion in rat airways through inactivation of NF-κB. 
Respirology 13:63-72. 

Park CH, Ishinaka M, Takada A, Kida H, Kimura T, Ochiai K and Umemura T (2002) The 
invasion routes of neurovirulent A/Hong Kong/483/97 (H5N1) influenza virus into the 
central nervous system after respiratory infection in mice. Arch Virol 147:1425-1436. 



REFERENCES ⑨ 
  

 
389 

Park J, Fang S, Crews AL, Lin K-W and Adler KB (2008) MARCKS regulation of mucin 
secretion by airway epithelium in vitro: interaction with chaperones. Am J Respir Cell 
Mol Biol 39:68. 

Park J-A, Fredberg JJ and Drazen JM (2015a) Putting the Squeeze on Airway Epithelia. 
Physiology 30:293-303. 

Park J-A and Tschumperlin DJ (2009) Chronic intermittent mechanical stress increases 
MUC5AC protein expression. Am J Respir Cell Mol Biol 41:459. 

Park SL, Carmella SG, Chen M, Patel Y, Stram DO, Haiman CA, Le Marchand L and Hecht SS 
(2015b) Mercapturic Acids Derived from the Toxicants Acrolein and Crotonaldehyde in 
the Urine of Cigarette Smokers from Five Ethnic Groups with Differing Risks for Lung 
Cancer. PLoS ONE 10:e0124841. 

Pawłowicz AJ, Klika KD and Kronberg L (2007) The Structural Identification and Conformational 
Analysis of the Products from the Reaction of Acrolein with 2′-Deoxycytidine, 1-
Methylcytosine and Calf Thymus DNA. Eu J Org Chem 2007:1429-1437. 

Pawłowicz AJ and Kronberg L (2008) Characterization of adducts formed in reactions of 
acrolein with thymidine and calf thymus DNA. Chem Biodiversity 5:177-188. 

Perez-Vilar J, Sheehan JK and Randell SH (2003) Making more MUCS. Am J Resp Cell Mol 
Biol 28:267-270. 

Perrais M, Pigny P, Copin M-C, Aubert J-P and Van Seuningen I (2002) Induction of MUC2 and 
MUC5AC mucins by factors of the Epidermal Growth Factor (EGF) family is mediated 
by EGF receptor/Ras/Raf/extracellular signal-regulated kinase cascade and Sp1*. J Biol 
Chem 277:32258-32267. 

Perrone LA, Plowden JK, García-Sastre A, Katz JM and Tumpey TM (2008) H5N1 and 1918 
pandemic influenza virus infection results in early and excessive infiltration of 
macrophages and neutrophils in the lungs of mice. PLoS Pathog 4:e1000115. 

Peskar B, Livingston E and Guth P (1990) Afferent nerve-mediated protection against deep 
mucosal damage in the rat stomach. Gastroenterology 98:838-848. 

Peters T and Henry PJ (2009) Protease-activated receptors and prostaglandins in inflammatory 
lung disease. Br J Pharmacol 158:1017-1033. 

Pezzulo AA, Starner TD, Scheetz TE, Traver GL, Tilley AE, Harvey B-G, Crystal RG, McCray 
PB and Zabner J (2011) The air-liquid interface and use of primary cell cultures are 
important to recapitulate the transcriptional profile of in vivo airway epithelia. Am J 
Physiol Lung Cel Mol Physiol 300:L25-L31. 

Piccotti L, Dickey BF and Evans CM (2012) Assessment of Intracellular Mucin Content In Vivo. 
Methods in molecular biology (Clifton, NJ) 842:279-295. 

Pillow JJ (2012) Tidal volume, recruitment and compliance in HFOV: same principles, different 
frequency. Eur Respir J 40:291-293. 

Pittet LA, Hall-Stoodley L, Rutkowski MR and Harmsen AG (2010) Influenza Virus Infection 
Decreases Tracheal Mucociliary Velocity and Clearance of Streptococcus pneumoniae. 
Am J Respir Cell Mol Biol 42:450-460. 

Pizzimenti S, Ciamporcero E, Daga M, Pettazzoni P, Arcaro A, Cetrangolo G, Minelli R, 
Dianzani C, Lepore A and Gentile F (2013) Interaction of aldehydes derived from lipid 
peroxidation and membrane proteins. Front Physiol 4. 

Prakash Y (2013) Airway smooth muscle in airway reactivity and remodeling: what have we 
learned? Am J Physiol Lung Cel Mol Physiol 305:L912-L933. 



REFERENCES ⑨ 
  

 
390 

Preuss JM, Henry PJ and Goldie RG (1992) Influence of age on epithelium-dependent 
responsiveness of guinea-pig and rat tracheal smooth muscle to spasmogens. Eur J 
Pharmacol 228:3-8. 

Proud D and Leigh R (2011) Epithelial cells and airway diseases. Immunol Rev 242:186-204. 

Pushparajah DS, Umachandran M, Nazir T, Plant KE, Plant N, Lewis DF and Ioannides C 
(2008) Up-regulation of CYP1A/B in rat lung and liver, and human liver precision-cut 
slices by a series of polycyclic aromatic hydrocarbons; association with the Ah locus 
and importance of molecular size. Toxicol In Vitro 22:128-145. 

Pushparajah DS, Umachandran M, Plant KE, Plant N and Ioannides C (2007) Evaluation of the 
precision-cut liver and lung slice systems for the study of induction of CYP1, epoxide 
hydrolase and glutathione S-transferase activities. Toxicology 231:68-80. 

Quan F-S, Huang C, Compans RW and Kang S-M (2007) Virus-Like Particle Vaccine Induces 
Protective Immunity against Homologous and Heterologous Strains of Influenza Virus. J 
Virol 81:3514-3524. 

Racké K and Matthiesen S (2004) The airway cholinergic system: physiology and 
pharmacology. Pulm Pharmacol Ther 17:181-198. 

Randell SH and Boucher RC (2006) Effective mucus clearance is essential for respiratory 
health. Am J Respir Cell Mol Biol 35:20-28. 

Ransford GA, Fregien N, Qiu F, Dahl G, Conner GE and Salathe M (2009) Pannexin 1 
contributes to ATP release in airway epithelia. Am J Respir Cell Mol Biol 41:525-534. 

Reader JR, Tepper JS, Schelegle ES, Aldrich MC, Putney LF, Pfeiffer JW and Hyde DM (2003) 
Pathogenesis of Mucous Cell Metaplasia in a Murine Asthma Model. Am J Pathol 
162:2069-2078. 

Redington A, Meng Q, Springall D, Evans T, Creminon C, Maclouf J, Holgate S, Howarth P and 
Polak J (2001) Increased expression of inducible nitric oxide synthase and cyclo-
oxygenase-2 in the airway epithelium of asthmatic subjects and regulation by 
corticosteroid treatment. Thorax 56:351-357. 

Reperant LA, Kuiken T and Osterhaus A (2012) Influenza viruses: from birds to humans. Hum 
Vaccin Immunother 8:7-16. 

Ressmeyer AR, Larsson AK, Vollmer E, Dahlèn SE, Uhlig S and Martin C (2006) 
Characterisation of guinea pig precision-cut lung slices: comparison with human 
tissues. Eur Respir J 28:603-611. 

Ricciardolo FL, Rado V, Fabbri LM, Sterk PJ, Di Maria GU and Geppetti P (1999) 
Bronchoconstriction induced by citric acid inhalation in guinea pigs: role of tachykinins, 
bradykinin, and nitric oxide. Am J Resp Crit Care Med 159:557-562. 

Ricco M, Kummer W, Biglari B, Myers AC and Undem B (1996) Interganglionic segregation of 
distinct vagal afferent fibre phenotypes in guinea-pig airways. J Physiol 496:521. 

Ridley C, Kouvatsos N, Raynal BD, Howard M, Collins RF, Desseyn J-L, Jowitt TA, Baldock C, 
Davis CW, Hardingham TE and Thornton DJ (2014) Assembly of the Respiratory Mucin 
MUC5B: A NEW MODEL FOR A GEL-FORMING MUCIN. J Biol Chem 289:16409-
16420. 

Rizo J and Südhof TC (2002) Snares and Munc18 in synaptic vesicle fusion. Nat Rev Neurosci 
3:641-653. 



REFERENCES ⑨ 
  

 
391 

Robbins R, Barnes P, Springall D, Warren J, Kwon O, Buttery L, Wilson A, Geller D and Polak J 
(1994) Expression of inducible nitric oxide in human lung epithelial cells. Biochem 
Biophys Res Comm 203:209-218. 

Rogers D (2000) Mucus pathophysiology in COPD: differences to asthma, and 
pharmacotherapy. Monaldi Arch Chest Dis 55:324-332. 

Rogers DF (2001) Motor control of airway goblet cells and glands. Respir Physiol 125:129-144. 

Rogers DF (2003) The airway goblet cell. Int J Biochem Cell Biol 35:1-6. 

Rogers DF (2007) Physiology of airway mucus secretion and pathophysiology of 
hypersecretion. Resp Care 52:1134-1149. 

Romet S, Dubreuil A, Baeza A, Moreau A, Schoevaert D and Marano F (1990) Respiratory tract 
epithelium in primary culture: effects of ciliotoxic compounds. Toxicol In Vitro 4:399-402. 

Romet-Haddad S, Dazy AC, Guennou C and Marano F (1993) Measurement of the epithelial 
barrier integrity in tracheal cell cultures exposed to irritant compounds. Toxicol In Vitro 
7:373-379. 

Rosner SR, Ram-Mohan S, Paez-Cortez JR, Lavoie TL, Dowell ML, Yuan L, Ai X, Fine A, Aird 
WC, Solway J, Fredberg JJ and Krishnan R (2013) Airway Contractility in the Precision-
Cut Lung Slice after Cryopreservation. Am J Respir Cell Mol Biol 50:876-881. 

Ross TM, Xu Y, Bright RA and Robinson HL (2000) C3d enhancement of antibodies to 
hemagglutinin accelerates protection against influenza virus challenge. Nat Immunol 
1:127-131. 

Rossi AH, Salmon WC, Chua M and Davis CW (2007) Calcium signaling in human airway 
goblet cells following purinergic activation. Am J Physiol Lung Cel Mol Physiol 292:L92-
L98. 

Rothen-Rutishauser B, Blank F, Mühlfeld C and Gehr P (2008) In vitro models of the human 
epithelial airway barrier to study the toxic potential of particulate matter. Expert Opinion 
on Drug Metabolism; Toxicol 4:1075-1089. 

Rothen-Rutishauser BM, Kiama SG and Gehr P (2005) A three-dimensional cellular model of 
the human respiratory tract to study the interaction with particles. Am J Respir Cell Mol 
Biol 32:281-289. 

Roy MG, Livraghi-Butrico A, Fletcher AA, McElwee MM, Evans SE, Boerner RM, Alexander SN, 
Bellinghausen LK, Song AS and Petrova YM (2014) Muc5b is required for airway 
defence. Nature 505:412-416. 

Ruan YC, Zhou W and Chan HC (2011) Regulation of Smooth Muscle Contraction by the 
Epithelium: Role of Prostaglandins. Physiology 26:156-170. 

Ruba SD, Matthew SW, Wulin Z, Renat S, Jacqueline S, Steven SG and Ronald GC (2013) 
Human Airway Basal Stem/Progenitor Cells Constitutively Express Large Amounts Of 
Prostaglandin E2 That Is Up-Regulated By Cigarette Smoking, in B101 AIRWAY 
EPITHELIAL CELL ACTIVATION AND DYSFUNCTION pp A3561-A3561, American 
Thoracic Society. 

Saito T and Keino H (1976) Acrolein as a fixative for enzyme cytochemistry. J Histochem 
Cytochem 24:1258-1269. 

Sanders CJ, Doherty PC and Thomas PG (2011) Respiratory epithelial cells in innate immunity 
to influenza virus infection. Cell Tissue Res 343:13-21. 



REFERENCES ⑨ 
  

 
392 

Sanderson MJ (2011) Exploring lung physiology in health and disease with lung slices. Pulm 
Pharmacol Ther 24:452-465. 

Sarkar P and Hayes B (2007) Induction of COX-2 by acrolein in rat lung epithelial cells. Mol Cell 
Biochem 301:191-199. 

Sarkar P and Hayes BE (2009) Proteomic profiling of rat lung epithelial cells induced by 
acrolein. Life Sci 85:188-195. 

Sauer H, Hescheler J and Wartenberg M (2000) Mechanical strain-induced Ca2+ waves are 
propagated via ATP release and purinergic receptor activation. Am J Physiol Cell 
Physiol 279:C295-C307. 

Schermer T, Chavannes N, Dekhuijzen R, Wouters E, Muris J, Akkermans R, van Schayck O 
and van Weel C (2009) Fluticasone and N-acetylcysteine in primary care patients with 
COPD or chronic bronchitis. Respir Med 103:542-551. 

Schwarze J, Hamelmann E, Bradley KL, Takeda K and Gelfand EW (1997) Respiratory 
syncytial virus infection results in airway hyperresponsiveness and enhanced airway 
sensitization to allergen. J Clin Invest 100:226. 

Schwiebert EM and Zsembery A (2003) Extracellular ATP as a signaling molecule for epithelial 
cells. Biochimica et Biophysica Acta-Biomembranes 1615:7-32. 

Scichilone N, Permutt S and Togias A (2001) The Lack of the Bronchoprotective and Not the 
Bronchodilatory Ability of Deep Inspiration Is Associated with Airway 
Hyperresponsiveness. Am J Respir Crit Care Med 163:413-419. 

Scullion JE (2007) The development of anticholinergics in the management of COPD. Int J 
Chron Obstruct Pulmon Dis 2:33. 

Seminario-Vidal L, Okada SF, Sesma JI, Kreda SM, van Heusden CA, Zhu Y, Jones LC, O'Neal 
WK, Penuela S and Laird DW (2011) Rho signaling regulates pannexin 1-mediated ATP 
release from airway epithelia. J Biol Chem 286:26277-26286. 

Shao MXG, Ueki IF and Nadel JA (2003) Tumor necrosis factor α-converting enzyme mediates 
MUC5AC mucin expression in cultured human airway epithelial cells. Proc Natl Acad 
Sci U S A 100:11618-11623. 

Shapiro D, Deering-Rice CE, Romero EG, Hughen RW, Light AR, Veranth JM and Reilly CA 
(2013) Activation of Transient Receptor Potential Ankyrin-1 (TRPA1) in Lung Cells by 
Wood Smoke Particulate Material. Chem Res Toxicol 26:750-758. 

Sheller J, Mitchell D, Meyrick B, Oates J and Breyer R (2000) EP2 receptor mediates 
bronchodilation by PGE2 in mice. J Appl Physiol 88:2214-2218. 

Shim JJ, Dabbagh K, Ueki IF, Dao-Pick T, Burgel P-R, Takeyama K, Tam DC-W and Nadel JA 
(2001) IL-13 induces mucin production by stimulating epidermal growth factor receptors 
and by activating neutrophils. Am J Physiol Lung Cell Mol Physiol 280:L134-L140. 

Shimura S, Andoh Y, Haraguchi M and Shirato K (1996) Continuity of airway goblet cells and 
intraluminal mucus in the airways of patients with bronchial asthma. Eur Respir J 
9:1395-1401. 

Shin C, Jo M, Lee W, Ryu J, Kim K and Ko K (2001) ATP-induced mucin release from cultured 
airway goblet cell involves, in part, activation of phospholipase A2. Methods Find Exp 
Clin Pharmacol 23:73. 

Shinya K, Shimada A, Ito T, Otsuki K, Morita T, Tanaka H, Takada A, Kida H and Umemura T 
(2000) Avian influenza virus intranasally inoculated infects the central nervous system 
of mice through the general visceral afferent nerve. Arch Virol 145:187-195. 



REFERENCES ⑨ 
  

 
393 

Silva MA and Bercik P (2012) Macrophages are related to goblet cell hyperplasia and induce 
MUC5B but not MUC5AC in human bronchus epithelial cells. Lab Invest 92:937-948. 

Sims DE and Horne MM (1997) Heterogeneity of the composition and thickness of tracheal 
mucus in rats. Am J Physiol Lung Cel Mol Physiol 273:L1036-L1041. 

Sims DE, Westfall JA, Kiorpes AL and Home MM (1991) Preservation of tracheal mucus by 
nonaqueous fixative. Biotech Histochem 66:173-180. 

Singer M, Martin LD, Vargaftig BB, Park J, Gruber AD, Li Y and Adler KB (2004) A MARCKS-
related peptide blocks mucus hypersecretion in a mouse model of asthma. Nat Med 
10:193-196. 

Skloot G and Togias A (2003) Bronchodilation and bronchoprotection by deep inspiration and 
their relationship to bronchial hyperresponsiveness. Clin Rev Allergy Immunol 24:55-71. 

Slats AM, Janssen K, van Schadewijk A, van der Plas DT, Schot R, van den Aardweg JG, de 
Jongste JC, Hiemstra PS, Mauad T, Rabe KF and Sterk PJ (2007) Bronchial 
Inflammation and Airway Responses to Deep Inspiration in Asthma and Chronic 
Obstructive Pulmonary Disease. Am J Respir Crit Care Med 176:121-128. 

Snelgrove RJ, Godlee A and Hussell T (2011) Airway immune homeostasis and implications for 
influenza-induced inflammation. Trends Immunol 32:328-334. 

Solway J and Leff AR (1991) Sensory neuropeptides and airway function. J Appl Physiol 
71:2077-2087. 

Spiess PC, Deng B, Hondal RJ, Matthews DE and van der Vliet A (2011) Proteomic profiling of 
acrolein adducts in human lung epithelial cells. J Proteomics 74:2380-2394. 

Springall DR, Edginton J, Price PN, Swanston DW, Noel C, Bloom SR and Polak JM (1990) 
Acrolein depletes the neuropeptides CGRP and substance P in sensory nerves in rat 
respiratory tract. Environ Health Perspect 85:151. 

Stav D and Raz M (2009) Effect of N-acetylcysteine on air trapping in COPD: a randomized 
placebo-controlled study. Chest 136:381-386. 

Steinhoff MS, von Mentzer B, Geppetti P, Pothoulakis C and Bunnett NW (2014) Tachykinins 
and their receptors: contributions to physiological control and the mechanisms of 
disease. Physiol Rev 94:265-301. 

Sterk P (1993) Virus-induced airway hyperresponsiveness in man. Eur Respir J 6:894-902. 

Stevens JF and Maier CS (2008) Acrolein: Sources, metabolism, and biomolecular interactions 
relevant to human health and disease. Mol Nutr Food Res 52:7-25. 

Strang L (1991) Fetal lung liquid: secretion and reabsorption. Physiol Rev 71:991-1016. 

Struckmann N, Schwering S, Wiegand S, Gschnell A, Yamada M, Kummer W, Wess J and 
Haberberger RV (2003) Role of Muscarinic Receptor Subtypes in the Constriction of 
Peripheral Airways: Studies on Receptor-Deficient Mice. Mol Pharmacol 64:1444-1451. 

Sturton RG, Trifilieff A, Nicholson AG and Barnes PJ (2008) Pharmacological characterization of 
indacaterol, a novel once daily inhaled a2 agonist, on small airways in human and rat 
precision-cut lung slices. J Pharmacol Exp Ther 324:270-275. 

Suzuki YJ, Carini M and Butterfield DA (2010) Protein Carbonylation. Antioxidants Redox Signal 
12:323-325. 



REFERENCES ⑨ 
  

 
394 

Symanowicz PT, Gianutsos G and Morris JB (2004) Lack of role for the vanilloid receptor in 
response to several inspired irritant air pollutants in the C57Bl/6J mouse. Neurosci Lett 
362:150-153. 

Szarek JL and Spurlock B (1997) Sensory nerve-mediated inhibitory responses in airways of 
F344 rats. Toxicology 122:101-110. 

Szarek JL, Spurlock B, Gruetter CA and Lemke S (1998) Substance P and capsaicin release 
prostaglandin E2 from rat intrapulmonary bronchi. Am J Physiol Lung Cell Mol Physiol 
275:L1006-L1012. 

Szarek JL, Stewart NL, Spurlock B and Schneider C (1995) Sensory nerve- and neuropeptide-
mediated relaxation responses in airways of Sprague-Dawley rats. J Appl Physiol 
78:1679-1687. 

Takeyama K, Dabbagh K, Lee H-M, Agustí C, Lausier JA, Ueki IF, Grattan KM and Nadel JA 
(1999) Epidermal growth factor system regulates mucin production in airways. Proc Am 
Thorac Soc 96:3081-3086. 

Takeyama K, Fahy JV and Nadel JA (2001a) Relationship of epidermal growth factor receptors 
to goblet cell production in human bronchi. Am J Respir Crit Care Med 163:511-516. 

Takeyama K, Jung B, Shim JJ, Burgel P-R, Dao-Pick T, Ueki IF, Protin U, Kroschel P and Nadel 
JA (2001b) Activation of epidermal growth factor receptors is responsible for mucin 
synthesis induced by cigarette smoke. Am J Physiol Lung Cell Mol Physiol 280:L165-
L172. 

Tan WC (2005) Viruses in asthma exacerbations. Curr Opin Pulm Med 11:21-26. 

Tanel A and Averill-Bates DA (2007) Activation of the death receptor pathway of apoptosis by 
the aldehyde acrolein. Free Radic Biol Med 42:798-810. 

Tang EH and Vanhoutte PM (2009) Prostanoids and reactive oxygen species: team players in 
endothelium-dependent contractions. Pharmacol Ther 122:140-149. 

Tang M-s, Wang H-t, Hu Y, Chen W-S, Akao M, Feng Z and Hu W (2011) Acrolein induced 
DNA damage, mutagenicity and effect on DNA repair. Mol Nutr Food Res 55:1291-
1300. 

Tarran R, Button B and Boucher RC (2006) Regulation of normal and cystic fibrosis airway 
surface liquid volume by phasic shear stress. Annu Rev Physiol 68:543-561. 

Taubenberger JK and Morens DM (2008) The pathology of influenza virus infections. Annu Rev 
Pathol 3:499. 

Taylor SJ, Mann TS and Henry PJ (2012) Influence of influenza A infection on capsaicin-
induced responses in murine airways. J Pharmacol Exp Ther 340:377-385. 

Taylor-Clark TE, Kiros F, Carr MJ and McAlexander MA (2009) Transient Receptor Potential 
Ankyrin 1 Mediates Toluene Diisocyanate–Evoked Respiratory Irritation. Am J Respir 
Cell Mol Biol 40:756-762. 

Taylor-Clark T, McAlexander M, Nassenstein C, Sheardown S, Wilson S, Thornton J, Carr M 
and Undem B (2008) Relative contributions of TRPA1 and TRPV1 channels in the 
activation of vagal bronchopulmonary C-fibres by the endogenous autacoid 4-
oxononenal. J Physiol 586:3447-3459. 

Thompson CA and Burcham PC (2008) Genome-Wide Transcriptional Responses to Acrolein. 
Chem Res Toxicol 21:2245-2256. 



REFERENCES ⑨ 
  

 
395 

Thornton DJ, Rousseau K and McGuckin MA (2008) Structure and function of the polymeric 
mucins in airways mucus. Annu Rev Physiol 70:459-486. 

Tilley SL, Hartney JM, Erikson CJ, Jania C, Nguyen M, Stock J, McNeisch J, Valancius C, 
Panettieri RA and Penn RB (2003a) Receptors and pathways mediating the effects of 
prostaglandin E2 on airway tone. Am J Physiol Lung Cel Mol Physiol 284:L599-L606. 

Tilley SL, Hartney JM, Erikson CJ, Jania C, Nguyen M, Stock J, McNeisch J, Valancius C, 
Panettieri RA, Penn RB and Koller BH (2003b) Receptors and pathways mediating the 
effects of prostaglandin E2 on airway tone. Am J Physiol Lung Cell Mol Physiol 
284:L599-L606. 

Tirumalai R, Rajesh Kumar T, Mai KH and Biswal S (2002) Acrolein causes transcriptional 
induction of phase II genes by activation of Nrf2 in human lung type II epithelial (A549) 
cells. Toxicol Lett 132:27-36. 

Tominaga M, Caterina MJ, Malmberg AB, Rosen TA, Gilbert H, Skinner K, Raumann BE, 
Basbaum AI and Julius D (1998) The cloned capsaicin receptor integrates multiple pain-
producing stimuli. Neuron 21:531-543. 

Toovey S (2008) Influenza-associated central nervous system dysfunction: A literature review. 
Travel Med Infect Dis 6:114-124. 

Tosoni K, Cassidy D, Kerr B, Land SC and Mehta A (2016) Using Drugs to Probe the Variability 
of Trans-Epithelial Airway Resistance. PLoS ONE 11:e0149550. 

Tournoy KG, De Swert KO, Leclere PG, Lefebvre RA, Pauwels RA and Joos GF (2003) 
Modulatory role of tachykinin NK1 receptor in cholinergic contraction of mouse trachea. 
Eur Resp J 21:3-10. 

Trevisani M, Siemens J, Materazzi S, Bautista DM, Nassini R, Campi B, Imamachi N, Andrè E, 
Patacchini R, Cottrell GS, Gatti R, Basbaum AI, Bunnett NW, Julius D and Geppetti P 
(2007) 4-Hydroxynonenal, an endogenous aldehyde, causes pain and neurogenic 
inflammation through activation of the irritant receptor TRPA1. Proc Natl Acad Sci U S A 
104:13519-13524. 

Trigg C, Nicholson K, Wang J, Ireland D, Jordan S, Duddle J, Hamilton S and Davies R (1996) 
Bronchial inflammation and the common cold: a comparison of atopic and non-atopic 
individuals. Clin Exp Allergy 26:665-676. 

Trout L, Corboz MR and Ballard ST (2001) Mechanism of substance P-induced liquid secretion 
across bronchial epithelium. Am J Physiol Lung Cel Mol Physiol 281:L639-L645. 

Tschumperlin DJ, Dai G, Maly IV, Kikuchi T, Laiho LH, McVittie AK, Haley KJ, Lilly CM, So PT 
and Lauffenburger DA (2004) Mechanotransduction through growth-factor shedding into 
the extracellular space. Nature 429:83-86. 

Tschumperlin DJ and Drazen JM (2006) Chronic effects of mechanical force on airways  Annu 
Rev Physiol 68:563-583. 

Tschumperlin DJ, Shively JD, Kikuchi T and Drazen JM (2003) Mechanical stress triggers 
selective release of fibrotic mediators from bronchial epithelium. Am J Resp Cell Mol 
Biol 28:142-149. 

Tschumperlin DJ, Shively JD, Swartz MA, Silverman ES, Haley KJ, Raab G and Drazen JM 
(2002) Bronchial epithelial compression regulates MAP kinase signaling and HB-EGF-
like growth factor expression. Am J Physiol Lung Cel Mol Physiol 282:L904-L911. 

Turner CR, Stow RB, Talerico SD, Christian EP and Williams JC (1993) Protective role for 
neuropeptides in acute pulmonary response to acrolein in guinea pigs. J Appl Physiol 
75:2456-2465. 



REFERENCES ⑨ 
  

 
396 

Tyner JW, Kim EY, Ide K, Pelletier MR, Roswit WT, Morton JD, Battaile JT, Patel AC, Patterson 
GA, Castro M, Spoor MS, You Y, Brody SL and Holtzman MJ (2006) Blocking airway 
mucous cell metaplasia by inhibiting EGFR antiapoptosis and IL-13 transdifferentiation 
signals. J Clin Invest 116:309-321. 

Uchida K, Kanematsu M, Sakai K, Matsuda T, Hattori N, Mizuno Y, Suzuki D, Miyata T, Noguchi 
N, Niki E and Osawa T (1998) Protein-bound acrolein: Potential markers for oxidative 
stress. Proc Natl Acad Sci U S A 95:4882-4887. 

Uchida Y, Hamada M, Kameyama M, Ohse H, Nomura A, Hasegawa S and Hirata F (1992) ET-
1 induced bronchoconstriction in the early phase but not late phase of anesthetized 
dogs is inhibited by indomethacin and ICI 198615. Biochem Biophys Res Commun 
183:1197-1202. 

Umachandran M, Howarth J and Ioannides C (2004) Metabolic and structural viability of 
precision-cut rat lung slices in culture. Xenobiotica 34:771-780. 

Undem B and Carr M (2002) The role of nerves in asthma. Curr Allergy Asthma Rep 2:159-165. 

Valacchi G, Pagnin E, Phung A, Nardini M, Schock BC, Cross CE and Van Der Vliet A (2005) 
Inhibition of NFκB activation and IL-8 expression in human bronchial epithelial cells by 
acrolein. Antioxidants Redox Signal 7:25-31. 

van der Velden VH and Hulsmann AR (1999) Autonomic innervation of human airways: 
structure, function, and pathophysiology in asthma. Neuroimmunomodulation 6:145-
159. 

Vancheri C, Mastruzzo C, Sortino MA and Crimi N (2004) The lung as a privileged site for the 
beneficial actions of PGE2. Trends Immunol 25:40-46. 

Vanhoutte PM (2013) Airway epithelium-derived relaxing factor: myth, reality, or naivety? Am J 
Physiol Cell Physiol 304:C813-C820. 

Vanhoutte PM, Rubanyi GM, Miller VM and Houston DS (1986) Modulation of vascular smooth 
muscle contraction by the endothelium. Annu Rev Physiol 48:307-320. 

Vareille M, Kieninger E, Edwards MR and Regamey N (2011) The airway epithelium: soldier in 
the fight against respiratory viruses. Clin Microbiol Rev 24:210-229. 

Verdugo P (1990) Goblet cells secretion and mucogenesis. Annu Rev Physiol 52:157-176. 

Verdugo P (2012) Mucus supramolecular topology: An elusive riddle. Proc Natl Acad Sci U S A 
109:E2956-E2956. 

Veres TZ, Rochlitzer S and Braun A (2009) The role of neuro-immune cross-talk in the 
regulation of inflammation and remodelling in asthma. Pharmacol Ther 122:203-214. 

Vermeer PD, Harson R, Einwalter LA, Moninger T and Zabner J (2003) Interleukin-9 induces 
goblet cell hyperplasia during repair of human airway epithelia. Am J Respir Cell Mol 
Biol 28:286-295. 

Veronesi B, Carter JD, Devlin RB, Simon SA and Oortgiesen M (1999) Neuropeptides and 
capsaicin stimulate the release of inflammatory cytokines in a human bronchial 
epithelial cell line. Neuropeptides 33:447-456. 

Vesely KR, Hyde DM, Stovall MY, Harkema JR, Green JF and Schelegle ES (1999) Capsaicin-
sensitive C-fiber-mediated protective responses in ozone inhalation in rats. J Appl 
Physiol 86:951-962. 

Voynow JA (2002) What does mucin have to do with lung disease? Paediatr Respir Rev 3:98-
103. 



REFERENCES ⑨ 
  

 
397 

Voynow JA and Rubin BK (2009) Mucins, mucus, and sputum. Chest 135:505-512. 

Wagner JG, Van Dyken SJ, Wierenga JR, Hotchkiss JA and Harkema JR (2003) Ozone 
exposure enhances endotoxin-induced mucous cell metaplasia in rat pulmonary 
airways. Toxicol Sci 74:437-446. 

Walter MJ, Morton JD, Kajiwara N, Agapov E and Holtzman MJ (2002) Viral induction of a 
chronic asthma phenotype and genetic segregation from the acute response. J Clin 
Invest 110:165-175. 

Wang H-T, Hu Y, Tong D, Huang J, Gu L, Wu X-R, Chung F-L, Li G-M and Tang M-s (2012) 
Effect of carcinogenic acrolein on DNA repair and mutagenic susceptibility. J Biol 
Chem. 

Wang H-T, Weng M-w, Chen W-c, Yobin M, Pan J, Chung F-L, Wu X-R, Rom W and Tang M-s 
(2013) Effect of CpG methylation at different sequence context on acrolein-and BPDE-
DNA binding and mutagenesis. Carcinogenesis 34:220-227. 

Wang H-T, Zhang S, Hu Y and Tang M-s (2009) Mutagenicity and Sequence Specificity of 
Acrolein-DNA Adducts. Chem Res Toxicol 22:511-517. 

Wang RD, Tai H, Xie C, Wang X, Wright JL and Churg A (2003) Cigarette Smoke Produces 
Airway Wall Remodeling in Rat Tracheal Explants. Am J Respir Crit Care Med 
168:1232-1236. 

Wark P, Johnston S, Moric I, Simpson J, Hensley M and Gibson P (2001) Neutrophil 
degranulation and cell lysis is associated with clinical severity in virus-induced asthma. 
Eur Respir J 19:68-75. 

Wessler IK and Kirkpatrick CJ (2001) The Non-neuronal Cholinergic System: an Emerging Drug 
Target in the Airways. Pulm Pharmacol Ther 14:423-434. 

Westra I, Pham B, Groothuis G and Olinga P (2013) Evaluation of fibrosis in precision-cut tissue 
slices. Xenobiotica 43:98-112. 

Wickstrom C, Davies J, Eriksen G, Veerman E and Carlstedt I (1998) MUC5B is a major gel-
forming, oligomeric mucin from human salivary gland, respiratory tract and endocervix: 
identification of glycoforms and C-terminal cleavage. Biochem J 334:685-693. 

Widdicombe J (2012) Airway Epithelium. Colloquium Series on Integrated Systems Physiology: 
From Molecule to Function 4:1-148. 

Widdicombe JG (1981) Nervous receptors in the respiratory tract and lungs, in Lung Bio Health 
Disease (Hornbein TF ed), New York  

Widdicombe JG (2003) Overview of neural pathways in allergy and asthma. Pulm Pharmacol 
Ther 16:23-30. 

Widdicombe JH and Wine JJ (2015) Airway Gland Structure and Function. Physiol Rev 
95:1241-1319. 

Wiebe BM and Laursen H (1995) Human lung volume, alveolar surface area, and capillary 
length. Microsc Res Tech 32:255-262. 

Williams K and Mackenzie JS (1977) Influenza infections during pregnancy in the mouse. 
Epidemiol Infect 79:249-257. 

Winning A, Hamilton R, Shea S and Guz A (1986) Respiratory and cardiovascular effects of 
central and peripheral intravenous injections of capsaicin in man: evidence for 
pulmonary chemosensitivity. Clin Sci 71:519-526. 



REFERENCES ⑨ 
  

 
398 

Wright D, Sharma P, Ryu M-H, Rissé P-A, Ngo M, Maarsingh H, Koziol-White C, Jha A, 
Halayko AJ and West AR (2013) Models to study airway smooth muscle contraction 
in vivo, ex vivo and in vitro: Implications in understanding asthma. Pulm Pharmacol 
Ther 26:24-36. 

Wu RP, Hayashi T, Cottam HB, Jin G, Yao S, Wu CC, Rosenbach MD, Corr M, Schwab RB and 
Carson DA (2010) Nrf2 responses and the therapeutic selectivity of electrophilic 
compounds in chronic lymphocytic leukemia. Proc Natl Acad Sci U S A 107:7479-7484. 

Yamaya M (2012) Virus infection-induced bronchial asthma exacerbation. Pulmon Med 2012. 

Yanagihara K, Seki M and Cheng P-W (2001) Lipopolysaccharide induces mucus cell 
metaplasia in mouse lung. Am J Respir Cell Mol Biol 24:66-73. 

Yeager RP, Kushman M, Chemerynski S, Weil R, Fu X, White M, Callahan-Lyon P and 
Rosenfeldt H (2016) Proposed Mode of Action for Acrolein Respiratory Toxicity 
Associated with Inhaled Tobacco Smoke. Toxicol Sci 151:347-364. 

Yoneda K (1976) Mucous Blanket of Rat Bronchus: An Ultrastructural Study 1–3. Am Rev 
Respir Dis 114:837-842. 

Young HW, Williams OW, Chandra D, Bellinghausen LK, Pérez G, Suarez A, Tuvim MJ, Roy 
MG, Alexander SN and Moghaddam SJ (2007) Central role of Muc5ac expression in 
mucous metaplasia and its regulation by conserved 5′ elements. Am J Respir Cell Mol 
Biol 37:273. 

Young Shin C, Chul Kim K, Jong Lee W, Jo M-J, Hwan Park K, Dalby R and Ho Ko K (2000) 
Inhaled ATP causes mucin release from goblet cells of intact rats. Exp Lung Res 26:1-
11. 

Zarkovic N, Cipak A, Jaganjac M, Borovic S and Zarkovic K (2013) Pathophysiological 
relevance of aldehydic protein modifications. J Proteomics 92:239-247. 

Zaslona Z and Peters-Golden M (2015) Prostanoids in asthma and copd: Actions, 
dysregulation, and therapeutic opportunities. Chest 148:1300-1306. 

Zerial M and McBride H (2001) Rab proteins as membrane organizers. Nat Rev Mol Cell Biol 
2:107-117. 

Zhang S, Villalta PW, Wang M and Hecht SS (2007) Detection and quantitation of acrolein-
derived 1, N2-propanodeoxyguanosine adducts in human lung by liquid 
chromatography-electrospray ionization-tandem mass spectrometry. Chem Res Toxicol 
20:565-571. 

Zhao Y, Usatyuk PV, Gorshkova IA, He D, Wang T, Moreno-Vinasco L, Geyh AS, Breysse PN, 
Samet JM and Spannhake EW (2009) Regulation of COX-2 expression and IL-6 
release by particulate matter in airway epithelial cells. Am J Respir Cell Mol Biol 40:19-
30. 

Zhen G, Park SW, Nguyenvu LT, Rodriguez MW, Barbeau R, Paquet AC and Erle DJ (2007) IL-
13 and epidermal growth factor receptor have critical but distinct roles in epithelial cell 
mucin production. Am J Respir Cell Mol Biol 36:244. 

Zhu L, Lee P-k, Lee W-m, Zhao Y, Yu D and Chen Y (2009) Rhinovirus-induced major airway 
mucin production involves a novel TLR3-EGFR–dependent pathway. Am J Resp Cell 
Mol Biol 40:610-619. 

Zhu Y, Abdullah LH, Doyle SP, Nguyen K, Ribeiro CM, Vasquez PA, Forest MG, Lethem MI, 
Dickey BF and Davis CW (2015) Baseline Goblet Cell Mucin Secretion in the Airways 
Exceeds Stimulated Secretion over Extended Time Periods, and Is Sensitive to Shear 
Stress and Intracellular Mucin Stores. PLoS ONE 10:e0127267. 



REFERENCES ⑨ 
  

 
399 

Zhu Y, Ehre C, Abdullah LH, Sheehan JK, Roy M, Evans CM, Dickey BF and Davis CW (2008a) 
Munc13-2−/− baseline secretion defect reveals source of oligomeric mucins in mouse 
airways. J Physiol 586:1977-1992. 

Zhu Y, Ehre C, Abdullah LH, Sheehan JK, Roy M, Evans CM, Dickey BF and Davis CW (2008b) 
Munc13-2−/− baseline secretion defect reveals source of oligomeric mucins in mouse 
airways. J Physiol 586:1977-1992. 

Zietkowski Z, Skiepko R, Tomasiak MM and Bodzenta-Lukaszyk A (2008) Endothelin-1 in 
exhaled breath condensate of stable and unstable asthma patients. Respir Med 
102:470-474. 

Zuhdi AM, Piazza FM, Selby DM, Letwin N, Huang L and Rose MC (2000) Muc-5/5ac mucin 
messenger RNA and protein expression is a marker of goblet cell metaplasia in murine 
airways. Am J Respir Cell Mol Biol 22:253. 





APPENDIX ⑩ 
  

 401 

 APPENDIX 

10.1 RESEARCH PUBLICATIONS  

10.1.1 Original research publications  

Cheah EY, Burcham PC, Mann TS, Henry PJ (2014). Acrolein relaxes mouse isolated 
tracheal smooth muscle via a TRPA1-dependent mechanism. Biochem 
Pharmacol 89(1): 148-156. 

Cheah EY, Mann TS, Burcham PC, Henry PJ (2015). Influenza A infection attenuates 
relaxation responses of mouse tracheal smooth muscle evoked by acrolein. 
Biochem Pharmacol 93(4): 519-526.  

Cheah EY, Mann TS, Burcham PC, Henry PJ (2016) Functional characterisation and 
application of a novel perfusion-superfusion system in murine airways. J 
Pharmacol Toxicol Methods [accepted].  

Cheah, EY, Kee, J, Chang, AY, Maloney SK, Tingay D, Wood A, Berry C, Henry, PJ, 
Pillow, JJ, Noble, PB (2016) Airway epithelial injury mitigates the protective 
effects of high frequency oscillatory ventilation on preterm lungs. Eur Resp J [in 
preparation].  

 

10.1.2 Published F1000 Prime reviews  

Burcham P and Cheah E: F1000Prime Recommendation of [Chen EY et al., Am J 
Physiol Lung Cell Mol Physiol 2014, Nicotine alters mucin rheological properties, 
307(2):L149-57]. In F1000Prime, 13 Aug 2014; [DOI: 
10.3410/f.718392086.793498341].  

Burcham P and Cheah E: F1000Prime Recommendation of [Kang S et al., Toxicol Sci 
2014, Dysfunction of vascular smooth muscle and vascular remodeling by 
simvastatin.138(2):446-556]. In F1000Prime, 03 Oct 2014; [DOI: 
10.3410/f.718247247.793500350].  

Burcham P and Cheah E: F1000Prime Recommendation of [Dong Q et al., Br J 
Pharmacol 2014, Quercetin attenuates doxorubicin cardiotoxicity by modulating 
Bmi-1 expression, 171(19):4440-54]. In F1000Prime, 09 Dec 2014; [DOI: 
10.3410/f.718437759.793502041].   

Burcham P and Cheah E: F1000Prime Recommendation of [Polo M et al., Br J 
Pharmacol 2015, 172(7):1713-27]. In F1000Prime, 14 Apr 2015; [DOI: 
10.3410/f.725242889.793505616].  

  



APPENDIX ⑩ 
  

 402 

 

10.2 RESEARCH COMMUNICATIONS 

Cheah, EY, Mann, TS, Burcham, PC, Henry, PJ (2012) Acute acrolein exposure 
produces molecular, morphologic and functional changes in airway epithelium as 
investigated in a novel ex vivo mouse tracheal perfusion system. Australasian 
Society of Clinical and Experimental Pharmacologists and Toxicologists 
(ASCEPT), Annual Scientific Meeting (Sydney, Australia, December 2012).  

Awarded best poster within the Toxicology Special Interest Group, finalist for the 
Robert Whelan Prize for the best poster communication by a BSc Honours, BMedSci 
or equivalent degree student 

 

Henry PJ, Cheah EY, Mann TS, Burcham PC (2013). Effect of acute acrolein Exposure 
on mucin formation and release in mouse perfused trachea. American Thoracic 
Society (ATS) International Conference (Philadelphia, PA, USA, May 2013; Am J 
Resp Crit Care Med 187: A4781.  

 

Cheah, EY, Mann, TS, Burcham, PC, Henry, PJ (2013) Acrolein relaxes mouse 
isolated tracheal smooth muscle via a TRPA1-dependent mechanism. Combined 
Thoracic Society of Australia and New Zealand (TSANZ)/Australia and New 
Zealand Society of Respiratory Science (ANZSRS) WA Annual Scientific Meeting 
(Perth, Australia, November 2013).  

Awarded best overall poster at the meeting 

 

Cheah, EY, Mann, TS, Burcham, PC, Henry, PJ (2013) Acrolein relaxes mouse 
isolated tracheal smooth muscle via a TRPA1-dependent mechanism. ASCEPT 
Annual Scientific Meeting (Melbourne, Australia, December 2013).  

Awarded best poster within the Toxicology Special Interest Group, finalist for the 
Neville Percy Prize for the best poster communication by a higher degree student 

 

Cheah, EY, Mann, TS, Burcham, PC, Henry, PJ. (2014) Influenza A attenuates 
relaxation responses of mouse tracheal smooth muscle evoked by acrolein. 
Combined TSANZ/ANZSRS WA Annual Scientific Meeting (Perth, Australia, July 
2014).  

Awarded best overall presentation in the poster discussion session 

 

 



APPENDIX ⑩ 
  

 403 

Cheah, EY, Mann, TS, Burcham, PC, Henry, PJ (2015) Influenza A attenuates 
relaxation responses of mouse tracheal smooth muscle evoked by acrolein. 
Thoracic Society of Australia and New Zealand and Society of Respiratory 
Medicine (TSANZRS) National Annual Scientific Meeting (Gold Coast, Australia, 
March 2015); Respirology 20(S2):85.  

 

Cheah, EY, Mann, TS, Burcham, PC, Henry, PJ (2015) Influenza A attenuates 
relaxation responses of mouse tracheal smooth muscle evoked by acrolein. ATS 
International Conference (Denver, CO, USA, May 2015); Am J Resp Crit Care 
Med 191: A4981.   

 

Cheah, EY, Mann, TS, Henry, PJ (2015) A novel ex vivo tracheal perfusion system for 
investigating mucous metaplasia in mouse airways. Combined TSANZ/ANZSRS 
WA Annual Scientific Meeting (Perth, Australia, July 2015). 

 

Cheah, EY (2016) A novel ex vivo perfused airway system for the study of mouse and 
human airways — potential implications for drug discovery. Molecular Medicine: 
Discovering the next generation of therapeutics, an ASCEPT symposium (Perth, 
Australia, March 2016). 

 

Cheah, EY, Mann, TS, Henry, PJ (2016) A novel ex vivo perfusion model for 
investigating mucous metaplasia in mouse and human airways, TSANZRS 
National Annual Scientific Meeting (Perth, Australia, April 2016); Respirology 
21(S2):55.  

Awarded best oral presentation within the Asthma and Allergy Special Interest 
Group (TSANZ and National Asthma Council Prize 2016) 

 

Cheah, EY, Mann, TS, Henry, PJ (2016) A novel ex vivo perfusion system preserves 
morphologic and functional integrity of mouse tracheal segments and is suitable 
for investigating mucous metaplasia, ATS International Conference (San 
Francisco, CA, USA, May 2016); Am J Resp Crit Care Med 193: A5926.  

 

Cheah, EY (2016) Characterising responses of the airway epithelium to the smoke 
constituent acrolein in an ex vivo model of mouse and human airways, Allergy 
Inflammation Research Group Seminar, Snyder Institute for Chronic Diseases, 
The University of Calgary (Calgary, AB, Canada, May 2016). 

 



APPENDIX ⑩ 
  

 404 

Cheah, EY, Mann, TS, Noble, PB, Pillow, JJ. Henry, PJ (2016) Physical stimuli drive 
changes in epithelial mucin levels in mammalian airways. Combined 
TSANZ/ANZSRS WA Annual Scientific Meeting (Perth, Australia, July 2016). 

Winner of the TSANZ/ANZSRS New Investigator Session 

 



Acrolein relaxes mouse isolated tracheal smooth muscle via a
TRPA1-dependent mechanism
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1. Introduction

The respiratory tract is innervated by a complex network of
sensory nerves. These nerves function as a line of defence against
airborne insults by initiating powerful and co-ordinated reflex
responses to protect the lung from injury [1]. A large number of
sensory nerves belong to the unmyelinated C-fibre family, a group
of nerve fibres characterised by their distinct sensitivity to an array

of natural pungent products and chemical irritants, including
acrolein [2]. There is evidence that activation of sensory C-fibres by
these irritants is mediated principally by members of the transient
receptor potential (TRP) superfamily of ion channels. For example,
the TRP vanilloid 1 (TRPV1) channel is readily activated by
capsaicin, the major pungent ingredient of hot chilli peppers [3,4],
and TRPV1 activation likely plays an important role in mediating
the effects of capsaicin.

Although readily activated by capsaicin, the TRPV1 channel is
not thought to play a chemosensory role in detecting other
airborne irritants, particularly those of an electrophilic nature.
Rather, this role has recently been attributed to the TRP ankyrin 1
(TRPA1) channel, a tetrameric, non-selective cation channel co-
expressed in 30–40% of TPRV1-expressing C-fibres [2]. Acrolein, a
highly electrophilic and abundant a,b-unsaturated aldehyde
found in smoke derived from combustion of a range of organic
materials including wood and tobacco, is a robust activator of
TRPA1 [5]. As a highly reactive electrophile and amongst the most
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A B S T R A C T

Airway sensory C-fibres express TRPA1 channels which have recently been identified as a key

chemosensory receptor for acrolein, a toxic and highly prevalent component of smoke. TRPA1 likely

plays an intermediary role in eliciting a range of effects induced by acrolein including cough and

neurogenic inflammation. Currently, it is not known whether acrolein-induced activation of TRPA1

produces other airway effects including relaxation of mouse airway smooth muscle. The aims of this

study were to examine the effects of acrolein on airway smooth muscle tone in mouse isolated trachea,

and to characterise the cellular and molecular mechanisms underpinning the effects of acrolein.

Isometric tension recording studies were conducted on mouse isolated tracheal segments to characterise

acrolein-induced relaxation responses. Release of the relaxant PGE2 was measured by EIA to examine its

role in the response. Use of selective antagonists/inhibitors permitted pharmacological characterisation

of the molecular and cellular mechanisms underlying this relaxation response. Acrolein induced dose-

dependent relaxation responses in mouse isolated tracheal segments. Importantly, these relaxation

responses were significantly inhibited by the TRPA1 antagonists AP-18 and HC-030031, an NK1 receptor

antagonist RP-67580, and the EP2 receptor antagonist PF-04418948, whilst completely abolished by the

non-selective COX inhibitor indomethacin. Acrolein also caused rapid PGE2 release which was

suppressed by HC-030031. In summary, acrolein induced a novel bronchodilator response in mouse

airways. Pharmacologic studies indicate that acrolein-induced relaxation likely involves interplay

between TRPA1-expressing airway sensory C-fibres, NK1 receptor-expressing epithelial cells, and EP2-

receptor expressing airway smooth muscle cells.
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noxious substances known in toxicology, acrolein elicits a raft of
effects on the airway [6], some of which may be mediated via
activation of the TRPA1 channel. For example, activation of TRPA1
plays a major intermediary role in acrolein-induced cough and
neurogenic inflammation [7,8]. In addition to acrolein, several
other volatile irritants also readily activate TRPA1, including the
electrophilic smoke component crotonaldehyde [5,7], the pungent
component of mustard and wasabi allyl isothiocyanate (AITC), and
the major pungent component of cinnamon cinnamaldehyde [8,9].

The activation of TRPV1 by capsaicin likely mediates a range of
profound airway responses including bronchorelaxation in mouse
isolated airways via local axonal release of neuropeptides such as
substance P (SP) [4,10]. However, it is not currently known
whether activators of TRPA1 produce similar responses in mouse
airways. Thus, the first aim of the current study was to examine the
effects of known activators of TRPA1 including acrolein, croto-
naldehyde, AITC, and cinnamaldehyde, on airway smooth muscle
tone in mouse isolated trachea. Upon observing robust relaxation
responses, the second aim of the study was to characterise the
cellular and molecular mechanisms underpinning the novel
relaxation response to acrolein. Using a combination of isometric
tension recording studies and complementary biochemical assays,
we demonstrated that acrolein induces a novel relaxation response
in mouse isolated trachea which most likely involves interplay
between multiple components of the airways including TRPA1-
expressing sensory C-fibres, neighbouring epithelial cells and the
airway smooth muscle.

2. Materials and methods

2.1. Mouse isolated tracheal preparations

Male BALB/c mice aged 7–8 weeks (Animal Resources Centre,
Murdoch, WA) were kept on a 12 h light/dark cycle and given
access to autoclaved food and water ad libitum until killed with an
overdose of sodium pentobarbitone (160 mg kg�1, i.p.) and
exsanguinated by severing the right renal artery. Tracheae were
then excised from the airways, cleared from surrounding tissue,
and, for functional studies, bisected to yield two equal segments
(upper and lower). All studies were conducted with the approval of
the University of Western Australia Animal Ethics Committee and
adhered to the guidelines of the National Health and Medical
Research Council of Australia.

2.2. Isometric tension recordings

Tracheal segments were mounted onto two L-shaped stainless
steel hooks and suspended in a mini tissue organ bath system
(miniTOBs) (Danish, Myotechnology, Denmark) filled with 20 ml
(for functional studies) or 2 ml (for PGE2 studies) of Krebs solution
(25 mM NaHCO3, 1.03 mM KH2PO4, 0.57 mM MgSO4�7H2O,
2.5 mM CaCl2, 11.1 mM D-glucose). The organ bath was maintained
at 37 8C and bubbled continuously with 5% CO2 in O2. Changes in
tension were recorded via an isometric force transducer connected
to a PowerLab� data acquisition program (ADInstruments Pty Ltd.,
Castle Hill, Australia). Following a 30 min equilibration period in
which tissues were washed with fresh Krebs every 10 min and the
resting tension periodically re-adjusted to �0.23 g, tracheal
segments were sequentially exposed to submaximal (0.2 mM)
and supramaximal (10 mM) doses of carbachol in a viability test
[11]. After a 15 min washout and recovery period, the viability test
was repeated and preparations that responded weakly (<500 mg
tension increase) were considered unsuitable for subsequent
testing. For viable preparations, the response to the supramaximal
dose of carbachol (10 mM) in the second viability test was deemed
Cmax.

2.3. Dose–response curves to TRPA1 activators

Because mouse tracheal smooth muscle does not exhibit
inherent airway tone, it was necessary to pre-contract tracheal
segments with a spasmogen in order to examine subsequent
relaxation responses of the airways [10,12]. Tracheal preparations
were therefore pre-contracted using 0.3 mM carbachol to 60–80%
Cmax and upon reaching a plateau, preparations were exposed to a
single bolus dose of one of four TRPA1 activators; acrolein (30 mM),
crotonaldehyde (100 mM), cinnamaldehyde (500 mM) or AITC
(100 mM), and the maximum relaxation response recorded. The
preparation was then washed and rested for 15 min. For
construction of bolus dose–response curves to acrolein (1–
100 mM, half-log increments), a maximum of two sequential
doses of acrolein were administered to any single tracheal
preparation. In preliminary studies, the magnitude of the
relaxation responses produced by two sequential doses of acrolein
(both 30 mM) was not significantly different, indicating no
appreciable desensitisation using this protocol (data not shown).
By administering different combinations of acrolein doses to
individual tracheal preparations (typically, either 1 mM followed
by 10 mM, or 3 mM followed by 30 mM, or 100 mM alone, bolus
dose–response curves to acrolein were generated. All relaxation
responses were expressed as % Rmax, where 100% Rmax represented
a full reversal of the carbachol pre-contraction.

2.4. Antagonist studies to characterise acrolein-induced relaxation

responses

To elucidate the mechanisms underlying acrolein-induced
relaxation of mouse tracheae, separate tracheal segments were
isolated and mounted in the miniTOBs. Preparations were then
exposed to an array of inhibitors and antagonists including AP-18
(30 mM, TRPA1 channel inhibitor [13]), HC-030031 (20 mM,
selective TRPA1 channel inhibitor [7]), capsazepine (3 mM, TRPV1
channel inhibitor [14]), RP-67580 (20 nM, Neurokinin 1 (NK1)
receptor antagonist [15]), CGRP (8-37) (human) (1 mM, CGRP1

receptor antagonist [16]), indomethacin (5 mM, non-selective
cyclooxygenase (COX)-inhibitor [10]), and PF-04418948
(100 nM, novel EP2 receptor antagonist [17]), or their respective
vehicles (0.02% ethanol (EtOH) or 0.02% dimethyl sulfoxide
(DMSO)) for 20 min prior to pre-contraction with 0.3 mM
carbachol and exposure to a single bolus dose of 30 mM acrolein.
The process of incubation of inhibitors/antagonists for 20 min, pre-
contraction with 0.3 mM carbachol, and exposure to an active
agent was repeated in single tracheal preparations to examine
responses to SP (single bolus dose of 1 nM for upper segments,
0.1 nM for lower segments), calcitonin gene related peptide (CGRP,
multiple bolus doses, 0.01–1 mM, whole-log increments), or
prostaglandin E2 (PGE2, cumulative dose response curve, 0.03–
1 mM, half-log increments) in the absence and presence of the
inhibitors/antagonists.

2.5. Quantitation of PGE2 release

To measure acrolein-induced changes in PGE2 release, whole
tracheal segments were mounted in 2 ml organ baths filled with
Krebs solution (as earlier described). Viable tracheal segments
were then washed with fresh Krebs to remove any existing PGE2 in
solution, before pre-contraction with 0.3 mM carbachol (5 min)
and exposure to a single bolus dose of acrolein (30 mM) or a saline
control (0.9% NaCl) for 10 min. In some preparations, segments
were first exposed to HC-030031 (20 mM) or vehicle (0.02% DMSO)
for 20 min prior to pre-contraction and exposure to acrolein. The
entire bathing fluid was then collected and stored at �80 8C until
analysed using a commercial PGE2 enzyme immunoassay (EIA) kit
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according to the manufacturer’s instructions (Cayman Chemical
Co., no. 514010).

2.6. Chemicals

Acrolein, AITC, carbachol (carbamylcholine chloride), crotonal-
dehyde, HC-030031 (2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahy-
dro-7H-purin-7-yl)-N-(4-isopropylphenyl)acet amide), PGE2,
indomethacin, and trans-cinnamaldehyde were purchased from
Sigma–Aldrich (St. Louis, MO), whilst AP-18 (4-(4-Chlorophenyl)-
3-methyl-3-buten-2-one oxime), capsazepine (N-[2-(4-Chloro-
phenyl)ethyl]-1,3,4,5-tetrahydro-7,8-dihydroxy-2H-2-benzaze-
pine-2-carbo thioamide), PF-04418948 (1-(4-Fluorobenzoyl)-3-
[[(6-methoxy-2-naphthalenyl)oxy]methyl]-3-azetidinecarboxylic
acid), RP-67580 ((3aR,7aR)-Octahydro-2-[1-imino-2-(2-methoxy-
phenyl)ethyl]-7,7-diphenyl-4H-isoindol), SP and a-CGRP were
obtained from Tocris Bioscience (Ellisville, MO). CGRP 8-37
(human) was purchased from Auspep (Tullamarine, VIC). Sodium
pentobarbitone was supplied by Virbac Australia (Peakhurst, NSW)
and the PGE2 EIA kit purchased from Cayman Chemicals (Ann
Arbor, MI).

2.7. Solutions

Acrolein, carbachol, crotonaldehyde, PGE2 and SP were either
diluted or dissolved and serially diluted in sterile saline, whilst
indomethacin was dissolved in 100 mM Na2CO3 and a-CGRP in
sterile water. AITC, trans-cinnamaldehyde, AP-18, capsazepine
and RP-67580 were diluted in 100% EtOH, and HC-030031
and PF-04418948 diluted in 100% DMSO such that final
bath concentrations of both vehicles (EtOH and DMSO) were
�0.02%.

2.8. Data and statistical analyses

Relaxation (% Rmax) data and PGE2 quantitation data are
presented as mean � SEM, and were analysed by one or two-way
ANOVA with post hoc comparisons (Holm–Sidak method) and
Student’s t-test, respectively, using SigmaPlot 12.5 (Systat Software,
San Jose, CA). Differences were considered significant if p < 0.05.

3. Results

3.1. TRPA1 activators evoke robust relaxation responses in mouse

isolated airways

The TRPA1 activators acrolein (30 mM), crotonaldehyde
(100 mM), trans-cinnamaldehyde (500 mM) and AITC (100 mM) all
induced rapid relaxation responses in mouse isolated tracheal

preparations pre-contracted with carbachol (0.3 mM), with maxi-
mum responses observed within 1 min of administration (Fig. 1).
Interestingly, the relaxant response produced by 30 mM acrolein
was similar to those produced by the other TRPA1 activators
administered at higher concentrations (100–500 mM) (Fig. 1).
Responses to the four TRPA1 activators were significantly greater
in lower tracheal segments than in the upper tracheal segments
(p < 0.01, Table 1).

3.2. Acrolein-induced relaxation responses exhibit a dose-dependent

relationship

To further characterise acrolein-induced relaxation
responses, a bolus dose–response curve to acrolein was
generated (0.5 log increments, 1–100 mM) from which a dose-
dependent relationship to acrolein in both upper and lower
tracheal segments was established (Fig. 2). There were no
regional differences between the maximal relaxation responses
induced by the highest concentration of acrolein tested (100 mM)
in upper (58 � 8%, n = 5) and lower tracheal (71 � 6%, n = 5)
segments (p > 0.05). In contrast, responses evoked by a mid-range
concentration of acrolein (10 mM) were significantly greater in
lower segments (53 � 12%, n = 5) than in upper segments (24 � 11%,
n = 7, p < 0.05), indicative of regional differences with respect to
acrolein potency.

Fig. 1. Representative isometric tension recordings of relaxation responses evoked

by the TRPA1 activators acrolein (ACR, 30 mM), crotonaldehyde (CRA, 100 mM),

cinnamaldehyde (CNA, 500 mM), and allyl isothiocyanate (AITC, 100 mM) in mouse

isolated lower tracheal segments pre-contracted with 0.3 mM carbachol.

Table 1
Relaxation responses induced by volatile TRPA1 channel activators in upper and lower mouse tracheal segments.

TRPA1 activator (concentration) Chemical structure Properties and source(s) Region (n) Relaxation (%)

Acrolein (30 mM) Highly electrophilic a,b-unsaturated aldehyde, volatile and prevalent

component of organic smoke
Upper (7) 37 � 7

Lower (4) 68 � 11

Crotonaldehyde (100 mM) Electrophilic a,b-unsaturated aldehyde, volatile component of smoke Upper (5) 30 � 7

Lower (4) 47 � 8

Trans-cinnamaldehyde (500 mM) Electrophilic derivative of acrolein, major pungent ingredient in cinnamon Upper (6) 15 � 4

Lower (5) 24 � 7

Allyl isothiocyanate (100 mM) Electrophilic, major pungent ingredient in mustard and wasabi Upper (5) 32 � 8

Lower (4) 52 � 11
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3.3. Pharmacological characterisation of acrolein-induced relaxation

responses

Relaxation responses elicited by 30 mM acrolein were inhibited
by a number of selective TRPA1 inhibitors. In lower tracheal
segments, pre-treatment with the selective TRPA1 channel
inhibitor AP-18 (30 mM) attenuated relaxation responses by
greater than 90% relative to the EtOH vehicle control (p < 0.001)
(Fig. 3A). Also, HC-030031 (20 mM) significantly inhibited acrole-
in-induced relaxant responses relative to the DMSO vehicle control
(p < 0.001) (Fig. 3B). In contrast, acrolein-evoked relaxation
responses were unaffected by the selective TRPV1 channel
inhibitor capsazepine (Table 2). The effects of AP-18, HC-030031
and capsazepine on acrolein-induced relaxation responses ob-
served in upper tracheal segments were similar to those observed
in lower tracheal segments (Table 2).

Acrolein-elicited relaxations were also suppressed by modula-
tion of effectors which act downstream of the TRPA1 channel.
Responses to 30 mM acrolein were suppressed by the potent NK1

receptor antagonist RP-67580 (20 nM) and the novel EP2 receptor
antagonist PF-04419848 (100 nM) in both upper and lower tracheal
segments (Fig. 3 and Table 2). In addition, the non-selective COX
inhibitor indomethacin (5 mM) completely abolished relaxation
responses elicited by the highest concentration of acrolein examined
(100 mM) in both upper (�3 � 1% vs 58 � 9%, n = 4, p < 0.001) and
lower (�0.5 � 2% vs 69 � 6%, n = 4, p < 0.001) tracheal segments (Fig. 4,
Table 2). In contrast, responses to 30 mM acrolein were unaffected by
the CGRP1 receptor antagonist CGRP 8-37 (Table 2).

3.4. Substance P and PGE2-induced relaxation responses

The neuropeptide SP elicited relaxation responses in tracheal
segments, with 1 nM SP inducing responses in upper segments of a
magnitude similar to that produced by 0.1 nM SP in lower
segments (Fig. 5, Tables 2 and 3), reflective of regional differences
in sensitivities to SP. In contrast, the neuropeptide CGRP (0.01–
1 mM) failed to evoke consistent relaxation responses in either
upper or lower segments (<5% relaxation, Table 3). As expected,
SP-elicited responses were significantly blocked by RP-67580
(20 nM) and inhibited by PF-04418948 (100 nM), but were
unaffected by HC-030031 (20 mM) and AP-18 (30 mM) (Fig. 5
and Table 2).

The prostanoid PGE2 elicited relaxation responses in tracheal
segments, with cumulative addition of exogenous PGE2 inducing

responses which were significantly suppressed by PF-04418948
(100 nM) in both upper (78% inhibition, p < 0.001) and lower (81%
inhibition, p < 0.001) segments such that 50% relaxation was not
achieved (Fig. 6B and Table 4). In contrast, maximal PGE2-induced
relaxations were unaffected by pre-treatment with HC-030031
(20 mM), AP-18 (30 mM) and RP-67580 (20 nM) (Fig. 6 and
Table 4).

3.5. Acrolein-induced changes in levels of PGE2 released by tracheal

segments

Exposure of tracheal segments to 30 mM acrolein for 10 min
significantly elevated the level of PGE2 released into the
surrounding bathing fluid above basal levels of PGE2 release, an
increase which was attenuated by 20 mM HC-030031 (Fig. 7A). In
addition, a clear correlation was established between acrolein-
induced elevations in PGE2 release and the relaxation responses

Fig. 2. Bolus dose–response curve to acrolein in upper and lower mouse tracheal

segments. Data are presented as mean � SEM (n = 4–7). *p < 0.05 compared to

response evoked by acrolein at corresponding concentrations in upper segments.

Fig. 3. Effect of 30 mM AP-18, 20 nM RP-67580 (A), 20 mM HC-030031 and 100 nM

PF-04418948 (B) on acrolein-induced relaxation responses in lower mouse tracheal

segments. Data are presented as mean � SEM (n = 3–9). ***p < 0.001 compared to

respective vehicle.
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observed in the same tracheal preparations from which the
bathing fluid was collected for EIA analysis (Fig. 7B).

4. Discussion

In the present study, we demonstrated that the TRPA1 channel
activator acrolein is capable of evoking robust relaxation responses
in mouse isolated airways. Chemically related electrophilic and
volatile compounds known to activate TRPA1 including crotonal-
dehyde, cinnamaldehyde and AITC also produced relaxation
responses in mouse isolated tracheal preparations. Further
pharmacologic studies indicated that the novel relaxation re-
sponse induced by acrolein likely occurs via sequential (1)
activation of the TRPA1 channel expressed on sensory C-fibres,
(2) release of neuropeptides by activated sensory C-fibres, (3)
activation of NK1 receptors expressed on neighbouring epithelial
cells, (4) generation and release of a PGE2 by epithelial cells, and (5)
activation of EP2 receptors expressed on neighbouring airway
smooth muscle cells.

We first examined the ability of acrolein and additional volatile
TRPA1 channel activators, including crotonaldehyde, cinnamalde-

hyde, and AITC to evoke relaxation of mouse isolated airways. This
relaxation response has been previously reported to be induced by
the TRPV1 activator capsaicin in mouse airways [4,10]. The four
TRPA1 activators were examined at biologically relevant concen-
trations and which are thought to activate the TRPA1 channel
[5,8,9]. Common to the four TRPA1 activators evaluated in the
present study were a volatile nature and high electrophilicity, the
latter feature permitting covalent modification of nucleophilic
cysteine residues within the ankyrin repeat sequences in the N-
terminus, a likely prerequisite to channel activation [18,19]. Our
studies have shown, for the first time, that an array of electrophilic
compounds and activators of the TRPA1 channel produce
relaxation responses in both upper and lower regions of mouse
isolated trachea.

The findings that acrolein-induced relaxation responses were
attenuated by two selective TRPA1 channel inhibitors HC-030031
and AP-18 whilst unaffected by the selective TRPV1 channel
inhibitor capsazepine suggest that activation of TRPA1, but not
TRPV1, plays a key role in mediating this response. This concurs
with prior observations that the TRPA1 channel is not only robustly
activated by acrolein but a key chemosensory receptor for acrolein,

Table 2
Effect of selected inhibitors and antagonists on relaxation responses induced by acrolein and substance P in mouse tracheal segments.

Agonist (concentration) Treatment Notes Region (n) Relaxation (%)

Acrolein (100 mM) None – Upper (4) 58 � 9

Lower (4) 69 � 6

Indomethacin (5 mM) Non-selective cyclooxygenase inhibitor Upper (4) �3 � 1a

Lower (4) �0.5 � 2a

Acrolein (30 mM) None – Upper (3) 18 � 0

Lower (3) 33 � 1

CGRP 8-37 (human) (1 mM) Peptide CGRP1 antagonist Upper (3) 13 � 3

Lower (4) 33 � 7

EtOH (0.02%, vehicle) Vehicle for AP-18, RP-67580 Upper (8) 37 � 5

Lower (8) 36 � 5

AP-18 (20 mM) Selective TRPA1 channel blocker Upper (3) 10 � 7b

Lower (3) 3 � 1d

RP-67580 (20 nM) Selective NK1 receptor antagonist Upper (8) 17 � 6b

Lower (9) 9 � 4d

Capsazepine vehicle (0.02% EtOH) � Upper (5) 18 � 3

Lower (3) 53 � 10

Capsazepine (3 mM) Selective TRPV1 channel blocker Upper (9) 17 � 3
Lower (5) 34 � 3

DMSO (0.02%, vehicle) Vehicle for HC-030031, PF-04419848, Upper (4) 33 � 5

Lower (4) 50 � 3

HC-030031 (20 mM) Selective TRPA1 channel blocker Upper (3) 3 � 2c

Lower (3) 25 � 3d

PF-04418948 (100 nM) Novel EP2 receptor antagonist Upper (3) 15 � 3b

Lower (3) 17 � 4d

Substance P (0.1 nM, lower segments;

1 nM, upper segments)

EtOH (0.02%, vehicle) � Upper (8) 52 � 7

Lower (5) 71 � 8

AP-18 (20 mM) See above Upper (4) 51 � 11

Lower (4) 56 � 9

RP-67580 (20 nM) See above Upper (4) 2 � 1c

Lower (5) 3 � 2d

Capsazepine vehicle (0.02% EtOH) � Upper (3) 37 � 3

Lower (5) 59 � 12

Capsazepine (3 mM) See above Upper (6) 43 � 9

Lower (12) 42 � 7

DMSO (0.02%, vehicle) – Upper (6) 44 � 5

Lower (6) 70 � 7

HC-030031 (20 mM) See above Upper (6) 37 � 6

Lower (5) 47 � 15

PF-04418948 (100 nM) See above Upper (4) 17 � 3b

Lower (5) 26 � 4b

a p < 0.001 compared to respective control.
b p < 0.05 compared to respective vehicle.
c p < 0.01 compared to respective vehicle.
d p < 0.001 compared to respective vehicle.
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with sensory neurons from TRPA1-deficient mice shown to lack
any responsiveness to acrolein [5,7]. Whilst complete abolition of
acrolein-induced relaxation responses was not achieved by HC-
030031 or AP-18 in either upper or lower segments in our study,
the marked suppression of relaxation responses by these TRPA1
inhibitors suggests that TRPA1 channel activation plays a major
role in mediating this response. Future use of TRPA1-deficient mice
may yield further insights into whether the TRPA1 channel is the
sole chemosensory receptor involved in relaxation responses
evoked by acrolein.

Downstream of TRPA1 channel activation, neuropeptides may
be released peripherally by activated C-fibre endings via a local
axonal reflex. Indeed, high concentrations of acrolein exposure
have been reported to deplete the neuropeptide content of airway
sensory C-fibres, resulting in the release of tachykinins such as SP
[20], and CGRP [21,22]. SP possesses well-documented relaxant
effects, producing relaxation of airway smooth muscle in several
rodent species including mouse and rat [4,10,16,23–25], consistent
with the findings of our study. In contrast, the relaxant effects of
CGRP are less clear, with some reports of small and erratic
relaxations responses evoked in mouse, rat, and pig airways
[4,16,26]. In the current study, CGRP failed to evoke consistent
relaxation responses in mouse tracheae. Furthermore, blockade of
the CGRP1 receptor by CGRP 8-37 did not affect relaxations
produced by acrolein. Taken together, these findings suggest that
CGRP is unlikely to play a major mediatory role in acrolein-induced
relaxation. The well-established relaxation elicited by SP has been
shown to be an epithelium-dependent response [24] and the

complete absence of responses in NK1
�/� mice has provided

definitive evidence for a role of the NK1 receptor in SP-evoked
relaxation responses [16]. In accordance with previous studies
[15,16], the NK1 receptor inhibitor RP-67580 abolished exogenous
SP-induced relaxation responses in the current study thereby
confirming its pharmacologic site of action. Importantly, RP-67580
significantly supressed acrolein-evoked relaxation, providing

Fig. 4. (A) Effect of 5 mM indomethacin (indo) on acrolein-induced relaxation

responses of carbachol pre-contracted upper and lower mouse tracheal segments.

Data are presented as mean � SEM (n = 4). ***p < 0.001 compared to respective

control. (B) Representative isometric tension recordings demonstrating full abolition of

acrolein-induced relaxation responses by 5 mM indomethacin.

Fig. 5. Effect of 30 mM AP-18, 20 nM RP-67580 (A), 20 mM HC-030031 and 100 nM

PF-04418948 (B) on substance P-induced relaxation responses in lower mouse

tracheal segments. Data are presented as mean � SEM (n = 4–5). *p < 0.05,

***p < 0.001 compared to respective vehicle.

Table 3
Relaxation responses evoked by neuropeptides substance P and CGRP in upper and

lower mouse tracheal segments.

Agonist Concentration (nM) Region (n) Relaxation (%)

Substance P 1 Upper (13) 49 � 5

0.1 Lower (14) 68 � 4

CGRP 10 Upper (6) �4 � 2a

Lower (4) �4 � 2a

100 Upper (5) 0 � 2

Lower (4) �4 � 3a

1000 Upper (5) �7 � 4a

Lower (4) �9 � 3a

a Negative relaxations reflect a contractile response (‘‘negative’’ reversal of pre-

contraction with 0.3 mM carbachol).
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evidence for a role of SP and activation of its cognate receptor, the
NK1 receptor, in this novel response.

SP-induced relaxation responses are thought to involve the
release of epithelial cell relaxant products, and in mouse and rat

airways there is compelling evidence that the COX product PGE2 is
a key relaxant product mediating this response [10,15,24,27].
Acrolein-evoked relaxation responses observed in our study were
completely abolished by the non-selective COX inhibitor indo-
methacin, indicating that a COX-derived epithelial cell product is
essential to mediating this response. Consistent with this, acrolein
was found to elevate the levels of PGE2 released into the
surrounding bathing fluid. Furthermore, there was a clear
correlation between changes in PGE2 release and relaxations
produced; the relaxation responses were associated with a
significant increase in PGE2 release and the inhibition of the
relaxation response by HC-030031 (20 mM) associated with a
reduction in PGE2 release. These findings are congruent with
reports that PGE2 is released in response to relaxant agents, such as
capsaicin, which elicit C-fibre nerve activation via the TRPV1
channel [10]. Thus, it appears that C-fibre-mediated relaxation of
mouse airways by different irritant stimuli is produced via a
common pathway involving the release of epithelial-derived PGE2.

Following generation and release from epithelial cells, PGE2

induces relaxation responses via activation of target receptors on
airway smooth muscle cells. Although four EP receptor subtypes
exist (EP1–4), the EP2 receptor, which is preferentially coupled to
the Gs protein to activate adenylate cyclase activity and increase
cyclic AMP levels, is the major subtype mediating PGE2-induced

Fig. 6. Cumulative dose–response curves to PGE2 in lower mouse tracheal segments.

Effects of 30 mM AP-18, 10 mM capsazepine and 20 nM RP-67580 on PGE2 induced

relaxation responses (A). Effects of 20 mM HC-030031 and 100 nM PF-04418948 on

PGE2-induced relaxation responses (B). Data are presented as mean � SEM (n = 3–

9). ***p < 0.001, maximal relaxation response produced in the presence of 20 mM HC-

030031 compared to DMSO vehicle.

Table 4
Effects of selected antagonists on relaxation responses evoked by PGE2 in mouse

tracheal segments.

Agonist Treatment Region (n) Relaxation

parameters

�log EC50 Rmax (%)

PGE2 EtOH vehicle (0.02%) Upper (8–9) 6.7 � 0.3 83 � 6

Lower (7) 7.0 � 0.2 86 � 4

RP-67580 (20 nM) Upper (4) 7.0 � 0.1 94 � 4

Lower (5–9) 7.3 � 0.1 91 � 5

AP-18 (20 mM) Upper (6) 6.8 � 0.2 94 � 3

Lower (5) 6.8 � 0.2 96 � 3

Capsazepine (3 mM) Upper (3) 7.1 � 0.1 99 � 1

Lower (3) 7.3 � 0.1 98 � 1

DMSO vehicle (0.02%) Upper (4) 5.8 � 0.1 90 � 5

Lower (3) 7.3 � 0.1 86 � 4

PF-04418948 (100 nM) Upper (3) N.D. 20 � 6a

Lower (3) N.D. 16 � 4a

HC-030031 (20 mM) Upper (5) 6.6 � 0.2 99 � 1

Lower (3) 6.5 � 0.3 95 � 2

N.D., �log EC50 not determined because 50% relaxation not reached.
a p < 0.001 compared to DMSO vehicle.

Fig. 7. Quantitation of PGE2 released by tracheal segments into surrounding bathing

fluid. (A) Effect of acrolein (ACR, 30 mM) on PGE2 release from carbachol pre-

contracted mouse tracheal preparations. The effect of HC-030031 (20 mM) on

acrolein-induced PGE2 release was also assessed. (B) Correlation between acrolein-

induced PGE2 release and tracheal smooth muscle relaxation (n = 7–9). Data are

presented as mean � SEM (n = 7–9). ***p < 0.001, *p < 0.05 compared to respective

control/vehicle.
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relaxation of smooth muscle in mouse airways [27–29]. Recent
discovery of PF-0441948, a selective EP2 receptor antagonist
shown to exhibit a markedly improved selectivity for the EP2

receptor compared to the commonly used EP2 receptor antagonist
AH6809 [30], has consolidated these findings [31]. In the current
study, marked suppression of exogenous PGE2-induced relaxation
responses by PF-04418948 provides further evidence that the EP2

receptor is a key mediator in the relaxation of murine tracheal
smooth muscle by PGE2. Importantly, suppression of acrolein-
induced relaxation responses by PF-04418948 firmly implicates
involvement of the EP2 receptor activation in this response, and is
consistent with the target receptor of the relaxant mediator
proposed to be released by neuropeptide-activated epithelial cells,
namely PGE2. In summary, results of the present study provide
strong evidence implicating prostanoid involvement in acrolein-
induced relaxation of mouse airway smooth muscle. Firstly,
responses were completely abolished by the (non-selective) COX
inhibitor indomethacin. Secondly, increases in PGE2 released into
the surrounding bathing fluid were measured and correlated
strongly with the extent of the relaxation responses observed, and
thirdly, inhibition of the target prostanoid receptor EP2 with PF-
04418948 attenuated the relaxation response.

In keeping with reported potencies of the four TRPA1 channel
activators examined in our study [2], acrolein induced similar
relaxation responses at concentrations lower than those of the
other three activators (crotonaldehyde, cinnamaldehyde, AITC).
Though difficult to measure, concentrations of acrolein reached in
the lung during smoking have been reported to be as high as 80 mM
[32], which may be exceeded during acute intoxication with larger
volumes of smoke. Thus, the concentrations of acrolein examined
in the present study are likely to represent a biologically relevant
range that may be encountered in vivo. Closer examination of
acrolein-induced relaxation responses revealed regional differ-
ences, with acrolein shown to be more potent in lower segments
than in upper segments. Similar regional differences were
observed for the other TRPA1 activators examined in the current
study and have also been reported for other relaxant agents
including the PAR2 activator SLIGRL [33] and the neuropeptide
substance P [10] which exhibit a greater potency in lower mouse
airways than in upper airways. The reasons for these regional
differences to acrolein remain to be fully elucidated but might arise

from differences in the quantity of, or sensitivity to, mediators
released downstream of TRPA1 channel activation, for reasons yet
to be fully elucidated. For example, it is conceivable that in lower
tracheal segments, increases in the quantity of PGE2 released
(which accounts for potency differences seen for SLIGRL [33]) or
sensitivity to substance P (as observed in our study and in previous
studies [10]) might underpin observations of increased potency of
acrolein in lower tracheal segments compared to upper segments.
Parallel regional differences may not have been observed at higher
concentrations of acrolein because the maximum response to PGE2

and/or SP may have been reached.
The physiological significance of the relaxation response

induced by acrolein may lie in its potential modulatory role
and bronchoprotective function, representing an additional
protective response initiated by the network of sensory nerves
widely thought to play a crucial protective role in the airways. The
acute release of neuropeptides is known to confer protection
against acrolein, with prior depletion of neuropeptides and
desensitisation of C-fibres exacerbating acrolein-induced lung
damage [20]. Just how might the bronchodilation response
observed in the current study confer a bronchoprotective
outcome? Upon inhalation of an irritant, many of the other
well-documented effects evoked by neuropeptides, including
bronchoconstriction, mucous hypersecretion, vasodilatation and
increased vascular permeability, collude to promote narrowing of
the airway lumen [34–36]. Uncontrolled or unmodulated activa-
tion of target receptors by protective neuropeptides may lead,
somewhat paradoxically, to the production of inappropriate
reflexes that may shift from being protective to deleterious in
nature [35]. Therefore, it is possible that a co-existing but
opposing bronchodilatory effect of SP may help protect the
airways against excessive neurogenic activity and uncontrolled
airway lumen narrowing. The modulatory role of this relaxation
response has indeed been characterised, and proposed to form an
important component of the ‘‘sensory nerve inhibitory system’’; a
system first described by Szarek and co-workers to exist in rodent
airways which may be crucial for maintaining airway patency
[16,23]. Negative regulation of smooth muscle contraction by this
inhibitory system may therefore represent an additional protec-
tive effect of sensory nerve activation by virtue of its role in
maintaining open and unobstructed airways.

Fig. 8. Schematic outlining the postulated paradigm of acrolein-induced relaxation of mouse isolated tracheal smooth muscle involving the interplay between three major

structures of the airways – the airway sensory nerves, epithelium and smooth muscle.
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In summary, our study has demonstrated that acrolein causes
relaxation of mouse isolated trachea. This novel response appears
to involve activation of cellular targets on several major
components of the airways. Pharmacologic studies indicated that
acrolein-induced relaxation likely involves the activation of TRPA1
channels on sensory C-fibres. It is postulated that acrolein-
activated sensory C-fibres release neuropeptides that stimulate
NK1 receptors on neighbouring epithelial cells. These neuropep-
tide-activated epithelial cells release relaxant prostanoid products,
including PGE2, which stimulate EP2 receptors on airway smooth
muscle to induce relaxation (Fig. 8). This relaxation response
provides intriguing insight into a potential protective role of the
airway sensory nerves by way of their modulatory function in
maintaining the balance between bronchoconstriction and airway
patency.
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Influenza A infection attenuates relaxation responses of mouse
tracheal smooth muscle evoked by acrolein

Esther Y. Cheah, Tracy S. Mann, Philip C. Burcham, Peter J. Henry *

School of Medicine and Pharmacology, The University of Western Australia, Crawley, WA 6009, Australia

1. Introduction

The airway epithelium serves as an important source of
bioactive mediators, a subset of which influence bronchomotor
tone. In particular, a host of relaxant (inhibitory) mediators are
known to be produced by a healthy epithelium and may play a role
in lessening the severity of airway constriction and regulating
airway calibre [1,2]. Therefore, damage to the epithelium may be a
contributing factor in the development of airway hyperrespon-
siveness, a condition characterised by increased susceptibility to
bronchoconstriction together with enhanced bronchoconstrictor
responses to allergens and airborne irritants, including cigarette

smoke [3,4]. Apart from a loss in the generation of epithelial-
derived relaxant mediators, additional mechanisms underlying
epithelium damage-associated hyperresponsiveness have been
proposed, including exposure of afferent nerve endings, increased
penetration of airborne allergens and irritants due to epithelial
shedding, and loss of production of spasmogenic peptide-degrad-
ing enzymes [5–8]; however, the relative importance of each has
not yet been fully characterised.

In addition to being an important source of bioactive mediators,
the airway epithelium also serves as the primary host site of
replication for respiratory tract viruses and is therefore often the
focal point for their pathogenesis [3]. For certain viruses, in
particular Influenza A, the epithelial damage caused by viral
infection is extensive and spans from upper to the lower
respiratory tract, and may be a direct cytopathogic effect of the
virus itself or arise from the inflammation that ensues [9–12].
The epithelial damage caused by viral infection may have severe
functional consequences on the airways. For example, loss of
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A B S T R A C T

The airway epithelium is an important source of relaxant mediators, and damage to the epithelium

caused by respiratory tract viruses may contribute to airway hyperreactivity. The aim of this study was

to determine whether influenza A-induced epithelial damage would modulate relaxation responses

evoked by acrolein, a toxic and prevalent component of smoke. Male BALB/c mice were inoculated

intranasally with influenza A/PR-8/34 (VIRUS-infected) or allantoic fluid (SHAM-infected). On day 4

post-inoculation, isometric tension recording studies were conducted on carbachol pre-contracted

tracheal segments isolated from VIRUS and SHAM mice. Relaxant responses to acrolein (30 mM) were

markedly smaller in VIRUS segments compared to SHAM segments (2 � 1% relaxation vs. 28 � 5%, n = 14,

p < 0.01). Similarly, relaxation responses of VIRUS segments to the neuropeptide substance P (SP) were

greatly attenuated (1 � 1% vs. 47 � 6% evoked by 1 nM SP, n = 14, p < 0.001). Consistent with epithelial

damage, PGE2 release in response to both acrolein and SP were reduced in VIRUS segments (>35% reduction,

n = 6, p < 0.01), as determined using ELISA. In contrast, exogenous PGE2 was 2.8-fold more potent in VIRUS

relative to SHAM segments (�log EC50 7.82 � 0.14 vs. 7.38 � 0.05, n = 7, p < 0.01) whilst responses of VIRUS

segments to the b-adrenoceptor agonist isoprenaline were similar to SHAM segments. In conclusion,

relaxation responses evoked by acrolein were profoundly diminished in tracheal segments isolated from

influenza A-infected mice. The mechanism through which influenza A infection attenuates this response

appears to involve reduced production of PGE2 in response to SP due to epithelial cell loss, and may provide

insight into the airway hyperreactivity observed with influenza A infection.

� 2014 Elsevier Inc. All rights reserved.

Abbreviations: PBS, phosphate-buffered saline; PGE2, prostaglandin E2; SP, sub-

stance P; TBS, tris-buffered saline.
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epithelial integrity has been shown to disrupt the crucial barrier
function of the epithelium [13], promote secondary bacterial
infection by enhancing bacterial adherence to the exposed
basement membrane [14], contribute to impaired mucociliary
clearance [15], as well as playing a role in the development of
airway hyperresponsiveness [9]. Particularly during the acute
stages of infection, Influenza A infection appears to induce airway
hyperresponsiveness to a number of bronchoconstrictor stimuli
including smoke, which induces a transient bronchoconstriction
enhanced in epithelium-damaged airways [2,4]. In addition to
healthy airways, viral infection is also strongly associated with
hyperresponsiveness and other exacerbations observed in asth-
matic airways [11,16].

Although smoke is a complex mixture of noxious agents,
acrolein, a reactive, a,b-unsaturated aldehyde, has emerged as a
key mediator contained in smoke produced by the combustion of
tobacco and other organic materials [17,18]. Recently, acrolein has
been reported to evoke powerful relaxation responses in pre-
contracted mouse isolated tracheal segments via an epithelium-
dependent mechanism through the release of the arachidonic acid
metabolite prostaglandin E2 (PGE2) [19]. These relaxation
responses are thought to form part of a regulatory ‘sensory
inhibitory system’ proposed to be involved in the negative
regulation of smooth muscle contraction in a number of rodent
species, including mouse and rat [19–21], where a balance
between bronchoconstriction and relaxation may serve to regulate
airway patency. Thus, damage to the epithelium and consequent
loss of the negative regulation of smooth muscle contraction may
contribute to the generation of a hyperreactive airway. Currently,
the effects of Influenza A infection on this inhibitory system, and
more specifically on acrolein-induced relaxation responses, are
unknown. Nonetheless, it is conceivable that damage to the
epithelium caused by Influenza A infection may modulate this
relaxation response. Additionally, modulation of components
downstream of the airway epithelium including the function,
distribution and density of receptors expressed on smooth muscle
have been reported [22,23] and may also contribute to the
modulation of bronchomotor tone by Influenza A infection.

The first aim of the current study was to examine the effect of
Influenza A infection on relaxation responses evoked by acrolein in
mouse isolated tracheal segments. In view of the role of the
epithelium as a source of inhibitory mediators, together with the
primary cellular target of Influenza A, it was hypothesised that
Influenza A infection would attenuate acrolein-induced relaxation
responses principally through disruption of the airway epithelium.
Having observed a marked attenuation, the second aim of the
study was to elucidate the mechanisms that might underlie
attenuation of acrolein-evoked relaxation responses by Influenza A
infection.

2. Methods

2.1. Influenza A infection

2.1.1. Influenza A/PR-8/34 virus

Mouse-adapted Influenza A/PR-8/34 (H1N1) virus was propa-
gated in the allantoic fluid of 9 day-old embryonated chicken eggs
at 37 8C for 3 days as previously described [23,24], and displayed a
TC ID50 of 10�5.8 ml�1. The virus and control uninfected allantoic
fluid was stored at �80 8C until required on day 0, when aliquots of
each were thawed and diluted 1/100 in sterile saline (0.9% NaCl).

2.1.2. Animals and viral infection

Specific pathogen-free male BALB/c mice aged 7–8 weeks
(Animal Resources Centre, Murdoch, WA) were kept on a 12 h
light/dark cycle and given access to autoclaved food and water ad

libitum. Groups of mice were lightly anesthetised with methoxy-
flurane vapour and inoculated intranasally with 20 ml of either
Influenza A/PR-8/34 virus (VIRUS-infected) or vehicle (uninfected
allantoic fluid, SHAM-infected). VIRUS and SHAM-infected mice
were monitored for clinical signs of illness and weighed daily for
4 days post-inoculation. The dose of Influenza A/PR-8/34 was
selected for this study because it caused a robust infection
characterised by typical clinical signs of infection, sloughing of
airway epithelium, and profound infiltration of inflammatory cells
into the lung. All studies were approved by The University of
Western Australia Animal Ethics Committee and adhered to the
Australian National Health and Medical Research Council’s
Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes (8th Ed., 2013).

2.2. Isometric tension recordings

2.2.1. Isolation of mouse trachea

On day 4 post-viral inoculation, mice were killed with an
overdose of sodium pentobarbitone (160 mg kg�1, i.p.). The
trachea (�6 mm in length) was then exposed and cleared of
surrounding connective tissue before being isolated for functional
studies.

2.2.2. Functional studies

Isolated tracheal segments were mounted onto two L-shaped
stainless steel hooks suspended in an organ bath filled with 2 ml of
Krebs solution (117 mM NaCl, 5.36 mM KCl, 25 mM NaHCO3,
1.03 mM KH2PO4, 0.57 mM MgSO47�H2O, 2.5 mM CaCl2, 11.1 mM
D-glucose) bubbled continuously with 5% CO2 in O2 (carbogen) and
maintained at 37 8C. Changes in tension were recorded via an
isometric force transducer (FTO3, Grass Instruments, Quincy MA)
connected to a PowerLab� data acquisition program (ADInstru-
ments Pty Ltd., Castle Hill, Australia). Following a 30 min
equilibration period during which tracheal segments were washed
with Krebs solution at 10 min intervals and the resting tension
maintained at �0.23 g, the viability of tracheal segments was tested
by sequential addition of submaximal (0.2 mM) and supramaximal
(10 mM) doses of carbachol. Following a 15 min washout and
recovery period during which the contents of the organ baths were
replaced with drug-free Krebs solution, the viability was tested a
second time, and preparations that responded weakly to carbachol
(<600 mg increase in tension) were deemed unviable and discarded.
Viable preparations were then rested for 15 min before a cumulative
dose response curve to carbachol (half-log increments, 0.01–10 mM)
was completed. Contractile responses elicited by the highest dose of
carbachol (10 mM) were deemed Cmax.

For relaxation studies, it was necessary to pre-contract tracheal
preparations with a spasmogen prior to examination of relaxation
responses, as mouse tracheal smooth muscle does not exhibit
intrinsic tone [25]. Thus, preparations were first pre-contracted
with 0.3 mM carbachol to 60–80% Cmax and upon reaching a
plateau, were exposed to a single bolus dose of acrolein based on a
dose established by previous work to elicit a robust relaxation
response (30 mM) [19]. Following a 15 min washout and recovery
period, preparations were again pre-contracted with 0.3 mM
carbachol before being exposed to a single, bolus dose of substance
P (SP, 0.01 nM). This process of a 20 min washout/rest period, pre-
contraction with 0.3 mM carbachol, and exposure to a single, bolus
dose of SP was repeated four more times with successively higher
concentrations of SP (0.1, 1, 10, 100 nM). After an additional 15 min
washout period, preparations were then pre-contracted with
0.3 mM carbachol before a cumulative dose–response curve to
prostaglandin E2 (PGE2, half-log increments, 0.003–3 mM) was
completed. This process was then repeated to generate a
cumulative dose–response curve to isoprenaline (0.001–1 mM,
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half-log increments). All relaxation responses were expressed as a
percentage reversal of the level of contraction induced by 0.3 mM
carbachol (%Rmax), where 100% Rmax represented a complete
reversal of the pre-contraction.

2.3. Bathing fluid collection and PGE2 quantitation

To measure PGE2 released by SHAM and VIRUS-infected
tracheal segments, preparations were isolated and mounted in
2 ml organ baths filled with Krebs solution as previously described
(Section 2.2.2). Viable preparations were then pre-contracted with
0.3 mM carbachol for 5 min before the vehicle for acrolein and SP
(60 ml of 0.9% saline) was added to the organ bath for 10 min to
determine basal PGE2 release. Subsequently, the entire surround-
ing bathing fluid was collected and stored at �80 8C until assayed
for PGE2. Preparations were then rested for an additional 15 min
and the process repeated from the pre-contraction twice more; for
acrolein (30 mM) then SP (1 nM) exposure. Levels of PGE2 present
in each of the samples were measured using a commercial PGE2

enzyme immunoassay kit in accordance with manufacturer’s
instructions (Cayman Chemical Co., no. 514010) and expressed in
terms of picograms of PGE2 released by tracheal segments over a
15 min period.

2.4. Tissue processing and staining

On day 4 post-viral inoculation, VIRUS and SHAM-infected mice
were killed with an overdose of sodium pentobarbitone
(160 mg kg�1, i.p) and immediately subjected to gravity fed
cardiac pulmonary perfusion with heparinised phosphate-buff-
ered saline (PBS, 15 IU ml�1) followed by paraformaldehyde/picric
acid fixative (2%/1.5% (w/v), pH 7.4). The trachea and lungs were
subsequently excised and post-fixed in the above fixative by
immersion for 48 h at 4 8C. The tissue was then rinsed in PBS,
dehydrated, and processed to paraffin wax on a standard 15 h cycle
in a Leica ASP200S automated tissue processor. Five mm transverse
sections were cut onto Superfrost Plus glass slides (Lomb Scientific,
Scoresby, VIC) and underwent routine haematoxylin and eosin
(H&E) staining for general histological analysis. Additional tracheal
and lung sections were subjected to immunohistochemical
staining for Influenza A nucleoprotein to confirm presence of
actively replicating A/PR-8/34 virus. Stained sections were
examined by brightfield microscopy and digital images were
generated using ScanScope (Aperio Technologies, Vista, CA).

2.4.1. Immunohistochemical staining

The presence of immunoreactive Influenza A virus in the lungs
and trachea of A/PR-8/34 inoculated mice was visualised using
standard immunohistochemical procedures, as previously
described [26]. Briefly, 5 mm wax sections were dewaxed,
rehydrated, permeabilised (Triton-X-10 for 15 min at room
temperature), blocked for 2 h (50% normal goat serum/1% bovine
serum albumin in Tris-buffered saline (TBS), pH 7.4), subjected to
avidin/biotin blocking (Avidin/Biotin Blocking Kit, Vector Labo-
ratories, Burlingame, CA) and incubated overnight at 4 8C with a
1/1000 dilution (�5 mg ml�1) of goat anti-Influenza A nucleo-
protein polyclonal antibody (Chemicon (Merck-Millipore, Merck
KGaA, Darmstadt, Germany)) or normal goat IgG isotype control.
Following extensive washing in TBS, endogenous peroxidase was
quenched (3% H2O2 in TBS for 15 min at room temperature) and
sections exposed to biotinylated rabbit anti-goat secondary Ig
followed by an avidin–biotin-horseradish-peroxidase complex
(Vector Elite ABC kit, Vector Laboratories). The bound complex
was developed with diaminobenzidine (0.4 mg ml�1). Sections
were then counterstained with Mayers haematoxylin, blued
with Scott’s Tap Water Substitute, washed, dehydrated

through graded alcohols and xylene before being coverslipped
with Depex.

2.5. Data and statistical analysis

Grouped relaxation (%R) and contraction (%Cmax) data were
expressed as mean � SEM, and �log EC50 (concentration that
produces 50% of the maximum response) and %Rmax (maximum
relaxation response produced, % reversal of carbachol-induced pre-
contraction) were the two principal parameters analysed using
Student’s t-test (2-tailed, unpaired) and Mann–Whitney rank sum
test, where appropriate. PGE2 release and body weight data were
analysed by two-way ANOVA with post hoc comparisons (Holm–Sidak
method) and repeated measures, respectively. All statistical tests were
completed using SigmaPlot 12.5 (Systat Software, San Jose, CA) and
differences were considered statistically significant if p < 0.05.

2.6. Chemicals

Acrolein, carbachol (carbamylcholine chloride), isoproterenol
hydrochloride (isoprenaline) and PGE2 were purchased from
Sigma-Aldrich (St. Louis, MO) whilst SP was obtained from Tocris
Bioscience (Ellisville, MO). Methoxyflurane was purchased from
Medical Developments International Ltd. (Springvale, Australia)
and sodium pentobarbitone from Virbac Australia (Peakhurst,
Australia). The PGE2 enzyme immunoassay kit was obtained from
Cayman Chemicals (Ann Arbor, MI).

2.7. Solutions

Acrolein, carbachol, Influenza A/PR-8/34 virus, PGE2, SP and
uninfected allantoic fluid were either dissolved or diluted in sterile
saline whilst isoproterenol hydrochloride (isoprenaline) was
dissolved and serially diluted in 0.1 mM ascorbic acid.

3. Results

3.1. Clinical, histochemical and immunohistochemical detection of

Influenza A infection

Mice inoculated with a high dose of Influenza A/PR-8/34 (H1N1)
exhibited clear signs of clinical illness on day 4 post-inoculation
including reduced mobility, ruffled coats, huddling, laboured
breathing and weight loss (Fig. 1A). In contrast, SHAM-infected
mice displayed no signs of clinical illness. Examination of H&E
stained sections of tracheae isolated from SHAM-infected mice
revealed a healthy pseudostratified columnar epithelium largely
comprised of ciliated and Clara cells (Fig. 1B). However, in tracheae
isolated from VIRUS-infected mice, desquamation of the epitheli-
um was evident (Fig. 1C) alongside regions of epithelial shedding
(not shown). In addition, widespread infiltration of inflammatory
cells including neutrophils and macrophages was evident in the
peripheral lung with extensive cell debris noted in the lumen of
bronchi and bronchioles (Fig. 1E), which was not observed in
SHAM-infected mice (Fig. 1D). The presence of actively replicating
A/PR-8/34 virus was confirmed by visualisation of immunoreactive
nucleoprotein in the epithelium of bronchioles and in shedded
cellular material in the lumen of airways (Fig. 1G), whilst the
peripheral lung of SHAM infected mice was negative for Influenza
A nucleoprotein (Fig. 1F).

3.2. VIRUS-infected tracheal segments responded weakly to the

relaxant effects of acrolein

Acrolein (30 mM) elicited robust and rapid relaxation responses
in pre-contracted SHAM tracheal segments, peaking within one
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minute of administration (28 � 5%, n = 14; Fig. 2A). In contrast,
responses elicited by acrolein in VIRUS segments were diminished by
>90% relative to SHAM segments (2 � 1% vs. 28 � 5% relaxation, n = 14,
p < 0.001; Fig. 2B). Thus, infection with Influenza A virus profoundly
attenuated relaxation responses of tracheal segments to acrolein.

3.3. VIRUS-infected tracheal segments responded weakly to the

relaxant effects of substance P

At all concentrations of SP greater than 0.1 nM, relaxation
responses evoked were significantly attenuated in VIRUS tracheal
segments compared to SHAM segments (Fig. 3). For example, 1 nM
SP elicited 47 � 6% relaxation in SHAM tracheal segments whilst only
producing a 1 � 1% relaxation in VIRUS segments (n = 14, p < 0.001).

The maximal response evoked by SP (100 nM) in VIRUS segments was
<40%, such that an EC50 was unable to be determined. Thus, infection
with Influenza A virus rendered tracheal segments markedly
hyporesponsive to SP.

3.4. VIRUS-infected tracheal segments were hypersensitive to

exogenous PGE2 but exhibited normal responses to isoprenaline and

carbachol

In contrast to acrolein and SP, responses of VIRUS tracheal
segments to PGE2 were not attenuated compared to SHAM
segments (Fig. 4). Maximal relaxation responses evoked by PGE2

were as large in VIRUS segments as in SHAM segments (102 � 1%
vs. 100 � 0.5%, n = 7, p > 0.05; Table 1). Interestingly, although

Fig. 1. Clinical, histopathologic and immunohistochemical evaluation of influenza A infection in mice. Time course of changes in body weight of mice infected with VIRUS or

SHAM (A). Shown are the mean (�SEM) cumulative weight changes in SHAM-infected and VIRUS-infected mice on 0, 1, 2 and 3 days post-inoculation (n = 14). ***p < 0.001

compared to SHAM on day 3 (repeated measures two-way ANOVA with post hoc comparisons (Holm–Sidak)). H&E stained sections of trachea and peripheral lung tissue isolated

from SHAM (B, D) and VIRUS-infected (C, E) mice on day 4 post-inoculation. Immunohistochemical detection of influenza A nucleoprotein in the peripheral lung of SHAM (F) and

VIRUS (G)-infected mice on day 4 post-inoculation. Bar = 100 mm for all images. Images are representative of at least 3 mice.
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maximum relaxation responses did not differ, PGE2 was 2.8-fold more
potent in VIRUS segments (�log EC50 7.82 � 0.14 in VIRUS vs.
7.38 � 0.05 in SHAM, n = 7, p < 0.01).

In contrast to PGE2, responses of VIRUS segments were
unchanged to isoprenaline and carbachol, which elicit direct
relaxation and contractile effects on tracheal smooth muscle via b-
adrenoceptor and muscarinic receptor activation, respectively.
Both maximum relaxation responses and potencies of isoprenaline
and carbachol in VIRUS segments were not significantly different
to those in SHAM segments (Fig. 5, Table 1).

3.5. Levels of PGE2 were elevated in response to acrolein and SP in

SHAM-infected segments but not in VIRUS segments

Exposure of tracheal segments to vehicle (0.9% saline) for
10 min enabled basal levels of PGE2 released into the surrounding
bathing fluid to be measured for SHAM and VIRUS segments, which
were not found to differ significantly between the two groups
(62 � 5 pg/tracheal segment vs. 64 � 4 pg, n = 6 p > 0.05; Fig. 6A). In

Fig. 2. Relaxation responses evoked by acrolein (30 mM) in tracheal segments

isolated from SHAM and VIRUS-infected mice. Isometric tension recordings (A) and

mean (�SEM) data (n = 14) (B). ***p < 0.001 compared to relaxation evoked in SHAM.

(Mann–Whitney Rank Sum Test).

Fig. 3. Bolus dose–response curves to substance P in tracheal segments isolated

from SHAM and VIRUS-infected mice. Data are presented as mean � SEM (n = 8–14).

***p < 0.001, *p < 0.05 compared to response evoked by SHAM-infected segments at

corresponding concentrations of substance P (two-way ANOVA with post hoc

comparisons (Holm–Sidak method)).

Fig. 4. Cumulative dose–response curves to PGE2 in tracheal segments isolated from

SHAM and VIRUS-infected mice. Data are presented as mean � SEM (n = 7).

**p < 0.01 compared to �log EC50 in SHAM-infected segments (t-test).

Table 1
Differences in responses of tracheal segments isolated from SHAM-infected and

VIRUS-infected mice to spasmogenic and spasmolytic agents.

Agonist �log EC50 Rmax (%)

SHAM VIRUS SHAM VIRUS

Carbachol 6.51 � 0.06 6.29 � 0.06 N.A. N.A.

Substance P 8.75 � 0.15 N.D. 77 � 2 39 � 8a

PGE2 7.38 � 0.05 7.82 � 0.14b 100 � 0.5 103 � 1

Isoprenaline 7.33 � 0.06 7.59 � 0.17 100 � 0.4 101 � 2

N.A.: not applicable; N.D.: not determined.
a p < 0.001 compared to Rmax produced by SHAM segments.
b p < 0.01 compared to �log EC50 of SHAM segments.

Fig. 5. Cumulative dose–response curve to isoprenaline (A) and carbachol (B) in

tracheal segments isolated from SHAM and VIRUS-infected mice. Relaxation

responses are expressed as a percentage reversal of the carbachol pre-contraction,

whilst contractile responses are expressed as a percentage of Cmax, the maximum

contraction elicited by 10�5 M carbachol. Data are presented as mean � SEM (n = 7–8).
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SHAM segments, levels of PGE2 released were significantly elevated
above basal levels in response to a single bolus 30 mM dose of acrolein
(115 � 17 pg vs. 62 � 5 pg, n = 6. p < 0.001). In contrast, acrolein did
not stimulate PGE2 release in VIRUS segments (Fig. 6A). Similarly, the
elevation in PGE2 release evoked by 1 nM SP was significantly
diminished in VIRUS segments compared to SHAM segments
(112 � 8 pg vs. 229 � 39 pg, n = 6, p < 0.01; Fig. 6B).

4. Discussion

This study has demonstrated that Influenza A infection
profoundly attenuates relaxation responses of mouse isolated
tracheal smooth muscle evoked by acrolein. Furthermore, genera-
tion of PGE2 in response to acrolein was also markedly reduced by
viral infection, likely due to a loss of epithelial cells resulting from
virus-induced luminal shedding. Relaxation responses and epithe-
lial PGE2 release associated with SP exposure were likewise
reduced in VIRUS tracheal segments relative to SHAM segments.
Collectively, these findings suggest that epithelial damage plays a
central role in the attenuation of acrolein-induced relaxation
responses by Influenza A infection.

As recently characterised, acrolein evokes a robust relaxation
response via a mechanism that involves interplay between three
key cellular components within the airways; the sensory nerves,
epithelium and smooth muscle [19]. Acrolein likely activates
transient receptor potential ankyrin 1 channels localised to
sensory C-fibres, resulting in the local peripheral release of the
neuropeptide SP [19,27]. Subsequent activation of the neurokinin
1 receptor on airway epithelial cells by SP results in the production
and release of the cyclooxygenase-derived product PGE2 [28,29]. In
turn, PGE2 activates EP2 receptors expressed on airway smooth
muscle cells which, being functionally coupled to adenylyl cyclase
and an increase in cyclic AMP, mediates smooth muscle relaxation
[1,19,30]. Thus, the mechanism through which Influenza A

infection attenuates acrolein-induced relaxation responses might
involve modulation of any or all three of these key cellular
components or associated mediators.

Disruption of the airway epithelium is a characteristic and
defining feature of Influenza A infection. In the acute stages of
infection, widespread cytonecrosis precedes multifocal desqua-
mation of pseudostratified columnar epithelial cells, often leaving
just a single layer of basal cells over the basement membrane
[31,32]. Such histopathologic changes of Influenza A-infected
tracheal epithelium were observed in the current study, with
desquamation and regional epithelial shedding likely having
functional consequences on the epithelium. A dependency of
smooth muscle relaxation responses on an intact epithelium has
been unequivocally demonstrated for several relaxants including
capsaicin [20,33] and SP [34,35] whereby relaxation responses
were substantially diminished or completely abolished by either
mechanical or viral-induced disruption of the epithelium. In view
of the intermediary role of the epithelium in acrolein-induced
relaxation responses, in combination with the well-established
effects of Influenza A on the epithelium, the airway epithelium
represents an obvious target for modulation of relaxation
responses by Influenza A. Indeed, in our study, Influenza A-
induced disruption of the airway epithelium and subsequent
reduction of the capacity to generate inhibitory mediators was
shown to render tracheal segments hyporesponsive to the relaxant
actions of acrolein, with levels of PGE2 generated in response to
acrolein profoundly diminished in VIRUS segments. This is likely
due to the presence of fewer epithelial cells resulting from virus-
induced epithelial luminal shedding. In addition, attenuation in
both relaxation responses and PGE2 release were mirrored in
response to SP in VIRUS segments, consistent with previous
observations [33]. Therefore Influenza A-induced epithelial
disruption appears to be a major contributing factor in the
attenuation of relaxation responses evoked by acrolein. More
specifically, reduced generation of PGE2 by airway epithelial cells
in response to SP (released by sensory C-fibres activated by
acrolein via TRPA1 channel activation) is likely to play a central
role (Fig. 7).

Downstream of epithelial disruption, direct modulation of the
expression and function of receptors expressed on smooth muscle
cells involved in the regulation of bronchomotor tone by Influenza
A infection have also been reported. Viral infection has been
associated with altered muscle contractile and relaxation
responses produced by a range of spasmogens and relaxants
including histamine, endothelin-1, adenosine and noradrenaline,
and at various stages of infection [22,36,37]. However in the

Fig. 6. Quantitation of PGE2 release in SHAM and VIRUS-infected tracheal segments.

PGE2 levels produced by tracheal segments in response to vehicle (0.09% saline) and

acrolein (ACR, 30 mM) (A), and substance P (1 nM) (B). Data are presented as

mean � SEM (n = 6). **p < 0.01, ***p < 0.001 compared to PGE2 generated by SHAM-

infected segments. yyp < 0.01 compared to level of PGE2 produced by SHAM-infected

segments in response to ACR (30 mM) (two-way ANOVA with post hoc comparisons

(Holm–Sidak method)).

Fig. 7. Schematic representation of the postulated target of influenza A virus (V)

leading to the attenuation of relaxation responses evoked by acrolein. Relaxation

responses are thought to involve interplay between three key structural

components of the airways: (1) sensory nerves (expressing TRPA1 channels), (2)

epithelium (expressing NK1 receptors) and (3) smooth muscle (expressing EP2

receptors). Loss of the airway epithelium caused by influenza A infection and

subsequent reduction of PGE2 generation in response to substance P (SP) released

by sensory nerves activated by acrolein may lead to an attenuated relaxation

response and thus contribute to generation of a hyperreactive airway.
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present study, contractile responses produced by carbachol-
induced activation of muscarinic receptors expressed on smooth
muscle cells were not significantly affected by viral infection. More
importantly, relaxation responses elicited by exogenous PGE2 and
isoprenaline, which activate EP2 receptors and b-adrenoceptors
expressed on smooth muscle cells respectively, were not reduced
by Influenza A infection. In fact, in accordance with previous
observations [33], exogenous PGE2 exhibited a greater potency in
VIRUS segments compared to SHAM segments, the precise
mechanisms underlying which require further elucidation. How-
ever, what is clear is that this heightened sensitivity exhibited by
VIRUS-infected mice to PGE2 was insufficient in compensating for
the marked reduction in the capacity of epithelial cells to generate
PGE2 in response to acrolein, resulting in an overall attenuation of
the relaxation response to acrolein. This finding, coupled to the
normal responses of the airway smooth muscle to the direct
relaxant isoprenaline, suggests that the diminished relaxation
responses to both acrolein and exogenous SP caused by Influenza A
infection is largely attributable to a cellular target that lies
upstream of the smooth muscle, consistent with the airway
epithelium. Thus, it appears that it is disruption of the epithelium,
rather than the airway smooth muscle, that plays a major role in
rendering Influenza A-infected tracheal segments hyporesponsive
to the relaxant actions of acrolein.

Influenza A infection has been recognised to induce central
nervous system dysfunction, and might therefore be capable of
modulating sensory nerve function directly thereby influencing the
release of neuropeptides which subsequently activate airway
epithelial cells to initiate generation and release of inhibitory
mediators [38]. Indeed, specific and highly pathogenic strains of
Influenza A including H5N1 and H5N3 are neurovirulent in mice
[39–41]. However, the particular strain of Influenza A investigated
in the present study (H1N1) has not been demonstrated to exhibit a
great degree of neuropathogenicity in several mammalian species,
including primates and mice [2]. Consistent with this, the capacity
of Influenza A/PR-8/34 (H1N1)-infected mice to generate and
release SP from sensory C-fibres was not found to be adversely
affected by viral infection [33]. Thus, attenuation of acrolein-
induced relaxation of tracheal smooth muscle via neuropathogenic
effects of Influenza A appears unlikely in this context.

The potential implications of a reduced capacity of the airways
to produce a relaxation response to airborne irritants including
acrolein may lie in the protective function of this response. A
negative regulatory function of airway sensory nerves may help
protect against excessive airway constriction in response to
irritants and maintain airway patency, in part via the release of
inhibitory factors from epithelial cells [1,20,21]. Importantly, loss
of this negative regulation may increase susceptibility of the
airways to production of an enhanced and inappropriate bronch-
oconstrictor response, thereby contributing to the generation of a
hyperreactive airway commonly observed with Influenza A
infection, as well as in other airway conditions including asthma
[2,6,9]. A blunted relaxation response may increase the tendency
of the airways to develop obstruction upon encounter with an
airborne stimulus. Whilst an array of factors have been proposed to
contribute to this hyperreactivity, including exposure of afferent
nerve endings and increased penetration of airborne irritants due
to epithelial shedding, we have demonstrated the importance of
the release of inhibitory mediators such as PGE2 by a healthy
epithelium, and offer additional evidence in support of a potential
mechanism through which Influenza A infection produces a
hyperreactive airway. Although the role of sensory neuropeptides
in the regulation of airway tone has been more extensively
characterised in rodents, there is circumstantial and experimental
evidence that a protective ‘sensory nerve inhibitory system’, and
therefore a protective role of sensory neuropeptides (specifically

SP) in the regulation of airway tone, is relevant in humans. Firstly,
SP-immunoreactive nerves are expressed in epithelial membrane
[42] Secondly, the target receptor of SP, the NK1 receptor, has been
localised to epithelium of human airways [43]. Thirdly, and most
importantly, NK1 receptor activation produces bronchodilatation
in pre-constricted human airways [44]. Indeed, aerosolised
capsaicin, which produces relaxation in a SP and PGE2-dependent
manner, has been reported to induce a powerful bronchodilatation
in vivo, which occurs under cholinergic and b-adrenergic blockade
but is abolished by lignocaine [45,46]. Together, this provides
evidence in support of the postulate that the bronchodilatory
component of the sensory nerve inhibitory system may in fact play
a role in human airways.

In summary, this study has clearly demonstrated that Influenza
A infection profoundly attenuates relaxation responses evoked
by acrolein in mouse tracheal smooth muscle. The proposed
mechanism through which Influenza A infection attenuates this
relaxation response appears to involve disruption of the airway
epithelium and subsequent reduction of its capacity to generate
PGE2 in response to SP released by sensory nerves activated by
acrolein (Fig. 7). This observed reduction in SM relaxation may
translate to a reduced capacity to regulate bronchoconstriction,
thus contributing to the hyperresponsiveness typically observed
with Influenza A infection.
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A B S T R A C T

Introduction
The aim of this study was to develop two dynamic ex vivo airway explant systems, a perfusion-superfusion system

and a ventilation-superfusion system, for the study of toxic airborne substances, such as the prevalent smoke constituent
acrolein.
Methods

Mouse isolated tracheal segments were perfused with physiological media or ventilated with humidified air at 37 °C
to mimic dynamic flow conditions, and superfused with media over the exterior surface. At selected time points, the his-
tological and functional integrity of segments was evaluated. The perfusion-superfusion system was subsequently used
to examine mucin secretory responses elicited by acrolein in airways in which mucous metaplasia had been induced with
lipopolysaccharide (LPS; 1 μg ml− 1) prior to 24 h of media perfusion, followed by stimulation with acrolein or ATP for
15 min. Epithelial mucin levels were determined by quantitative analysis of periodic acid-Schiff's reagent (PAS)-stained
sections.
Results

Epithelial morphology was successfully preserved in the perfusion-superfusion and ventilation-superfusion systems
for at least 24 h and up to 18 h, respectively. At these time points, the contractile and relaxation responses of perfused and
ventilated tracheal segments to carbachol, the neuropeptide substance P, and the prostanoid PGE2 were also preserved.
Using the perfusion-superfusion system, acute exposure to acrolein caused a dose-dependent reduction in the levels of
PAS-positive mucin stores induced by LPS, consistent with mucin secretion.
Discussion

Both the perfusion-superfusion and ventilation-superfusion systems successfully preserved the viability of mouse iso-
lated tracheal segments on a histological and functional level, and the perfusion-superfusion system was used to char-
acterise the mucin secretory responses elicited by acrolein. Thus, this system may be a useful model through which to
conduct further toxicological studies in mammalian airways.

© 2016 Published by Elsevier Ltd.
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Functional characterisation and application of an ex vivo perfusion-superfusion
system in murine airways
Esther Y Cheah, Tracy S Mann, Philip C Burcham, Peter J Henry ⁎

School of Medicine and Pharmacology, The University of Western Australia, Crawley, Western Australia 6009, Australia

1. Introduction

Ex vivo models serve an important function by bridging the gap
between in vitro cell culture systems and in vivo animal models. In
closely reproducing the complexity of the intact organ, ex vivo mod-
els of the airways represent a powerful platform through which to ex-
amine co-ordinated responses between the epithelium and surround-
ing airway structures in a way that is not typically possible in isolated

Abbreviations: CDRC, cumulative dose-response curve; COX, cyclooxygenase;
LPS, lipopolysaccharide; PAS, periodic acid-Schiff's reagent; PGE2, prostaglandin
E2; SP, substance P; %SPP, strong positive pixels expressed as a percentage of all
pixels forming the epithelial layer
⁎ Corresponding author at: School of Medicine and Pharmacology, The University of
Western Australia, 35 Stirling Highway, Crawley, Perth, Western Australia 6009,
Australia.
Email addresses: esther.cheah@research.uwa.edu.au (E.Y. Cheah); tracy.mann@
uwa.edu.au (T.S. Mann); philip.burcham@uwa.edu.au (P.C. Burcham); peter.
henry@uwa.edu.au (P.J. Henry)

in vitro systems. Importantly, as they are not constrained by the eth-
ical concerns surrounding exposure of animals to airborne toxicants,
ex vivo models facilitate toxicological studies not permissible in live
animals, all within the context of a physiologically-relevant system
(Morin et al., 2013).

Ex vivo models have traditionally relied on static conditions, and
as such do not reproduce the dynamic conditions generated by the
flow of air through the lungs in vivo and are limited to short-term
studies. Isolated tissues have reportedly been maintained anywhere
between several hours and 7 days of culture, after which deteriora-
tion of the morphology and general viability of tissue preparations
have proven to be problematic for longer-term toxicological studies
(Biesalski, Engel, Stofft, & Zschäbitz, 1996; Dai, Xie, Vincent, &
Churg, 2003; Wang et al., 2003). Improvements in the capacity of ex
vivo systems to maintain isolated airway preparations for longer cul-
ture periods have been achieved through the development of dynamic
organ culture systems. In these systems, dynamic conditions are gen-
erated through a variety of techniques, including floating lung slices
in scintillation vials placed on rollers within incubators (Harrigan et

http://dx.doi.org/10.1016/j.vascn.2016.11.003
1056-8719/© 2016 Published by Elsevier Ltd.
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al., 2004; Hays, Lantz, & Witten, 2003; Morin et al., 2013; Morin
et al., 2008), or incubating lung slices in multi-well plates subjected
to a gentle shaking or rocking motion (Pushparajah et al., 2008;
Pushparajah, Umachandran, Plant, Plant, & Ioannides, 2007; Sturton,
Trifilieff, Nicholson, & Barnes, 2008; Umachandran, Howarth, &
Ioannides, 2004). By moving lung slices through an air-liquid inter-
face under dynamic conditions, these models exhibited a greater ca-
pacity to preserve the viability of tissues, with some reporting up to
21 days of successful culture (Liberati, Randle, & Toth, 2010). Al-
though dynamic models have been established for lung slices, models
that possess the capacity to maintain entire intact airway preparations
have not yet been fully developed.

The overall aim of the work described in this study was to develop
and characterise two dynamic ex vivo models that would better pre-
serve the viability of mouse isolated tracheal segments compared to
a conventional static tissue culture system. The first aim of the study
was to develop a perfusion-superfusion system and a ventilation-su-
perfusion system capable of preserving the histological and functional
integrity of the epithelium of mouse isolated tracheal segments. Hav-
ing confirmed the capacity of these systems to preserve the integrity
of mouse isolated tracheal segments, the second aim of the study was
to use the perfusion-superfusion system to characterise the mucin se-
cretory effects of acrolein, a 3-carbon α, β-unsaturated aldehyde and
a prevalent and highly toxic constituent of smoke (Bein & Leikauf,
2011; Faroon et al., 2008; Moghe et al., 2015; Stevens & Maier, 2008;
Yeager et al., 2016).

2. Methods

2.1. Mice and isolation of trachea

Male BALB/c mice aged 7–8 weeks were purchased from the An-
imal Resources Centre (Murdoch, WA) and housed within animal fa-
cilities at The University of Western Australia. All mice were speci-
fied pathogen-free and kept on a 12 h light/dark cycle and given access
to autoclaved food and water ad libitum. Mice were sacrificed with
an overdose of sodium pentobarbitone (160 mg kg− 1, i.p.) and exsan-
guinated by severing the right renal artery. With the aid of a dissecting
microscope, the thoracic region was opened and the trachea was surgi-
cally excised. All studies were conducted with the approval of the Uni-
versity of Western Australia Animal Ethics Committee and adhered to
the Australian National Health and Medical Research Council's Aus-
tralian Code of Practice for the Care and Use of Animals for Scientific
Purposes (8th Edition, 2013).

2.2. Experimental models

2.2.1. A conventional static tissue culture system
Mouse isolated tracheal segments were incubated in 24-well plates

with 1 ml sterile physiological media (RPMI 1640 supplemented with
HEPES (25 mM), GlutaMAX™ (2 mM), fetal bovine serum (2%),
amphotericin B (2.5 mg ml− 1), gentamicin (100 μg ml− 1)) at 37 °C
with 5% CO2 for 24 h under conventional static tissue culture con-
ditions (Bachar et al., 2005; Huang, Wiszniewski, Derouette, &
Constant, 2010).

2.2.2. A novel dynamic ex vivo perfusion-superfusion system
Based loosely on a tracheal explant system first presented by Pit-

tet and co-workers (Pittet, Hall-Stoodley, Rutkowski, & Harmsen,
2010), mouse isolated tracheal segments were secured using 3.0 sur-
gical thread onto a blunted 18 G needle inserted into the filter cap of
a 225 cm2 tissue culture flask (Fig.1). Sterile physiological media, as

Fig. 1. The ex vivo perfusion-superfusion system. Components of this system include: a
media reservoir (RPMI 1640) (1), a peristaltic pump (2), and a tissue culture flask con-
taining the tracheal segment (black arrow) and waste media (3) (A). Mouse tracheal seg-
ments were secured onto the end of a blunted 18G needle through which media perfused
(white arrow, magnified in inset) while a second, shorter needle superfused media over
the exterior surface of the tracheal segment (grey arrow) (B). The system was housed in
a 37 °C warm room.

used in the static tissue culture system (Section 2.2.1), was perfused
through the lumen of the tracheal segments using a peristaltic pump
(Model P720, Instech Laboratories, Plymouth Meeting, PA) before
being collected in the waste collection flask (Fig. 1). To enhance
the supply of nutrients to tracheal segments, media was also pumped
through a second, shorter needle over the exterior surface of the tra-
chea in a process termed “superfusion” (Gaddum, 1997). Flow rates
of perfusion and superfusion were equal in any single experiment.
Initially, peristaltic pumps were calibrated to deliver media at flow
rates of 0.05, 0.1, or 0.2 ml min− 1 at 37 °C for a total period of 24 h.
Based on the results of these preliminary experiments, a standard (op-
timum) flow rate of 0.1 ml min− 1 was chosen for subsequent exper-
iments. Henceforth, tracheal segments were perfused-superfused at
0.1 ml min− 1 for up to 48 h. The perfusion-superfusion system was
housed in a warm room maintained at 37 °C for the entire period of
culture.

2.2.3. A novel dynamic ex vivo ventilation-superfusion system
Tracheae were excised from the mouse respiratory tract and

cleared from surrounding connective tissue before being secured onto
a blunted 18G needle, as described above. Humidified air was gen-
erated using a sealed 225 cm2 tissue culture flask containing 400 ml
of sterile distilled water at 37 °C, which was mechanically ventilated
through the lumen of isolated tracheal segments using a SAR-830 ven-
tilator (CWE Inc., Ardmore, PA) for 18 h or 24 h (Fig. 2). Ventila-
tor settings were adjusted to ventilate the lumen of tracheal segments
at a rate of 60 breaths per minute, with an inspiration time of 0.8 s,
and at an approximate flow rate of 100 cm3 min− 1. As per the perfu-
sion-superfusion system and the static culture system, sterile physio-
logical media was pumped using a peristaltic pump through a second,
shorter needle and superfused the exterior surface of the tracheal seg-
ment at a standard flow rate of 0.1 ml min− 1. The ventilation-perfu-
sion system was housed in a warm room maintained at 37 °C for the
entire period of culture.

2.3. Tissue processing

For evaluation of tissue histology, tracheal segments were removed
from the conventional static tissue culture system, the perfu
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Fig. 2. The ex vivo ventilation-superfusion system. Components of this system include:
a humidified chamber containing distilled water at 37 °C (1), a media reservoir (2), a
tissue culture flask containing the tracheal segment (magnified in inset) and waste me-
dia (3), a peristaltic pump (4), and a SAR-830 ventilator (5), where the respiration rate
(white arrow), inspiration time (blue arrow), and inspiratory flow rate (red arrow) were
manually adjusted. The lumen of the mouse tracheal segment was ventilated with hu-
midified air supplied from the humidified chamber while the exterior surface of the tra-
cheal segment was superfused with media. The system was housed in a 37 °C warm
room. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

sion-superfusion system, the ventilation-perfusion system, or from the
mouse respiratory tract (naïve tissue, control), and immersion-fixed in
2% (w/v) paraformaldehyde/0.2% picric acid in PBS for 48 h at 4 °C
before being processed in a standard 15 h cycle (Leica ASP200 au-
tomated tissue processer, Leica Microsystems Pty Ltd., North Ryde,
NSW) and embedded in paraffin wax in a cross-sectional (upright)
orientation. Transverse sections were cut at 5 μm onto Superfrost
Plus glass slides (Lomb Scientific, Scoresby, VIC), prior to staining
(Section 2.8) and evaluation of histological integrity.

2.4. Isometric tension recording studies

For evaluation of the functional integrity of the airway epithe-
lium and smooth muscle of perfused and ventilated tracheal segments,
tracheal segments were removed from the perfusion-superfusion sys-
tem or the ventilation-perfusion system after 24 and 18 h, respec-
tively. These periods of perfusion and ventilation were chosen based
on the results of aforementioned studies that evaluated tissue his-
tology. Changes in bronchomotor tone served as a functional read-
out of the preservation of the functional integrity of various struc-
tural components of tracheal segments. Perfused or ventilated tracheal
preparations were mounted onto two L-shaped stainless steel hooks
and suspended in a 20 ml mini tissue organ bath system (miniTOBs)
(Danish, Myotechnology, Denmark) or a 2 ml glass organ bath filled
with Krebs solution (117 mM NaCl, 5.36 mM KCl, 25 mM NaHCO3,
1.03 mM KH2PO4, 0.57 mM MgSO4·7H2O, 2.5 mM CaCl2, 11.1 mM
D-glucose). Organ baths were maintained at 37 °C and bubbled con-
tinuously with 5% CO2 in O2. Changes in tension were recorded via
an isometric force transducer connected to a PowerLab© data acqui-
sition program (ADInstruments Pty Ltd., Castle Hill, NSW). Follow-
ing a 30 min equilibration period in which tissues were washed with
fresh Krebs solution every 10 min and the resting tension periodi-
cally readjusted to ~ 0.23 g, tracheal segments were sequentially ex-
posed to submaximal (0.2 μM) and supramaximal (10 μM) doses of
carbachol in a viability test. After a 15 min washout and recovery pe-
riod, the viability test was repeated, and preparations that responded
weakly (< 0.50 g tension increase) were considered unsuitable for

subsequent testing. For viable preparations, the response to the supra-
maximal dose of carbachol (10 μM) in the second viability test was
deemed Cmax.

2.4.1. Perfused-superfused tracheal segments
Following initial carbachol viability tests, cumulative dose-re-

sponse curves (CDRCs) were constructed to carbachol on perfused
tracheal segments (0.01–10 μM, half-log increments). After a 15 min
washout and recovery period, preparations were pre-contracted with
carbachol (0.3 μM) before exposed to a single, bolus dose of substance
P (SP; 0.1 nM), a neuropeptide that elicits relaxation responses in ro-
dent airways via an epithelium-dependent pathway (Cheah, Burcham,
Mann, & Henry, 2014; Taylor, Mann, & Henry, 2012). This process
of a 20 min washout and rest period, pre-contraction with carbachol
(0.3 μM), and exposure to a single, bolus dose of SP was repeated
three more times with successively higher concentrations of SP (1,
10, 100 nM) and extensive washing in between doses. After an addi-
tional 15 min washout period, preparations were pre-contracted with
carbachol (0.3 μM) before exposed to a single dose of exogenous
prostaglandin E2 (PGE2; 1 μM), a prostanoid generated endogenously
by epithelial cells that produces direct relaxation responses of mouse
tracheal smooth muscle (Ruan, Zhou, & Chan, 2011). All relaxation
responses were expressed as a percentage reversal of the level of con-
traction induced by 0.3 μM carbachol (% R), where 100% R repre-
sented a complete reversal of the pre-contraction.

2.4.2. Ventilated-superfused tracheal segments
Following initial carbachol viability tests, CDRCs were con-

structed to carbachol on ventilated tracheal segments (0.01–30 μM,
half-log increments). After a 15 min washout and recovery period,
preparations were pre-contracted with carbachol to 50–60% Cmax be-
fore exposed to a single, bolus dose of SP (0.01 nM). This process
of a 20 min washout and rest period, pre-contraction with carbachol
(50–60% Cmax), and exposure to a single, bolus dose of SP was re-
peated four more times with successively higher concentrations of SP
(0.1, 1, 10, 100 nM) and extensive washing in between doses. Prepa-
rations were then pre-contracted with carbachol in the same manner
before a CDRC to PGE2 (0.003–3 μM, half-log increments) was com-
pleted. This process was then repeated to generate a CDRC to iso-
prenaline, a β-adrenoceptor agonist and a direct spasmolytic agent
(0.001–1 μM, half-log increments). For some preparations, the entire
protocol was conducted in the presence of the non-selective cyclooxy-
genase (COX) inhibitor indomethacin (5 μM), which was adminis-
tered 20 min prior to the addition of bronchoactive agents. All relax-
ation responses were expressed as a percentage reversal of the level of
contracture induced by carbachol (% R), where 100% R represented a
complete reversal of the pre-contraction.

2.5. Exposure of tracheal segments to acrolein using the
perfusion-superfusion system

Mouse tracheal segments were set up in the perfusion-superfusion
system and perfused with media for 24 h (Section 2.2.2). Tracheal
segments were instilled with lipopolysaccharide (LPS; 1 μg ml− 1) via
the inoculation port for 1 h prior to the perfusion period to induce
mucous metaplasia. During the instillation period, LPS was gently
flushed through the lumen of tracheal segments at 15 min intervals.
Approximately 50 μl of the LPS solution was gently perfused through
the tracheal lumen such that the entire tracheal preparation was com-
pletely encased in a drop of LPS. Every 15 min, the LPS was flushed
through the lumen and replaced with a fresh drop of LPS. This was
repeated 4 times over the 1 h exposure period before preparations
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were perfused with media. At the conclusion of the 24 h perfusion
period, tracheal segments were instilled with acrolein (25–200 μM,
2-fold increments), ATP (0.01–100 mM, whole-log increments), or a
saline vehicle via the inoculation port for 15 mins. Following acrolein
exposure, the lumen of tracheal segments was gently flushed with
500 μl of sterile saline. Tracheal segments were then removed from
the perfusion-superfusion system, immersion-fixed, processed to wax
and sectioned as previously described in Section 2.3.

2.6. PAS staining

Tissue sections were de-waxed in xylene and rehydrated to wa-
ter through descending ethanol solutions before being stained with
periodic acid-Schiff's reagent (PAS) by sequential exposure to peri-
odic acid (2%) and Schiff's reagent (each for 10 min) to examine the
morphology of tracheal segments and to demonstrate the presence of
mucins, the principal glycoprotein constituent of mucus, in the sur-
face epithelium. Following sequential exposure to PAS, sections were
counterstained with Mayer's haematoxylin and blued with Scott's tap
water substitute before being dehydrated through ascending solutions
of ethanol and xylene, mounted with DePex (BDH Chemical Com-
pany, Kilsyth, VIC), and coverslipped.

2.6.1. Quantification of PAS staining
All stained sections were examined by brightfield microscopy and

digital images were generated using ScanScope XT (automated dig-
ital microscope slide scanner, Aperio Technologies, Vista, CA) at
10 × (low) or 40 × (high) lens magnification and analysed using Im-
ageScope v12.3.0 and the Positive Pixel Count v9 algorithm (Aperio
Technologies). To quantify levels of PAS staining, the epithelium was
digitally traced, and thus isolated for analysis. Input parameters (hue,
saturation threshold, and intensity ranges for weak positive, positive
and strong positive pixels) were then defined to generate an algorithm
capable of identifying PAS-positive stores of mucin in the epithelial
layer stained pink. Using the algorithm, strong positive pixels (SPP) in
the epithelial layer were enumerated and expressed as a percentage of
the total pixels within the epithelial layer (%SPP). This method pro-
vided a means of quantifying changes in levels of mucin staining. In
addition, the total intensity of SPP (arbitrary values) and total number
of pixels in the epithelial layer were also measured and enumerated,
respectively.

2.7. Data and statistical analysis

All data are presented as mean ± S.E.M. For the perfusion-super-
fusion system, maximum relaxation/contraction responses (Emax) and
-logEC50 data was analysed by Student's t-test (two-tailed, unpaired)
and Mann-Whitney rank sum test, respectively. For tracheal segments
maintained by the ventilation-perfusion system, maximum relaxation/
contraction responses (Emax) and -logEC50 data were analysed using
one-way ANOVA with post-hoc comparisons (Holm-Sidak method)
or Student's t-test (two-tailed, unpaired), where appropriate. For
acrolein studies, data was analysed using a one-way ANOVA with
post-hoc comparisons (Holm-Sidak). All data was graphed and statis-
tical analyses performed using GraphPad Prism 6.04 (GraphPad Soft-
ware, Inc., San Diego, CA). All photomicrographs are representative
of observations from at least 3 mice.

2.8. Chemicals

Acrolein, carbachol (carbamylcholine chloride), indomethacin,
isoprenaline (isoproterenol hydrochloride), LPS (from Escherichia

coli serotype 0111:B4), periodic acid and PGE2 were purchased from
Sigma-Aldrich (St Louis, MO). GIBCO RPMI 1640
(HEPES-buffered, GlutaMax), fetal bovine serum, amphotericin B,
and gentamicin were obtained from ThermoFisher Scientific
(Waltham, MA). SP was purchased from Tocris Bioscience (Ellisville,
MO), Schiff's reagent from Australian Biostain (Traralgon, VIC,
AUS), sodium pentobarbitone from Virbac Australia (Peakhurst,
NSW, AUS), DePex from BDH chemical company (Kilsyth, VIC,
AUS), and Mayer's haemotoxylin and Scott's tap water substitute from
Amber Scientific (Midvale, WA, AUS).

3. Results

3.1. Preservation of histological integrity

3.1.1. Conventional static tissue culture
Examination of PAS-stained sections revealed that the epithelium

of control tracheal segments fixed immediately following excision
from the mouse airways (control, non-perfused, naïve airways) was
characterised by a mixed population of ciliated columnar cells,
non-ciliated club cells, and basal cells, which were present over an in-
tact basement membrane for the entire circumference of the tracheal
cross-sectional area examined (Fig. 3A–B). When cultured under sta-
tic conditions in a conventional tissue culture system for 24 h, tracheal
segments exhibited severe epithelial damage characterised by exten-
sive lumenal shedding (Fig. 3C–D).

3.1.2. Perfused-superfused tracheal segments
Examination of PAS-stained sections revealed that perfusion of

the lumen and superfusion of the exterior surface of tracheal seg-
ments with media for 24 h preserved the morphology of the tracheal
epithelium in a flow rate-dependent manner. Using the perfusion-su-
perfusion system, perfusion of tracheal segments at a flow rate of
0.05 ml min− 1 markedly improved epithelial integrity, although some
luminal shedding was evident (Fig. 3E–F). Increasing the flow rate
to 0.1 ml min− 1 (Fig. 3G–H) and 0.2 ml min− 1 (Fig. 3I–J) was asso-
ciated with further improvements in epithelial morphology. At these
higher flow rates, the major histological features of the epithelium
were preserved without any evidence of epithelial shedding or ad-
ditional damage, and were histologically comparable to control,
non-perfused segments. Extending the time course of perfusion to 48 h
at flow rate of 0.1 ml min− 1 revealed similar preservation of the ep-
ithelium (data not shown). Thus, the epithelium of tracheal segments
retained its primary histological features when segments cultured un-
der dynamic conditions of media perfusion through the lumen and su-
perfusion along its exterior surface. In addition to the tracheal epithe-
lium, other key airway structures including the smooth muscle band
and underlying connective tissue were also successfully preserved by
the perfusion-superfusion system (Fig. 3).

3.1.3. Ventilated-superfused tracheal segments
Examination of PAS-stained sections revealed that ventilation of

tracheal lumens with humidified air at an approximate flow rate of
100 cm3 min− 1 for 18 h and concomitant superfusion of the exterior
surface of tracheal segments with media at a flow rate of 0.1 ml min− 1

preserved the morphology of tracheal epithelium (Fig. 4A–D). Tra-
cheal segments ventilated for 18 h were morphologically compara-
ble to those isolated from control, non-ventilated mice, whereby a
pseudostratified epithelium containing a full population of ciliated,
non-ciliated and basal cells was observed (Fig. 4C–D). However,
by 24 h of ventilation, there was evidence of a partial loss of ep
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Fig. 3. Preservation of tissue histology was dependent on the flow rate of media perfusion PAS-stained sections of control (non-perfused) tracheal segments (A, B), or tracheal seg-
ments perfused at a flow rate of 0 ml min− 1 (static incubation) (C, D), 0.05 ml min− 1 (E, F), 0.1 ml min− 1 (G, H), 0.2 ml min− 1 (I, J) for 24 h. Low magnification (A, C, E, G, I) and
high magnification (B, D, F, H, J). Black arrowheads indicate the epithelial layer and white arrowheads indicate the smooth muscle band. Black bar = 100 μm. Photomicrographs are
representative of observations from at least 3 mice.

ithelial integrity characterised by thinning of the epithelial layer and
epithelial shedding in some regions of the epithelium (Fig. 4E–F).

3.2. Preservation of functional integrity

3.2.1. Perfused-superfused tracheal segments
Isometric tension recording studies revealed that tracheal segments

perfused for 24 h with media exhibited normal relaxation responses to
exogenous SP, a neuropeptide that produces relaxation responses via
an epithelium-dependent mechanism. Maximal relaxation responses
elicited by SP and the potency of SP in perfused segments were
not significantly different from control (non-perfused) segments (Fig.
5A, Table 1). In addition, maximal contraction and sensitivity to in
perfused segments were comparable to control (non-perfused) seg-
ments (Fig. 5B, Table 1). Similarly, relaxation responses evoked by

PGE2 (1 μM) were also unchanged in perfused preparations (Fig. 5C,
Table 1).

3.2.2. Ventilated-superfused tracheal segments
Isometric tension recording studies revealed that tracheal segments

ventilated for 18 h with humidified air retained their ability to produce
epithelium-dependent relaxation responses to exogenous SP (Fig. 6A).
Both maximal relaxation responses and potency of SP were similar
in ventilated and control (non-ventilated) tracheal segments. As ex-
pected, indomethacin pre-treatment abolished all SP-induced relax-
ation responses, thereby confirming involvement of a COX-derived
product (Fig. 6A).

Tracheal segments ventilated for 18 h were also responsive to car-
bachol. However, while maximal responses were comparable to con-
trol segments, ventilated segments were significantly less sensitive to
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Fig. 4. Preservation of epithelial histology for up to 18 h by ventilation with humidified air. PAS-stained sections of tracheal segments isolated from control (non-ventilated) mice (A,
B) or tracheal segments subjected to 18 h (C, D) or 24 h (E, F) of ventilation. Ventilation for 18 h preserved epithelial morphology but by 24 h of ventilation, there was evidence of
damage characterised by thinning and shedding of the epithelium. Low magnification (A, C, E) and high magnification (B, D, F). Black arrowheads indicate the epithelial layer and
white arrowheads indicate the smooth muscle band. Black bar = 100 μm. Photomicrographs are representative of observations from at least 3 mice.

carbachol, as indicated by the rightward shift of the dose-response
curve (p < 0.001) (Fig. 6B). Intriguingly, pre-treatment of ventilated
segments with indomethacin restored the sensitivity of preparations to
carbachol (p < 0.001).

Similar to carbachol, ventilated tracheal segments were also re-
sponsive to exogenous PGE2. However, although maximal responses
were comparable to control segments, ventilated segments were sig-
nificantly less sensitive to PGE2, as reflected by the rightward shift of
the dose-response curve (p < 0.001; Fig. 6C). As expected, pre-treat-
ment with indomethacin did not affect PGE2 responses in either venti-
lated or control tracheal preparations (Fig. 6C).

Similar to both carbachol and PGE2, ventilated tracheal segments
were responsive to isoprenaline. However, although ventilated and
control segments were equally sensitive to isoprenaline, maximal re-
laxation responses to isoprenaline were reduced in ventilated seg-
ments compared to those produced by control segments (p < 0.05; Fig.
6D). As expected, pre-treatment with indomethacin did not affect iso-
prenaline responses in either ventilated or control tracheal prepara-
tions (Fig. 6D).

Comparisons between the relaxation and contractile responses of
perfused tracheal segments and ventilated tracheal segments and those
of control segments (non-perfused or non-ventilated) are summarised
in Table 1.

3.3. Secretion of epithelial mucin by acrolein and ATP

The perfusion-superfusion system was subsequently used to char-
acterise the mucin secretory effects of acrolein, a toxic and highly
prevalent component of smoke. Mouse isolated tracheal segments

were first exposed to LPS (1 μg ml− 1, 1 h) prior to 24 h of media per-
fusion, which induced a strong mucous metaplasia response (Fig. 7).
Following perfusion, tracheal segments were stimulated for 15 min
with increasing concentrations of acrolein (25–200 μM, 2-fold incre-
ments) or the saline vehicle. Levels of PAS-positive, LPS-induced
mucin stores were reduced by acrolein in a dose-dependent manner,
as measured by changes in %SPP (Fig. 8A) and total intensity of
SPP (Fig. 8C). Dose-response curves were U-shaped, with increas-
ing concentrations of acrolein producing progressively larger reduc-
tions in the levels of PAS staining from 0 μM up to 50 μM. Concen-
trations > 50 μM produced a smaller reduction in PAS staining lev-
els, reflecting a smaller degree of mucin release. In contrast to %SPP,
the total number of pixels forming the epithelial layer were unaf-
fected by acrolein exposure (Fig. 8E). 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; Fig. 8G).

The mucin secretory effect of acrolein was compared to the es-
tablished mucin secretagogue ATP. The dose-dependency of ATP-in-
duced secretion of mucin induced by LPS was also characterised
and in contrast to acrolein, dose-response curves for ATP were not
U-shaped. Rather, increasing concentrations of ATP elicited progres-
sively larger reductions in % SPP (Fig. 8B) and the intensity of SPP
(Fig. 8D) from 0 to 100 mM. As expected, the total number of pixels
forming the epithelial layer was unaffected by ATP treatment, except
for the 100 mM dose of ATP, which reduced the total number of pixels
(0.82 × 106 ± 0.07 × 106 vs 1.22 × 106 ± 0.07 × 106, n = 6–8, p < 0.05;
Fig. 8F).
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Fig. 5. Preservation of functional responses in perfused tracheal segments. Relaxation or contractile responses of segments to substance P (SP) (A), carbachol (B), and PGE2 (1 μM)
(C) in tracheal segments perfused with media for 24 h compared to control (non-perfused) tracheal segments. Mean ± S.E.M are shown (n = 4 for panel A; n = 12–28 for panel B;
n = 3–8 for panel C).

Table 1
Summary of functional responses of perfused and ventilated tracheal segments. Responses of control (non-perfused, non-ventilated) tracheal segments, and tracheal segments per-
fused with media for 24 h using the perfusion-superfusion system or ventilated with humidified air for 18 h using the ventilation-superfusion system to selected agonists. BDRC,
bolus dose-response curve; CDRC, cumulative dose-response curve; Emax, maximum relaxation or contractile response; indo, indomethacin.

Agonist − log EC50 Emax (%)

Control (N) Perfused (N) Ventilated (N) Control (N) Perfused (N) Ventilated (N)

Substance P 1.0 log BDRC; 0.1–100 nM for perfused, 0.01–100 nM for ventilated 9.00 ± 0.47
(4)

9.04 ± 0.20
(4)

9.31 ± 0.31
(6)

78 ± 4
(4)

64 ± 4
(4)

57 ± 9
(10)

Carbachol 0.5 log CDRC (0.01–10 μM for perfused, 0.01–30 μM for ventilated) 6.82 ± 0.08
(25)

6.78 ± 0.03
(12)

6.38 ± 0.09a

(12)
132 ± 4
(25)

132 ± 4
(12)

125 ± 8
(12)

+ indo (5 μM) 6.83 ± 0.02
(10)

– 7.08 ± 0.04
(11)

153 ± 6
(10)

– 146 ± 12
(11)

PGE2 Bolus
(1 μM)

107 ± 3
(3)

99 ± 1
(8)

–

0.5 log CDRC
(0.003–3 μM)

7.39 ± 0.05
(7)

– 6.68 ± 0.11a

(12)
100 ± 1
(12)

− 90 ± 3
(12)

Isoprenaline 0.5 log CDRC; 0.001–1 μM 6.99 ± 0.10
(9)

– 7.19 ± 0.15
(12)

99 ± 1
(9)

– 81 ± 4b

(12)

a p < 0.001 compared to − log EC50 control.
b p < 0.05 compared to Emax control.

4. Discussion

In the current study, two novel ex vivo systems that reproduce dy-
namic conditions of the airways were developed and characterised. As
established by histological and functional studies, the perfusion-super-
fusion and ventilation-superperfusion systems successfully preserved
the viability of the epithelium of mouse isolated tracheal segments.
The perfusion-superfusion system preserved the morphology and the
functional integrity of the airway epithelium and smooth

muscle of mouse isolated tracheal segments for up to 24 h of cul-
ture, whereas the ventilation-perfusion system preserved the histologi-
cal and functional integrity of the airway epithelium and smooth mus-
cle for up to 18 h of culture. Together, these findings indicate that
these dynamic systems may be useful for conducting ex vivo studies
of the mouse airways in a more physiologically-relevant system. Fi-
nally, the perfusion-superfusion system was successfully used to char-
acterise the mucin secretory effects of acrolein, a toxic and prevalent
component of smoke.
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Fig. 6. Preservation of functional responses in ventilated tracheal segments. Relaxation or contractile responses of tracheal segments to substance P (SP) (A), carbachol (B), PGE2
(C), and isoprenaline (D) in the absence or presence of indomethacin (indo, 5 μM) in tracheal segments ventilated with humidified air for 18 h compared to control (non-ventilated)
tracheal segments. Mean ± S.E.M are shown (n = 3–13). *p < 0.05, ***p < 0.001 compared to EC50 or relaxation response of control, †††p < 0.001 compared to EC50 of ventilated
(18 h) + indo.

4.1. Preservation of the histological integrity of mouse tracheal
segments by the perfusion-superfusion and ventilation-superfusion
systems

Histological examination of perfused tracheal segments revealed
that the perfusion-superfusion system successfully preserved epithe-
lial morphology. A clear association was established between the rate
of media perfusion and the degree of epithelial preservation. Under
static conditions of conventional tissue culture, mouse isolated tra-
cheal segments exhibited a clear loss of integrity by 24 h of culture
that was characterised by epithelial shedding into the airway lumen.
Increasing the rate of media flow to 0.05, 0.1, and 0.2 ml min− 1 us-
ing the perfusion system was associated with progressive improve-
ments in epithelial integrity, indicating that the dynamic nature of
the perfusion system was crucial to preservation of epithelial mor-
phology and the general tissue architecture. The observed qualita-
tive improvements of tissue histology with increasing flow rates are
consistent with findings that dynamic rocking systems, that move
lung slices through an air-liquid interface using shaking or rocking
platforms, markedly improved the viability of cultured cells and tis-
sues compared to conventional culture systems (Liberati et al., 2010;
Pushparajah et al., 2007; Umachandran et al., 2004). In addition to
better reproducing dynamic conditions generated by the flow of air
in vivo, perfusion of tracheal segments with media likely prevented
development of a chemical gradient within the media and aided in
removal of waste metabolites released by cultured tissue segments,

which would not have been removed by conventional static culture.
Although dynamic systems have previously been developed for lung
slices (Pushparajah et al., 2008; Pushparajah et al., 2007; Sturton et
al., 2008; Umachandran et al., 2004), we demonstrate that it is possi-
ble to preserve whole tissue preparations using a dynamic ex vivo per-
fusion-superfusion system.

Histological examination of ventilated tracheal segments revealed
that the ventilation-superfusion system also successfully preserved ep-
ithelial morphology. Conditions of this system were directly com-
parable to the experimental setup of the established air-liquid inter-
face (ALI) system; the media that superfused the exterior surface
of the tracheal segment is analogous to the warmed culture medium
maintained underneath cells grown on a porous membrane support in
the ALI system, while the humidified air ventilated through the tra-
cheal lumen is analogous to the gaseous environment to which the lu-
minal side of ALI-cultured cells are exposed (Lam, Choi, & Ryter,
2011; Mathis et al., 2013). Using our system, the morphology of the
epithelium of tracheal segments ventilated for 18 h was superior to
those segments cultured under static tissue culture conditions. How-
ever, ventilation was unable to preserve epithelial morphology beyond
18 h, with epithelial damage characterised by thinning of the epithe-
lial layer and epithelial shedding evident by 24 h of ventilation, per-
haps due to a lack of nutrient supply to the airway lumen. As the
perfusion-superfusion system exhibited a greater capacity to preserve
the histological integrity of the epithelium over a sustained period of
time (up to 48 h) compared to ventilation with humidified air (up to
18 h), the flow of media through the tracheal lumen appears to be
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Fig. 7. Use of the perfusion-superfusion system to examine the mucin secretory effects of acrolein (ACR) and ATP. Levels of PAS-positive epithelial mucin were low in control
(non-perfused) mouse trachea (A). Exposure of tracheal segments to LPS (1 μM, 1 h) prior to perfusion with media profoundly elevated levels of PAS staining, which was not reduced
by exposure to saline (SAL) vehicle (B). Exposure of tracheal segments to acrolein (50 μM) (C) or ATP (100 mM) (D) for 15 min following perfusion reduced levels of PAS staining.
Black bar = 100 μm. Photomicrographs are representative of observations from at least 3 mice.

crucial for histological preservation of mouse isolated tracheal seg-
ments over a sustained period of culture.

4.2. Preservation of the functional integrity of mouse tracheal
segments by the perfusion-superfusion and ventilation-superfusion
systems

In addition to preserving to epithelial morphology, the capacities
of the two dynamic ex vivo systems to preserve the functional integrity
of mouse isolated tracheal segments were also evaluated. The func-
tional integrity of the epithelium was assessed by examining its re-
sponse to SP, a neuropeptide that elicits relaxation responses in ro-
dent airways via an epithelium-dependent pathway involving activa-
tion of NK1 receptors and subsequent generation and release of the
spasmolytic agent PGE2 from airway epithelial cells (Devillier et al.,
1992; Fortner, Breyer, & Paul, 2001; Manzini, 1992). Epithelial dam-
age incurred deliberately by mechanical disruption was strongly asso-
ciated with an attenuation of SP-elicited relaxation responses of the
airway smooth muscle (Kao, Fortner, Liu, Shull, & Paul, 1999; Liu,
Yang, & Folz, 2006; Szarek, Spurlock, Gruetter, & Lemke, 1998;
Szarek, Stewart, Spurlock, & Schneider, 1995). Thus, normal relax-
ation responses to SP may serve as an important functional readout of
epithelial integrity, indicative of the capacity of the epithelium to gen-
erate cellular mediators, including PGE2, that elicit important down-
stream responses such as bronchodilation. Tracheal segments per-
fused for 24 h or ventilated for 18 h exhibited normal responses to

SP, which elicited maximal relaxation responses and exhibited poten-
cies comparable to non-perfused, non-ventilated control tracheal seg-
ments. Thus, preservation of the functional integrity of the epithelium
of perfused and ventilated tracheal segments was observed alongside
preservation of histological integrity.

In addition to the airway epithelium, the capacity of the perfu-
sion-superfusion and ventilation-perfusion systems to preserve the
functional integrity of airway smooth muscle was also examined. To
isolate responses of the smooth muscle from surrounding structures,
tracheal segments were exposed to agents that elicited their effects
via direct activation of receptors expressed on smooth muscle cells.
Tracheal segments perfused with media for 24 h exhibited normal re-
sponses to carbachol and exogenous PGE2, which produce their spas-
mogenic and spasmolyic effects via activation of muscarinic receptors
and EP2 receptors, respectively (Fortner et al., 2001; Struckmann et
al., 2003; Tilley et al., 2003). Normal responses to these agents con-
firmed full preservation of normal smooth muscle function via these
cellular pathways.

Tracheal segments ventilated with humidified air for 18 h exhib-
ited distinct, but altered, responses to carbachol and exogenous PGE2.
Although maximum contractile responses elicited by carbachol re-
mained unchanged, ventilated tracheal segments were significantly
less sensitive to carbachol when compared to unventilated control
preparations. Intriguingly, carbachol sensitivity was restored with in-
domethacin administration. Taken together, these observations are
consistent with elevated production of basal PGE2 in ventilated tra
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Fig. 8. Dose-dependent effects of acrolein and 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 acrolein (15 min exposure) on the levels of strong positive pixels (SPP) (A), the total intensity of SPP (C), and the total
number of pixels (E) 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) (G). Effect of increasing concentrations of ATP (15 min exposure) on the levels SPP (B), the total intensity of SPP (D), and the total number of pixels
(E) within the epithelial layer. 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 or ATP, where appropriate.

cheal preparations, which may have functionally opposed contractile
responses to produce a rightward shift of the carbachol dose-response
curve. This was consistent with restoration of normal contractile re-
sponses to carbachol by indomethacin administration, which inhib-
ited PGE2 production by non-selective inhibition of COX enzymes. In

further support of elevated basal PGE2 production, ventilated tracheal
segments exhibited a reduced sensitivity to exogenous PGE2 that may
have developed as a compensatory mechanism in response to ele-
vated levels of basal PGE2 production. As ventilated tracheal seg-
ments exhibited a normal sensitivity to isoprenaline, an agonist that



UN
CO

RR
EC

TE
D

PR
OO

F

Journal of Pharmacological and Toxicological Methods xxx (2016) xxx-xxx 11

elicits bronchodilation via an epithelium-independent pathway involv-
ing β-adrenoceptor activation, the possibility of a general defect in
the relaxation capacity of the tracheal smooth muscle could be ex-
cluded. The reasons for elevated production of PGE2 in ventilated
tracheal segments remain unclear, however it may be reflective of a
stress response that has previously been described in airway and in-
testinal epithelial cells following exposure to infectious agents or other
stresses, including cigarette smoking (Kagnoff & Eckmann, 1997;
Ruba et al., 2013). Interestingly, while levels of basal PGE2 were el-
evated, the generation of PGE2 in response to SP was normal, in-
dicating that the capacity of the epithelium of tracheal segments to
generate PGE2 in response to exogenous stimuli was fully preserved
by the ventilation-perfusion system. Future examination of the com-
ponents of the PGE2 biosynthetic pathway (e.g. COX, tissue-spe-
cific prostaglandin synthases (Cha, Solnica-Krezel, & DuBois, 2006;
Zaslona & Peters-Golden, 2015)) or downstream signalling pathways
(e.g. EP2 receptor activation, cyclic AMP generation (Billington, Ojo,
Penn, & Ito, 2013)) that are altered by the ventilation-perfusion sys-
tem might reveal the mechanistic basis for the putative elevations of
basal PGE2 production.

4.3. Application of the perfusion-superfusion system for investigating
effects of the toxicant acrolein

In successfully preserving both the histological and functional in-
tegrity of mouse isolated tracheal preparations for 24 h of culture,
the ex vivo perfusion-superfusion system was established as an ap-
propriate experimental model through which to conduct further ex
vivo studies of mouse airways. Longstanding work has demonstrated
that acute acrolein inhalation stimulates a strong mucous secretory re-
sponse in animals (Burcham, Thompson, & Henry, 2010; Dahlgren,
Dalen, & Dalhamn, 1972; Gusev, AI, IS, Grebenskova, & Golovina,
1966; Harkema, Plopper, Hyde, St George, & Dungworth, 1987;
Lamb & Reid, 1968; Le Bouffant, Martin, Daniel, Henin, & Normand,
1980; Lyon, Jenkins, Jones, Coon, & Siegel, 1970). However, beyond
these early studies, little work has been conducted to understand how
these secretory processes are produced and/or regulated on a mecha-
nistic level, or to differentiate the contribution of glandular mucus se-
cretions from those of surface epithelial cell secretions to the overall
secretory response. Consequently, this has left our understanding of
acrolein-induced mucin secretory responses in a rudimentary state.

Using the perfusion-superfusion system, acute acrolein exposure
clearly elicited the secretion of epithelial mucin stores in a dose-de-
pendent manner, consolidating longstanding observations of the
strong mucous secretory responses evoked by acrolein in vivo. The
concentrations of acrolein examined in the current study are likely
relevant to those present in smoke, where acrolein levels have been
documented to reach the micromolar range (Eiserich, van der Vliet,
Handelman, Halliwell, & Cross, 1995). Furthermore, a unique
U-shaped dose-response curve was observed, with 50 μM acrolein
eliciting maximal secretory responses. Importantly, a U-shaped curve
was not observed for ATP-induced mucin secretion, indicating that
this was a characteristic feature of acrolein-induced secretion and not
a general feature of the mucin secretory response. Although the mech-
anisms underlying the U-shaped nature of the dose-response curve
require further investigation, the differential responses to low and
high concentrations of acrolein may reflect differences in the capac-
ity of the airways to mount a protective response to acrolein. In re-
sponse to lower concentrations of acrolein, mucin secretory responses
may have been triggered as a protective response to combat sub-
sequent exposure to noxious stimuli, a key function of mucin se

cretion (Davis & Dickey, 2008; Fahy & Dickey, 2010; Thornton,
Rousseau, & McGuckin, 2008). In contrast, exposure to higher con-
centrations of acrolein may have overwhelmed the protective capac-
ities of the airway and triggered alternative cellular mechanisms that
lead to tissue injury and an impaired secretory response. These mecha-
nisms may begin to be characterised in more physiologically-relevant
models, including our ex vivo perfusion-superfusion system.

4.4. Conclusions and future directions

In summary, this study has developed two ex vivo systems that
mimic the dynamic nature of the in vivo environment of the lung,
namely a perfusion-superfusion system and a ventilation-superfusion
system. These systems appear well-suited for use in the studies of
the toxicity of airborne substances, which often induce complex in
vivo pulmonary responses involving a multiplicity of cell types. In this
study, we demonstrated that the perfusion-superfusion system may
be useful in characterising the effects of inhaled toxicants, such as
acrolein, which elicit a mucin secretory response in mouse isolated
trachea. Although the perfusion-superfusion and ventilation-superfu-
sion systems were used for the study of mouse isolated tracheal tissue,
both systems have the potential to be used for the examination of ad-
ditional tissue types. Of clinical significance, these systems also pro-
vide a unique opportunity to examine human ex vivo airways in a more
physiologically relevant and dynamic setting that has not previously
been possible, and may represent powerful platforms through which to
consolidate findings derived from animal models in human tissue in a
wide array of experimental contexts.
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