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Abstract  

In some patients, asthma is thought to be an atopic disease whereby exposure to allergens 

provokes symptoms. In fact, allergen inhalation can lead to a prolonged episode of airway 

narrowing named the late asthmatic response (LAR). Although it is a relevant clinical endpoint, 

the mechanisms driving it remain unclear. Evidence suggests that nerves could be involved, 

with allergen challenge resulting in the activation of airway sensory nerves within the vagus 

nerve and a subsequent reflex bronchospasm. This thesis investigated if the TRPV4 ion 

channel, a known activator of sensory nerves, could be a driver of the LAR. 

The ability of TRPV4 to stimulate airway sensory nerves was studied in Brown Norway rats. A 

TRPV4 agonist depolarised rat vagal nerves and this was inhibited by TRPV4 and P2X3-

P2X2/3 antagonists, suggesting that TRPV4 signalling induces the release of ATP which 

stimulates P2X3-P2X2/3 receptors on the neurons. Therefore, further studies interrogated 

whether this TRPV4-P2X3 nerve axis could be driving the LAR. Accordingly, both TRPV4 and 

P2X3-P2X2/3 antagonists inhibited the LAR induced by ovalbumin (OVA) in Brown Norway 

rats, suggesting a role for the TRPV4-P2X3 axis in experimental LAR. Seeing these results, 

the mechanism leading to TRPV4 activation was investigated. PAR2 receptors, which are 

activated by proteases released upon allergen challenge, were considered as promising 

TRPV4 activators. Indeed, a PAR2 agonist depolarised rat vagal nerves and this was blocked 

by PAR2, TRPV4 and P2X3-P2X2/3 antagonists. However, two PAR2 antagonists did not 

reduce the LAR in the rat OVA model, suggesting that PAR2 receptors may not be involved 

in this model. 

Overall, these data suggest that the TRPV4-P2X3 axis could play a role in the LAR by 

activating airway sensory nerves. This thesis highlights that investigating receptors on airway 

sensory nerves could help to develop asthma therapies targeting alternative mechanisms than 

immune pathways.  
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LAMA Long-Acting Muscarinic receptor Antagonist 

LAR Late Asthmatic Response 

LDH Lactate dehydrogenase 

LTC4, D4, E4 Leukotriene C4, D4, E4 

LTRA Leukotriene Receptor Antagonist 

M1, 2, 3 Muscarinic receptor 1, 2, 3 

MCh Methacholine 

MEM Minimum Essential Media 
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MHCII Major Histocompatibility Complex class II 

MMM Montelukast Mepyramine Methysergide 

NA Nucleus Ambiguus 

NANC Non-Adrenergic Non-Cholinergic  

Nav Voltage Gated Sodium Channels 

NKA Neurokinin A 

NMA Nerve Mass Activity 

NO Nitric Oxide 

NOD Nodose Ganglia 

dNTP Deoxynucleoside triphosphate  

NTS Nucleus Tractus Solitarii 

OVA Ovalbumin 

P2X, P2Y Purinergic receptor type 2 isoform, X and Y 

Panx1 Pannexin 1 channel 

PAR1, 2 Protease-Activated Receptor 1, 2 

PCLS Precision-Cut Lung Slices 

PCR Polymerase Chain Reaction 

PEG400 Polyethylene glycol 400 

Penh Enhanced pause 

PGD2, PGE2 Prostaglandin D2, E2 

PKA, PKC, PKD Protein Kinase A, C, D 

PLA2, PLC Phospholipase A2, Phospholipase C 

pNA p-Nitroanilide 

p.o. per os (oral) 

PRR Pattern Recognition Receptor 

PΣ Parasympathetic 

RAR Rapidly Adapting Receptor 

RLN Recurrent Laryngeal Nerve 

ROS Reactive Oxygen Species 

RPMI Roswell Park Memorial Institute Medium 

RT Room Temperature 

RT-PCR Reverse-Transcription Polymerase Chain Reaction 

SABA Short Acting β2-adrenoceptor Agonist 

SAL Saline 

SAR Slowly Adapting Receptor 

s.c. Subcutaneous 

Scr Scrambled peptide 

SEM Standard Error of the Mean 

SLN Superior Laryngeal Nerve 



18 
 

TCR T Cell Receptor 

TGFβ Transforming Growth Factor β  

Th cells T helper cells 

Treg Regulatory T cells 

TRP Transient Receptor Potential  

TSLP Thymic Stromal Lymphopoietin 

TTX Tetrodotoxin 

VCAM-1 Vascular Adhesion Molecule I 

Veh Vehicle 

VIP Vasoactive Intestinal Peptide 

VRG Ventral Respiratory Group 

w/v weight/volume 
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1 Introduction 

1.1 Asthma 

1.1.1 Definition of asthma 

Asthma is a major public health burden, with a reported global prevalence of 272 million 

asthmatics in 2017 (James et al. 2018). Asthma has been defined as a chronic inflammatory 

disease characterised by recurrent episodes of wheezing, shortness of breath, chest tightness 

and cough as well as airway hyperresponsiveness (AHR), which is an excessive 

bronchospasm triggered by nonspecific stimuli. However, recent developments have revealed 

that the label “asthma” encompasses many different pathological processes (endotypes) 

leading to many different manifestations (phenotypes). Therefore, asthma is now recognised 

as a syndrome, with two key features: a history of respiratory symptoms and the presence of 

variable expiratory airflow limitation (Pavord et al. 2018; Global Initiative for Asthma 2019). 

1.1.2 Asthma heterogeneity 

Clinical clusters of asthma have been delineated according to age of onset, atopic status, 

pattern and severity of respiratory symptoms and inflammation (Gauthier, Ray, and Wenzel 

2015). Among them, atopic asthma is the most commonly encountered form, usually with an 

early-onset in childhood. Patients with atopic asthma produce IgE specific to innocuous 

antigens called allergens, attested by the presence of specific IgE in serum or a positive skin 

prick test (Comberiati et al. 2017). In these patients, inhalation of a specific allergen, most 

commonly house dust mite (HDM), pollen, animal dander or fungal spores, is thought to 

actively participate in the pathophysiology (Gauvreau, El-Gammal, and O’Byrne 2015).  

Moving away from clinical phenotyping, research has recently focused on defining subtypes 

of asthma according to the molecular pathways involved. Asthma has been originally 

considered as a prototypical disease of type-2 adaptive immunity, whereby T helper 2 (TH2) 

cells drive airway inflammation by secreting the type-2 cytokines interleukins 4, 5 and 13 (IL-

4, IL-5, IL-13), leading to airway eosinophilia, production of allergen-specific IgE, AHR, mucus 

hypersecretion and airway remodelling. Asthma presentations associated with this 

eosinophilic inflammation have been labelled as “TH2 high”. However, recent studies have 

revealed that innate cells such as group 2 innate lymphoid cells (ILC2s), basophils and mast 

cells could also be responsible for producing type-2 cytokines and driving the pathology, 

therefore the label “TH2 high” was replaced by “Type-2 high”. In contrast, an important 

proportion of patients do not show evidence of type-2 inflammation, with a wide spectrum of 
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presentations ranging from neutrophilia to pauci-granulocytic inflammation which are currently 

considered as “Type-2 low” asthma (Gauthier, Ray, and Wenzel 2015; Lambrecht, Hammad, 

and Fahy 2019). Therefore, with the advance of “omics” technologies, asthma unravelled itself 

as a label regrouping heterogeneous processes and this classification is likely to evolve, with 

the current aim to identify molecular pathways responsible for a given phenotype in a specific 

patient to deliver precision medicine (Pavord et al. 2018).  

1.1.3 Current asthma therapies 

Asthma management currently aims to reduce two traits: the occurrence of symptoms as a 

result of variable expiratory airflow limitation and the risk of asthma attacks (Pavord et al. 

2018).  

Airflow limitation has been attributed to excessive airway smooth muscle contraction either to 

specific (allergens) or non-specific (exercise, cold air) stimuli, but also to mucus 

hypersecretion, oedema and airway remodelling when persistent (Barnes 2017). 

Bronchodilators are used to relieve and prevent symptoms due to airflow limitation, with the 

gold standard long-acting β2-adrenoreceptor agonists (LABA) formoterol and salmeterol. With 

a different mechanism of action, leukotrienes receptor antagonists (LTRA) (e.g. montelukast) 

and the long-acting muscarinic antagonist (LAMA) tiotropium are also used as add-on 

bronchodilators (Global Initiative for Asthma 2019). 

On the other hand, airway inflammation has been linked with the risk of asthma attacks, which 

are acute episodes of increased symptoms with a high risk of mortality and increased disease 

progression (Pavord et al. 2018). Therefore, anti-inflammatory therapies are a cornerstone of 

asthma management, with the gold standard anti-inflammatory inhaled corticosteroids (ICS) 

(e.g. beclomethasone, budesonide) (Global Initiative for Asthma 2019). New biological 

therapies targeting specific inflammatory pathways are also emerging and aimed at specific 

subgroups of patients. The anti-IgE monoclonal antibody omalizumab has been approved as 

add-on therapy in atopic asthma and four monoclonal antibodies targeting type-2 cytokines as 

add-on therapies in severe asthma associated with a type-2 high phenotype, namely 

mepolizumab (anti-IL-5), reslizumab (anti-IL-5), benralizumab (anti-IL-5Rα) and dupilumab 

(anti-IL-4Rα) (Global Initiative for Asthma 2019). 

Current guidelines recommend that asthma management relies on the combination of anti-

inflammatory and bronchodilator therapies as a controller medication to prevent attacks and 

symptoms, with ICS-LABA being the mainstay of controller therapy. This approach is 

conducted in a step-wise manner, by increasing ICS-LABA doses and/or adding 

complementary therapies (LTRA, LAMA, biologicals) until satisfactory control is achieved 
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(Figure 1-1). As of 2019, ICS-LABA is also used as a reliever medication taken in case of 

symptoms occurring in spite of the controller therapy (Global Initiative for Asthma 2019). 

     STEP 5 

    STEP 4 Daily high dose 

ICS-LABA 

± add-on  

tiotropium 

anti-IgE 

anti-IL-5/IL-5R 

anti-IL-4R 

 

   STEP 3 Daily medium 

dose ICS-LABA   STEP 2 Daily low dose 

ICS-LABA  STEP 1 Daily low dose 

ICS  

or as-needed 

low dose ICS-

formoterol 

Preferred 

controller 

As needed 

low dose 

ICS-

formoterol 

Other options Low dose 

ICS 

whenever 

SABA 

taken 

LTRA or low 

dose ICS 

whenever 

SABA taken 

Medium dose 

ICS or low dose 

ICS + LTRA 

High dose ICS 

± tiotropium or 

LTRA 

Add low dose 

OCS 

Preferred reliever As needed low dose ICS-formoterol 

Other option As needed SABA 

Figure 1-1 GINA guidelines 2019 for asthma management in asthmatics 12+ years  

Adapted from (Global Initiative for Asthma 2019). ICS: Inhaled Corticosteroid, SABA: Short-Acting β2-

adrenoreceptor Agonist, LTRA: Leukotrienes Receptor Antagonist, LABA: Long-Acting β2-

adrenoreceptor Agonist. 

 

Despite current therapies, an important number of patients remain uncontrolled, with either 

poor symptom control, acute exacerbations and/or presenting airflow limitation (Chung et al. 

2014). In 2014, an online survey of 8000 European asthmatic patients found that overall 45% 

of the respondents had uncontrolled asthma, ranging from 29 to 49% across GINA-defined 

treatment levels (Price, Fletcher, and van der Molen 2014). In addition of the burden of 

experiencing symptoms, uncontrolled asthma has major consequences as it is a high risk 

factor for asthma attacks and therefore a high risk of mortality (Price, Fletcher, and van der 

Molen 2014; Pavord et al. 2018). In addition, an estimated 5 to 10% asthmatic patients have 

severe asthma that requires a high dose of corticosteroids or remains uncontrolled despite 

this therapy (Chung et al. 2014). While uncontrolled asthma may be due to non-adherence, a 

significant proportion of patient does not respond to current therapies. Therefore, it is 

necessary to decipher different molecular pathways than those targeted by current therapies. 

This thesis will be focused on investigating new molecular pathways involved in provoking 

airflow limitation in atopic asthma.  
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1.2 Atopic asthma pathophysiology 

Atopic asthma has been considered as the result of a dysregulated type-2 adaptive response 

to an innocuous antigen driven by TH2 cells, with the presence of IgE and eosinophilia being 

hallmarks of TH2 inflammation. However, recent findings have suggested that innate immune 

cells also play an important role in driving type-2 responses. This section summarises the 

current paradigm on how airway inflammation develops in atopic asthma, with the nuance that 

pathophysiological processes are likely to differ between patients (Gauthier, Ray, and Wenzel 

2015; Lambrecht, Hammad, and Fahy 2019). 

1.2.1 Adaptive type-2 immunity in atopic asthma 

As previously mentioned, the traditional paradigm views atopic asthma as resulting from an 

aberrant type-2 adaptive response to an innocuous antigen named allergen, driven by TH2 

cells. In this paradigm, TH2-driven airway inflammation involves two phases: sensitisation 

upon initial allergen inhalation and allergic airway response upon subsequent allergen re-

exposure (Lambrecht and Hammad 2015; Lambrecht, Hammad, and Fahy 2019; Lloyd and 

Snelgrove 2018). 

1.2.1.1 Sensitisation to the allergen 

In atopic patients, initial exposure to an allergen can lead to sensitisation, that is the priming 

of immune cells to induce allergic responses to the specific allergen. Upon initial exposure, 

the inhaled allergen is captured and processed by dendritic cells (DCs) in the airways. DCs 

migrate to lung draining lymph nodes and present processed allergen peptides via major 

histocompatibility complex class II (MHC II) molecules to naïve CD4+ T helper cells (TH0) 

bearing T cell receptors (TCRs) specific to the allergen. This triggers the differentiation of TH0 

cells into allergen-specific TH2 cells producing the type-2 cytokines IL-4, IL-5 and IL-13 under 

the master transcription factor GATA3. Following DC-TH2 interaction, subsets of TH2 cells 

migrate to B cell zones of the lymph node and differentiate into T follicular helper cells (TFH) 

that interact with allergen-specific B cells and secrete IL-4, inducing immunoglobulin class 

switching and the production of allergen-specific IgE by B cells. Other TH2 cells migrate to the 

lung tissue and produce IL-5 and IL-13. Circulating IgE binds to high affinity receptors FcεRI 

expressed on tissue-resident mast cells and circulating basophils but also on other innate cells 

such as DCs, priming these immune cells to respond to future allergen exposure and elicit 

type-2 responses (Lambrecht and Hammad 2015; Lambrecht, Hammad, and Fahy 2019; 

Lloyd and Snelgrove 2018).  
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1.2.1.2 Re-exposure to the allergen 

Upon re-exposure, the allergen crosslinks IgE-FcεRI complexes on tissue-resident mast cells 

and recruited basophils, leading to the release of mediators such as cysteinyl-leukotrienes 

(CysLTs) which are potent inducers of bronchoconstriction, airway oedema and mucus 

secretion. In addition, allergen exposure activates local monocyte-derived cells such as DCs 

and macrophages, that recruit circulating TH2 cells in the airways via secreting chemokines 

such as CCL17, CCL22 and reactivate TH2 cells via IgE-dependent allergen presentation. TH2 

effector cells thereby produce IL-4, IL-5 and IL-13 cytokines which promote type-2 responses 

(Figure 1-2). Mast cells and basophils activated by IgE-FcεRI crosslinking also produce IL-4 

and IL-13, amplifying the reaction (Lambrecht and Hammad 2015; Lambrecht, Hammad, and 

Fahy 2019).  

Based on observations originally made in mouse models of allergic airway disease induced 

by ovalbumin (OVA), these cytokines IL-4, IL-5 and IL-13 are thought to be responsible for 

orchestrating the pathophysiological changes seen in atopic asthma, that are airway 

eosinophilia, AHR, excessive mucus production and airway remodelling (Figure 1-2) 

(Lambrecht and Hammad 2015; Lambrecht, Hammad, and Fahy 2019). 

1.2.1.3 Effects of IL-5 cytokine 

Indeed, mouse models have demonstrated that IL-5 has a critical role in inducing airway 

eosinophilia, by promoting eosinophil expansion and differentiation in the bone marrow and 

the release of eosinophils into the circulation. Chemokines named eotaxins secreted in 

inflamed airways bind to CCR3 receptors on circulating eosinophils and induce their 

recruitment to the airways. In airway tissues, IL-5 promotes the survival of recruited 

eosinophils (Lambrecht, Persson, and Hammad 2017). The crucial role of IL-5 in inducing 

eosinophilia has been confirmed in human with the testing of the anti-IL-5 monoclonal 

antibodies mepolizumab (anti-IL-5), reslizumab (anti-IL-5) and especially benralizumab (anti-

IL-5Rα) which profoundly reduce blood and tissue eosinophil counts in patients with severe 

uncontrolled asthma and high blood eosinophilia (Haldar et al. 2009; Bjermer et al. 2016; 

Castro et al. 2015; Bleecker et al. 2016; FitzGerald et al. 2016). Although the precise role of 

eosinophilia in asthma remains unclear, clinical studies have suggested that it is linked to the 

risk of asthma exacerbations (Haldar et al. 2009; Castro et al. 2015; Bleecker et al. 2016; 

FitzGerald et al. 2016; Yancey et al. 2017). 
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1.2.1.4 Effects of IL-4 and IL-13 cytokines 

IL-4 binds to IL-4Rα subunit, which can be found assembled as IL-4Rα/γC heterodimers on 

hematopoietic cells and IL-4Rα/IL-13Rα1 heterodimers on non-hematopoietic cells. IL-13 

binds to IL-13Rα1 subunit and therefore shares with IL-4 the common receptor IL-4Rα/IL-

13Rα1. As a result, it has been shown that IL-4 and IL-13 can provoke complementary and 

redundant actions, although IL-4 and IL-13 appear to be secreted at different locations and 

could therefore be involved in distinct processes (Marone et al. 2019; Lambrecht, Hammad, 

and Fahy 2019). 

IL-4 is a prototypical TH2 cytokine as it drives TH0 differentiation into TH2 cells and induces IgE 

production by B cell class switching from IgM (Steinke and Borish 2001). IL-13 can also induce 

the production of IgE, however IL-4 was shown to be mostly produced by TFH cells that are 

located in lymph nodes and interact with B cells (Marone et al. 2019; Lambrecht, Hammad, 

and Fahy 2019). 

IL-4 and IL-13 have also been shown to promote airway eosinophilia. Indeed, IL-4 and IL-13 

upregulate vascular cell adhesion molecule-I (VCAM-I) on endothelial cells, allowing the 

endothelial transmigration of circulating eosinophils into the airways. Anti-IL-4 and anti-IL-13 

therapies have indeed been associated with elevated eosinophil counts in the blood but a 

decrease in the airway tissue compartment. In addition, IL-4 and IL-13 promote eosinophil 

chemotaxis via driving the production of eotaxins by epithelial cells (Steinke and Borish 2001; 

Marone et al. 2019; Lambrecht, Persson, and Hammad 2017).  

In mouse models, IL-13 is thought to promote goblet cell metaplasia, subepithelial fibrosis and 

AHR, although the link between IL-13 and AHR is controversial (Grünig et al. 1998; Kumar et 

al. 2002; Webb et al. 2000; Cohn, Tepper, and Bottomly 1998). Studies have also shown that 

IL-4 exerts redundant effects (Grünig et al. 1998; Perkins, Wills-Karp, and Finkelman 2006; 

Brusselle et al. 1994). As IL-4 and IL-13 share a common receptor, it has been hypothesised 

that IL-13 may be more important in exerting these effects because of a higher production of 

IL-13 at effector sites (Lambrecht 2019, Perkins 2006). Nonetheless, anti-IL-13 and anti-IL-4 

monoclonal antibodies have showed inconsistent results in asthmatic patients and therefore 

their biological effects remain uncertain (Marone et al. 2019). Efficacy was however obtained 

in severe asthma with the anti-IL-4Rα monoclonal antibody dupilumab on reducing asthma 

exacerbations. Dupilumab inhibits both IL-4 and IL-13 signalling, perhaps reflecting the 

redundancy of IL-4 and IL-13 actions (S. Wenzel et al. 2016; Castro et al. 2018; Rabe et al. 

2018). 
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Figure 1-2 TH2-driven airway inflammation upon allergen challenge 

Representation of simplified inflammatory events triggered by allergen challenge and leading to TH2-

driven airway eosinophilia, AHR and goblet cell metaplasia. In sensitised individuals, allergen challenge 

leads to the activation of TH2 subsets that produce IL-4, IL-5 and IL-13. In lymph nodes, the secretion 

of IL-4 by TFH induces the production of specific IgE by B cells. Mast cells and basophils armed with 

specific IgE degranulate upon allergen challenge and secrete a wide range of mediators provoking 

bronchoconstriction. In the airways, type-2 cytokines trigger airway eosinophilia: IL-13 induces the 

secretion of eotaxins that recruit eosinophils to the airways, IL-4 and IL-13 upregulate endothelial 

adhesion molecules that promote eosinophil extravasation and IL-5 promotes the survival of eosinophils 

in the tissues. IL-13 has also been involved in provoking goblet cell metaplasia and AHR. Adapted from 

(Lambrecht, Persson, and Hammad 2017; Lambrecht, Hammad, and Fahy 2019).  
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1.2.2 Innate type-2 immunity in atopic asthma 

It remains unclear why certain patients would develop a type-2 adaptive response to allergens. 

Genetic variants and epigenetic regulation of genes encoding cytokines and receptors 

involved in the adaptive response have been associated with an increased risk of asthma 

(Lambrecht, Hammad, and Fahy 2019). Environmental factors are also increasingly depicted 

as important factors shaping type-2 adaptive responses, including microbiome composition, 

with the influence of hygiene, diet and infectious diseases, as well as exposure to pollutants. 

DCs appear to be crucial in determining the polarisation of the T cell response and the 

activation of pattern recognition receptors (PRRs) or G protein coupled receptors (GPCRs) by 

certain microbiome-derived metabolites have been shown to promote TH2-polarising DCs 

(Lambrecht and Hammad 2017).   

However, the recent development of mouse models of allergic airway disease using natural 

allergens such as house dust mite (HDM) have revealed that innate immunity could also play 

an important role in shaping type-2 adaptive responses. Indeed, allergens such as HDM, 

Alternaria fungi or papain can activate PRRs or protease-activated receptors 2 (PAR2) on 

epithelial cells and induce their rapid release of “alarmins” cytokines including IL-33, IL-25 and 

thymic stromal lymphopoietin (TSLP) (Lambrecht, Hammad, and Fahy 2019; Hammad and 

Lambrecht 2015). These cytokines IL-33, IL-25 and TSLP were shown to activate a subset of 

DCs that promote TH2 polarisation (Lambrecht, Hammad, and Fahy 2019; Hammad and 

Lambrecht 2015). In addition, studies have suggested that air pollutants and microbiome 

products can also activate PRRs on epithelial cells and modulate their release of alarmins, 

thereby influencing the adaptive immune response (Hammad and Lambrecht 2015).  

Importantly, these mouse models led to the discovery of group 2 innate lymphoid cells (ILC2s) 

that are tissue-resident innate immune cells that lack antigen specific receptors but produce 

IL-5 and IL-13. Upon allergen exposure, epithelial-derived IL-33, IL-25 and TSLP activate 

ILC2s to release IL-5 and IL-13 (Lambrecht, Hammad, and Fahy 2019; Hammad and 

Lambrecht 2015) (Figure 1-3). In mouse models, ILC2s have been involved in the 

sensitisation to allergens, potentially by acting as APCs via their expression of MHC II and by 

secreting IL-13 that promote DCs migration to lymph nodes and the subsequent priming of 

TH2 cells (Lambrecht, Hammad, and Fahy 2019; Lloyd and Snelgrove 2018; Halim et al. 2014). 

ILC2s have also been involved in the TH2 effector response upon allergen re-challenge, by 

secreting IL-13 that stimulate CCL17 production by DCs and the recruitment of TH2 cells to 

the airways (Halim et al. 2016).  

In fact, these mouse models using natural allergens also revealed that other cells than TH2 

cells could drive type-2 responses, with studies suggesting that ILC2s secrete significant 
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amounts of IL-5 and IL-13 that can provoke eosinophilia, goblet cell metaplasia and AHR in 

the absence of B and T cells. In addition, mast cells and basophils also secrete IL-4 and IL-

13 upon stimulation by IL-33, IL-25 and TSLP (Lambrecht, Hammad, and Fahy 2019).   

These findings led to re-evaluate the paradigm of a central DC-TH2 response in favour of an 

integrated response, where the local environment is perceived by tissue-resident cells that 

signal changes to innate immune cells. The latter can induce early type-2 responses and/or 

instruct adaptive immune cells to mount a specific type-2 response with a longer time span 

(Lloyd and Snelgrove 2018) (Figure 1-3).  

It is however unclear how TH2 and ILC2 responses are interdependent in atopic asthma, as 

their relative roles depend on the mouse model used (Halim et al. 2014; B. W. S. Li et al. 2016) 

and the contribution of ILC2s is yet to be determined in human atopic asthma. Nonetheless, it 

has been suggested that ILC2 cells could be more important in severe forms of eosinophilic 

inflammation found in older patients, that are less responsive to corticosteroids and associated 

with chronic rhinosinusitis with nasal polyposis (Lambrecht, Hammad, and Fahy 2019).   
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Figure 1-3 Interplay between innate and adaptive type-2 responses in asthma  

Representation of simplified and hypothetical interactions between innate and adaptive immune cells 

in atopic asthma. Allergens can stimulate PRRs and PAR2 receptors on epithelial cells, potentially via 

their protease activity, endotoxin content or oxidant activity, thereby triggering the rapid release of 

alarmins IL-33, IL-25 and TSLP amongst other danger signals. Components of the environment such 

as air pollutants or microbiome-derived products can also modulate this epithelial response. Released 

alarmins stimulate innate cells such as ILC2s, mast cells and basophils to secrete the type-2 cytokines 

IL-4, IL-5 and IL-13 in varying abundance. Activated ILC2s produce significant amounts of IL-5 and IL-

13, which can potentially induce type-2 responses independently from TH2 cells but also boost DC-T 

cells interactions to mount a type-2 adaptive response specific to the allergen. In addition, ILC2s 

produce IL-9 that stimulates mast cells expansion and survival. Based on (Lloyd and Snelgrove 2018; 

Lambrecht, Hammad, and Fahy 2019). 
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1.3 Allergen inhalation challenge  

As patients are continuously exposed to allergens, it is hard to decipher the different 

mechanisms involved in the pathology. However, in the laboratory, inhalation of a high dose 

of a specific allergen by mild stable atopic asthmatics replicates key features of asthma, with 

reversible airflow obstruction specific to the allergen, eosinophilic airway inflammation and 

AHR to nonspecific stimuli such as the bronchoconstrictor methacholine (MCh). Allergen 

inhalation challenge studies therefore provide a model to study the temporality and the 

mechanistic of events leading to airway inflammation and airflow limitation driven by allergic 

mechanisms in mild atopic asthmatics (Gauvreau, El-Gammal, and O’Byrne 2015; O’Byrne, 

Gauvreau, and Brannan 2009). This same principle is exploited in animal models of asthma, 

with animals being firstly sensitised to an allergen then exposed to allergen topical challenge 

with various frequencies. In fact, most of the mechanisms of airway inflammation depicted in 

previous sections comes from human and animal allergen challenge studies (Gauvreau, El-

Gammal, and O’Byrne 2015; Lambrecht and Hammad 2015; Lambrecht, Hammad, and Fahy 

2019). 

Although allergen-induced bronchoconstriction has received less attention than airway 

inflammation in preclinical models, reversible airflow obstruction is a key feature of atopic 

asthma. In the laboratory, acute inhalation of a high dose of a specific allergen by mild stable 

atopic asthmatics provokes a decrease in lung function FEV1 (≥ 20% from baseline) within 10 

min and resolving within 2 h named the early asthmatic response (EAR). Around half of the 

patients also experience a delayed and prolonged decrease in FEV1 (≥ 15 % from baseline) 

known as the late asthmatic response (LAR), occurring from 3 to 7 h and with a maximum 

between 8 and 12 h post-challenge (Diamant et al. 2013) (Figure 1-4). The LAR is 

characteristically accompanied by an influx of inflammatory cells in the airways that comprises 

mostly eosinophils but also basophils and neutrophils. This late response is also associated 

with the development of AHR, evaluated by a left-shift in the concentration-response to 

bronchoconstrictors such as methacholine (MCh) or histamine (Diamant et al. 2013).  
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1.3.1 The early asthmatic response (EAR) 

It is agreed that the EAR results from the allergen crosslinking IgE-FcεRI complexes on tissue-

resident mast cells and inducing their fast release of preformed histamine and de novo 

synthesised CysLTs LTC4, LTD4 and prostaglandin PGD2, which induce airway smooth 

muscle contraction, mucus secretion and vascular leakage. In order of importance, CysLTs 

are thought to account for the majority of the EAR, followed by histamine and to a lesser extent 

PGD2 (Gauvreau, El-Gammal, and O’Byrne 2015; Bradding and Arthur 2016), a finding 

supported by allergen challenge studies testing CysLTs receptor antagonists (LTRAs) and 

histamine H1 receptor antagonists on human EAR (Roquet et al. 1997; Hamilton et al. 1998; 

Leigh et al. 2002; Diamant et al. 1999; Davis et al. 2009). 

1.3.2 The late asthmatic response (LAR) 

The mechanism of the LAR is lesser known than the EAR and yet, the LAR is considered to 

be a more relevant endpoint for studying mechanisms of allergen-induced airflow limitation 

and inflammation in atopic asthma, for one fact that it is a prolonged drop in lung function and 

is associated with inflammatory cell influx and AHR (Gauvreau, El-Gammal, and O’Byrne 

2015; O’Byrne, Gauvreau, and Brannan 2009). More importantly, a reduction of the LAR 

harbours important negative predictive value on the reduction of symptoms due to airflow 

limitation. As such, the gold standard therapies ICS, LABAs, LTRAs and anti-IgE omalizumab 

have all shown an important reduction of the LAR in atopic asthmatics (Gauvreau, El-Gammal, 

and O’Byrne 2015; O’Byrne, Gauvreau, and Brannan 2009). 

The inhibition of the LAR by long-acting β2 agonists (LABAs) suggests that LAR entails 

bronchoconstriction (Dente et al. 1999; Pizzichini et al. 1996; Duong et al. 2007). Due to the 

potent reduction of the LAR and associated inflammation exerted by corticosteroids, the LAR 

is thought to result from the recruitment of eosinophils and basophils in the airways and 

releasing mediators such as CysLTs causing bronchoconstriction, mucus secretion and 

oedema (Gauvreau, El-Gammal, and O’Byrne 2015; O’Byrne, Gauvreau, and Brannan 2009). 

However, the causal link between airway inflammation and airflow limitation is still unclear. 

For this reason, this thesis aimed to investigate possible mechanisms driving the LAR, which 

could lead to identify new endotypes associated with airflow limitation in atopic asthma. 
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Figure 1-4 Kinetics of the EAR and LAR  

Allergen challenge triggers an immediate drop in lung function named the early asthmatic response 

(EAR) provoked by mast cell degranulation, followed in half of the patients by another delayed and 

prolonged drop in lung function named the late asthmatic response (LAR) associated with an influx of 

inflammatory cells comprising eosinophils, basophils and neutrophils in the airways. Adapted from 

(Diamant et al. 2013; Lambrecht, Persson, and Hammad 2017). 
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1.4 The role of inflammatory cells in the late asthmatic response 

The following sections present the current evidence on the involvement of inflammatory cells 

in the LAR. The therapies tested in allergen challenge studies in atopic asthmatics that are 

discussed in this thesis are summarised in (Table 1). 

1.4.1 T cells 

T cells are lymphoid-derived cells which mature in the thymus and continue their differentiation 

in lymph nodes. T cells are characterised by their expression of a T cell receptor (TCR) that 

recognises a specific antigen. After presentation of the antigen by antigen presenting cells 

(APCs) such as DCs, naïve T cells differentiate into different subsets depending on the 

cytokine environment. CD4+ T cells recognise antigens presented on MHC II molecules and 

differentiate into TH1, TH2, TH9, TH17 helper cells or regulatory T cells (Treg) that secrete distinct 

cytokines that orchestrate effector responses. Tregs have been shown to induce tolerance to a 

specific antigen, notably by secreting IL-10, IL-35 and transforming growth factor β (TGF-β) 

and suppressing TH effector responses (Lambrecht, Hammad, and Fahy 2019; Shamji and 

Durham 2017). In contrast, CD8+ T cells recognise antigens presented on MHC I molecules 

and differentiate into cytotoxic T cells that can secrete different cytokines and induce apoptosis 

in target cells (Pennock et al. 2013).  

1.4.1.1 CD4+ TH2 cells as drivers of the LAR 

CD4+ TH2 cells seem to predominate in atopic asthma and secrete the type-2 cytokines IL-4, 

IL-5 and IL-13. It is not clear whether allergen challenge is associated with an increase in 

CD4+ T cell numbers in the airways, however, studies have consistently suggested TH2 cells 

activation in the airways after allergen challenge (Bentley et al. 1993; D. Robinson et al. 1993). 

One of the arguments in favour of TH2 cells driving the LAR is the observation that 

immunosuppressive therapies inhibit the LAR in atopic asthmatics. As such, a single dose of 

inhaled corticosteroids significantly reduced the LAR in several studies (Cockcroft and 

Murdock 1987; Kidney et al. 1997; Parameswaran et al. 2000). Likewise, an inhibitor of T cell 

activation, cyclosporin A, inhibited the LAR, with a reduction in CD4+ cell numbers in bronchial 

biopsies (Khan et al. 2000). A novel DNA enzyme that inactivates GATA3, the master 

transcription factor of TH2 cytokines, also attenuated the LAR (Krug et al. 2015). In addition, 

the LAR can be modelled in atopic asthmatics by administering allergen epitopes that induce 

T cell activation in a HLA-dependent manner, further supporting a role for T cells in driving the 

LAR (Haselden, Kay, and Larché 1999; Ali et al. 2004).  
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While these therapies are not specific to TH2 cells, animal models have provided the 

opportunity to specifically target CD4+ T cells in the LAR. In two mouse OVA models, depleting 

CD4+ cells with an anti-CD4 antibody abolished the LAR (Meyts et al. 2008; Nabe et al. 2011), 

a finding replicated in CD4-deficient mice (Baker et al., 2017). In addition, adoptive transfer of 

OVA-reactive CD4+ T cells elicited a progressive and late-onset bronchospasm in rats and 

mice upon OVA challenge (A. Watanabe et al. 1995; Ohtomo et al. 2009). These data suggest 

that CD4+ TH2 cells are indeed important in driving the LAR.  

1.4.1.2 Imbalance in CD4+, CD8+ T cells and Tregs subpopulations in the LAR 

Concurrently, this predominance of CD4+ TH2 cells seems to be associated with a 

downregulation of CD8+ and Tregs cell populations in the LAR. Indeed, a lower Treg to CD4+ 

cells ratio was found in the sputum of atopic asthmatics experiencing both an EAR and LAR 

(dual responders) compared to patients solely experiencing an EAR (single responders) 

(Kinoshita et al. 2014). Similarly, a lower CD8+ to CD4+ cell ratio was found in bronchoalveolar 

lavage (BAL) fluid (Gonzalez et al. 1987) as well as decreased numbers in IFN-γ+ CD8+ T cells 

in blood of dual responders compared to single responders (Yoshida et al. 2005). In fact, 

animal models have shown that CD8+γδ T cells producing IFN-γ played a protective role in 

the LAR by suppressing TH2 cell function (Isogai et al. 2003; 2004; 2007; 2005; Baker et al. 

2017). Overall, these data suggest that an imbalance in the ratio of inhibitory to pro-

inflammatory T cells could drive the predominance of TH2 cell population in the LAR and further 

support a role for CD4+ TH2 cells in driving the LAR.  

1.4.1.3 Effector function of CD4+ TH2 cells in the LAR 

Animal models have suggested that CD4+ TH2 cells orchestrate a cascade of events that leads 

to airway inflammation and airflow limitation by producing type-2 cytokines (Lambrecht and 

Hammad 2015). Indeed, adoptive transfer of OVA-primed CD4+ T cells elicited an LAR-like 

bronchospasm in rats and this was abolished by pre-treating OVA-CD4+ T cells with an anti-

IL-4 antisense oligonucleotide (Molet et al. 1999). In another mouse OVA model, the LAR was 

attenuated by neutralising IL-13 (Taube et al. 2002). The development of monoclonal 

antibodies has allowed to test whether this was the case in human. So far, approaches 

targeting IL-13 cytokines have been disappointing on the LAR in mild atopic asthmatics. The 

monoclonal antibody IMA-026 specific for the IL-13 epitope binding IL-13Rα1 and IL-13Rα2 

did not block the LAR. In contrast, IMA-638 (anrukinzumab) and lebrikizumab, two monoclonal 

antibodies specific for the IL-13 epitope binding IL-4Rα, seemed to reduce the LAR, although 

the effect of lebrikizumab was not statistically significant (Gauvreau et al. 2011; Scheerens et 

al. 2014). However, these mitigated results may be due to the redundancy of IL-4 and IL-13 
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actions. Indeed, an inhaled IL-4 mutein binding to IL-4Rα and acting as a competitive 

antagonist of IL-4/IL-13 named pitrakinra has demonstrated a 3.7 times reduction in the LAR 

(S. Wenzel et al. 2007). In addition, allergen challenge studies may not be appropriate for 

testing these targeted biologicals, as patients were not selected based on IL-4 or IL-13 

engagement in the pathology (D. S. Robinson 2014). As such, retrospective analysis found a 

higher effect of lebrikizumab on the LAR in periostin-high patients, a biomarker depending on 

IL-13 biology (Scheerens et al. 2014).  

Overall, the effect of IL-4Rα blockade on the LAR could indicate that IL-4 and IL-13 cytokines 

produced by TH2 cells are involved in driving the LAR, but it remains unclear how these 

cytokines, and by extent TH2 cells, lead to airflow limitation. In addition, these type-2 cytokines 

can also be produced by innate cells such as mast cells, basophils and ILC2s in varying 

abundance.  

1.4.2 The epithelium – innate cell axis  

As previously mentioned, mouse models using natural allergens such as HDM have revealed 

that innate immunity could also play an important role in triggering type-2 responses. In these 

models, allergen challenge stimulates epithelial cells and induces the rapid release of 

cytokines such as IL-33, TSLP and IL-25 that activate innate immune cells including basophils, 

mast cells and especially ILC2s to produce type-2 cytokines (Lambrecht, Hammad, and Fahy 

2019). Concurrently, allergen challenge has been associated with an increase in the number 

of mucosal cells immunoreactive for IL-33, IL-25 and TSLP on bronchial biopsies (Al-Sajee et 

al. 2018; W. Wang et al. 2018) and in the levels of TSLP and IL-33 proteins in BAL fluid of 

mild atopic asthmatics (Winkler et al. 2019; Fux et al. 2014). 

ILC2s reside in mucosal tissues and resemble TH2 cells in their abundant expression of IL-5 

and IL-13, but the difference is that ILC2 cells lack antigen specific receptors (van der Ploeg 

et al., 2020). Activated ILC2s expressing IL-5 and IL-13 have been found elevated in the BAL 

and sputum of atopic asthmatics at 24 h post-challenge, but no longer at 48 h in sputum 

(Winkler et al. 2019; Chen et al. 2017). This observation, conjoined with the rapid release of 

epithelial alarmins upon allergen challenge, with IL-33 found elevated within 10 min post-

challenge (Fux et al. 2014), led to hypothesise that ILC2s could be responsible for the early 

recruitment of eosinophils to the lungs (Chen et al., 2017; Cosmi & Annunziato, 2017; van der 

Ploeg et al., 2020).  

So far, ILC2s were shown to be involved in eosinophilia, goblet cell metaplasia and AHR in 

mouse models of allergic airway disease (Lambrecht, Hammad, and Fahy 2019), yet their role 

has not been explored in the LAR. Nonetheless, a recent study demonstrated that an anti-
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TSLP monoclonal antibody, tezepelumab, attenuated both EAR and LAR in atopic asthmatics 

(Gauvreau et al. 2014). In addition, human ILC2s are characterised by their expression of the 

PGD2 receptor CRTH2 and PGD2 is needed for their activation (Maric et al., 2019; van der 

Ploeg et al., 2020). Two CRTH2 antagonists were found to reduce the LAR without affecting 

the EAR in atopic asthmatics (Diamant et al. 2014; Singh et al. 2013). Therefore, these data 

could indicate a role for ILC2 cells, and more globally for the epithelium-innate cell axis, in 

driving the LAR.  

1.4.3 Eosinophils  

Whether produced by TH2 cells or other innate cells, type-2 cytokines are characteristically 

associated with airway eosinophilia (Lambrecht and Hammad 2015). Eosinophils are 

granulocytes that develop in the bone marrow from a myeloid progenitor and circulate in the 

blood as differentiated cells with a short life span. These cells are recruited in the airways by 

eotaxins and IL-5 promotes their survival in inflamed tissues (Lambrecht, Persson, and 

Hammad 2017). It has been a common assumption that recruited eosinophils are responsible 

for causing airflow limitation in the LAR, based on the observation that corticosteroids potently 

inhibit the LAR and associated airway eosinophilia (Gauvreau et al. 1996; Inman et al. 2001; 

Leigh et al. 2002; Becky Kelly, Busse, and Jarjour 2000; Parameswaran et al. 2000; Diamant 

et al. 2013). The effector function of eosinophils is attributed to their secretion of mediators 

that act on structural cells (Lambrecht, Persson, and Hammad 2017). Because eosinophils 

secrete CysLTs (Weller et al. 1983) and LTRAs were reported to reduce the LAR in atopic 

asthmatics (Roquet et al. 1997; Davis et al. 2009; Leigh et al. 2002), it has been hypothesised 

that recruited eosinophils could be responsible for a second wave of CysLTs after the EAR 

causing the LAR (Diamant et al. 2013).  

However, the assumption of a causal link between airway eosinophilia and airflow obstruction 

has been disputed. Patients with asthma were reported to exhibit the same degree of 

eosinophil infiltration than patients with Eosinophilic Bronchitis (EB), while EB is not associated 

with variable airflow limitation (Brightling, Bradding, et al. 2002; Brightling et al. 2003). In 

addition, animal models have shown that it is possible to induce prolonged airflow limitation to 

allergen exposure in the absence of eosinophil influx (Mizutani et al. 2012; A. Watanabe et al. 

1995) or an influx peaking later than airflow limitation (Meyts et al. 2008; S. L. Underwood et 

al. 2002). In human, it is less clear when eosinophilic inflammation peaks, but two time-course 

studies following patients across different timepoints have reported a peak between 24 and 

42 h post-challenge in BAL fluid or sputum (Lommatzsch et al. 2006; Gauvreau, Watson, and 

O’Byrne 1999).  
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IL-5 is a crucial driver of airway eosinophilia and the development of anti-IL-5 monoclonal 

antibodies has enabled to test the contribution of eosinophils in the LAR. So far, only 

mepolizumab (anti-IL-5) has been tested in an allergen challenge study (Leckie et al. 2000), 

with an ongoing trial for benralizumab (anti-IL-5Rα) (NCT02821416). However, in spite of 

preventing blood eosinophilia after allergen challenge, mepolizumab did not prevent the LAR 

in atopic asthmatics (Leckie et al. 2000). As for anti-IL-4/IL-13 therapies, this may be due to 

the non-selective design of allergen challenge studies. It has also been proposed that 

mepolizumab did not block the LAR because of an insufficient reduction in tissue eosinophils, 

a hypothesis which could be evaluated by the ongoing trial of benralizumab which has a 

reported quicker and more profound reduction in tissue eosinophils (Lambrecht, Hammad, 

and Fahy 2019; Kay and Menzies-Gow 2003). It has also been suggested that a combination 

therapy blocking IL-3, IL-5, GM-CSF and CCR3 receptors all involved in eosinophilopoiesis 

might be more efficient (Kay and Menzies-Gow 2003), but this hypothesis remains 

unanswered as both a CCR3 antagonist or antisense therapy blocking IL-3, IL-5, GM-CSF 

and CCR3 receptors did not reduce the LAR but also did not efficiently reduce airway 

eosinophil numbers (Gauvreau et al. 2008; 2018). Nonetheless, this failure of mepolizumab to 

block the LAR has led scientists to question the assumption of a causal link between 

eosinophilic inflammation and variable airflow limitation (Cockcroft 2014). 
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1.4.4 Role of IgE-dependent mechanisms  

Atopic asthma is associated with the production of allergen-specific IgE, a hallmark of TH2 

inflammation. While it is admitted that IgE is an essential trigger of the EAR, the dependence 

of the LAR on IgE-dependent mechanisms has been originally disputed. Indeed, the 

correlation between total or specific IgE levels and the LAR has been controverted (Stokes 

Peebles et al. 2001; Durham et al. 1984) and only half of the patients experiencing an EAR 

develop an LAR (Diamant et al. 2013). In addition, administration of allergen-derived T cell 

epitopes has elicited LAR-like responses in atopic asthmatics independently from an IgE 

mechanism or developing an EAR (Haselden, Kay, and Larché 1999; Ali et al. 2004). 

However, neutralising free IgE molecules with the monoclonal antibody omalizumab 

effectively reduced both EAR and LAR by 85% and 65% in atopic asthmatics, suggesting that 

IgE-dependent mechanisms are indeed involved in the LAR (Fahy et al. 1997). 

1.4.5 Mast cells and basophils  

IgE binds to high-affinity FcεRI receptors constitutively expressed on mast cells and basophils 

and allergen crosslinking of IgE/FcεRI complexes leads to mast cells and basophils activation 

and the release of bronchoconstrictor mediators such as CysLTs. Treatment with omalizumab 

has been associated with a fast downregulation of FcεRI receptors on mast cells and 

basophils, which could be a possible mechanism by which omalizumab reduces airflow 

limitation (Holgate et al. 2005). As both mast cells and basophils release similar mediators 

and so far no therapy has specifically targeted either cell type, it remains difficult to determine 

their relative contribution in the LAR. Therefore, the role of both cell types will be discussed in 

this section. 

Mast cells are long-lived granulated metachromatic cells residing in human tissues. These 

cells develop from a myeloid progenitor in the bone marrow and terminally differentiate in 

tissues under influences from the local environment. The differentiated cells contain numerous 

granules storing preformed mediators, such as histamine or proteases including the abundant 

mast cell tryptase used as a mast cell marker, and secrete a wide range of lipid mediators 

such as CysLTs (LTC4, LTD4, LTE4) and prostaglandins (PGD2) that are potent inducers of 

bronchospasm, mucus secretion and vascular leakage (Bradding and Arthur 2016). The 

allergen crosslinking IgE-FcεRI complexes on tissue-resident mast cells is unanimously 

believed to provoke the EAR. Indeed, allergen challenge is followed within minutes by the 

rapid elevation of tryptase and PGD2 in the airways, which are mediators mostly produced by 

mast cells. However, the involvement of mast cells in the LAR has been disputed on the 

observation that PGD2 and tryptase were found decreased or undetected in the BAL of 
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asthmatic patients at later timepoints from 12 to 48 h post-allergen challenge (O’Sullivan et al. 

1998; M. C. Liu et al. 1991; Sedgwick et al. 1991; S. E. Wenzel, Fowler, and Schwartz 1988).  

Basophils are granulocytes derived from a myeloid progenitor in the bone marrow and 

resemble mast cells with their FcεRI expression, metachromatic staining and secretion of 

mediators such as CysLTs and histamine, although mast cells seem to display a wider range 

of mediators. Unlike mast cells, basophils circulate in the blood as terminally differentiated 

cells with a short life span and can be recruited in inflamed tissues (Lambrecht, Persson, and 

Hammad 2017). An influx of basophils has been observed in the airways of atopic asthmatics 

within the timeframe of the LAR, with a peak at 7 h post-challenge and a higher increase in 

dual responders compared to single responders (Gauvreau et al. 2000). A single dose of 

corticosteroids has been shown to reduce this basophil influx (M. C. Liu et al. 2001).  

In addition to reducing the EAR, antagonists of CysLT receptors (LTRAs) inhibited the LAR in 

mild atopic asthmatics in several allergen challenge studies, with reductions in maximum FEV1 

fall between 30 and 63% compared to placebo (Leigh et al. 2002; Davis et al. 2009; Roquet 

et al. 1997; Diamant et al. 1999; Hamilton et al. 1998). Antagonists of histamine H1 receptors 

also reduced the LAR but with a more modest effect (Roquet et al. 1997; Davis et al. 2009) 

and the combination of LTRAs and antihistamines was associated with a 74 to 88% reduction 

(Roquet et al. 1997; Davis et al. 2009). Therefore, it has been hypothesised that mast cells 

degranulation provokes the EAR, following which the recruitment of basophils and their 

activation in the airways by an IgE-dependent mechanism leads to a second wave of 

mediators such as CysLTs causing the LAR (Gauvreau, El-Gammal, and O’Byrne 2015). 

However, a study reported that basophil infiltration represented less than 10% of infiltrating 

eosinophils in the bronchial mucosa of asthmatic subjects during the late phase response, 

while it represented approximately 40% in cutaneous late phase responses (Macfarlane et al. 

2000). Therefore, the relative importance of basophilic inflammation remains to be established 

in the LAR.  

In addition, the decrease of the mast cell markers PGD2 and tryptase may not necessarily 

imply that mast cells are not involved in the LAR, as mast cells can release different mediators 

at different timepoints (Bradding and Arthur 2016). CRTH2 antagonists (PGD2 receptor 

antagonists) and a tryptase inhibitor were found to reduce the LAR without affecting the EAR 

in atopic asthmatics (Diamant et al. 2014; Singh et al. 2013; Krishna et al. 2001). Therefore, 

mast cell activation during the EAR could induce the release of mediators that initiate the LAR 

(Bradding and Arthur 2016).  

In fact, mast cells have been considered as key cells in the development of airflow limitation 

in asthma. Indeed, mast cell infiltration in airway smooth muscle (ASM) bundles is a 
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characteristic feature of asthma (Brightling, Bradding, et al. 2002). As previously described, 

patients with Eosinophilic Bronchitis (EB) and patients with asthma present similar eosinophil 

infiltration and elevation of TH2 cytokines, but EB is not associated with variable airflow 

obstruction. However, ASM bundles are characteristically infiltrated by mast cells in asthma 

but not in EB, suggesting that mast cells situated in ASM bundles are key cells in airway 

obstruction processes in asthma (Brightling, Bradding, et al. 2002; Brightling, Symon, et al. 

2002; Brightling et al. 2003).  

Overall, mast cells and basophils could be involved in the LAR by releasing mediators such 

as CysLTs and histamine that contract the airway smooth muscle. However, it is important to 

note that the magnitude of LAR reduction exerted by LTRAs seems variable between studies, 

with a higher reduction in studies with patients exhibiting milder LAR responses in the placebo 

arm (Leigh et al. 2002; Davis et al. 2009; Roquet et al. 1997; Diamant et al. 1999; Hamilton et 

al. 1998). This variability seems to be found in the clinic, with heterogeneous responses to 

LTRAs as add-on controller therapy between asthmatic patients (Szefler et al. 2005). 

Furthermore, antihistamines are poorly efficacious in the clinic (O’Byrne 2009). Therefore, it 

is important to investigate alternative mechanisms of airflow limitation than CysLTs and 

histamine-mediated bronchospasm.   

Interestingly, mast cells have been shown to interact closely with airway nerves. In animal 

models of allergy, mast cells degranulation upon allergen challenge increased the excitability 

of airway sensory and parasympathetic nerves, an effect lasting for hours after allergen 

challenge (Undem and Taylor-Clark 2014; Bradding and Arthur 2016), further corroborating 

the notion that activation of mast cells during the EAR could initiate later events leading to the 

LAR. In fact, interactions between mast cells and nerves have been hypothesised to play an 

important role in triggering airflow limitation in asthma (Undem and Taylor-Clark 2014). 

Therefore, investigating the role of airway nerves could lead to discover new mechanisms 

triggering the LAR, and by extent airflow limitation in atopic asthma.   
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 Compound EAR LAR Eosinophils References 

LABA 
Formoterol 

Salmeterol 
↘↘ ↘↘ 

N.S. 

or ↘ 

(Duong et al. 2007; B. Pedersen 

et al. 1993; Pizzichini et al. 

1996; Dente et al. 1999; I. K. 

Taylor et al. 1992) 

ICS 

Budesonide 

Mometasone 

Fluticasone 

Beclometha-

sone 

N.S. or ↘ 

with regular 

treatment 

↘↘ ↘↘ 

(Gauvreau et al. 1996; Kidney et 

al. 1997; Inman et al. 2001; 

Leigh et al. 2002; Burge et al. 

1982; Cockcroft and Murdock 

1987) 

Anti-H1R 
Loratadine 

Desloratadine 
↘ ↘ ↘ at 7h 

(Roquet et al. 1997; Davis et al. 

2009) 

LTRA 

Zarfilukast 

Montelukast 

Pranlukast 

↘↘ ↘ 
N.S. 

or ↘ 

(Hamilton et al. 1998; Leigh et 

al. 2002; I. K. Taylor et al. 1992; 

Davis et al. 2009; Diamant et al. 

1999; Roquet et al. 1997) 

Anti-IgE Omalizumab ↘ ↘ N/A 
(Fahy et al. 1997; Trischler et al. 

2017) 

Anti-IL-5 Mepolizumab N.S. N.S. ↘↘ (Leckie et al. 2000) 

Anti- 

IL-13 

Lebrikizumab 

IMA-638 

IMA-026 

N.S. or ↘ N.S. or ↘ 
N/A  

or N.S. 

(Scheerens et al. 2014; 

Gauvreau et al. 2011) 

Anti- 

IL-4Rα 
Pitrakinra N.S. ↘ N.S. (S. Wenzel et al. 2007) 

Anti- 

TSLP 
Tezepelumab ↘ ↘ ↘ (Gauvreau et al. 2014) 

Anti-

CRTH2 

Setipiprant 

Timapiprant 
N.S. ↘ N.S. or ↘ 

(Diamant et al. 2014; Singh et al. 

2013) 

GATA-3 

DNAzyme 
SB010 ↘ ↘ N.S. (Krug et al. 2015) 

CCR3,  

IL-3, IL-5, 

GM-CSF 

inhibition 

TPI ASM8 

AXP1275 
N.S. or ↘ N.S. N.S. (Gauvreau et al. 2008; 2018) 

Tryptase 

inhibitor 
APC366 N.S. ↘ N/A (Krishna et al. 2001) 

Table 1 Allergen challenge studies in mild atopic asthmatics discussed in this thesis  

Based upon (Gauvreau, El-Gammal, and O’Byrne 2015; D. S. Robinson 2014; Hilvering and Pavord 

2016). ↘: decrease in the parameter. Eosinophils: measured in blood or airway compartment. N/A: not 

measured. N.S.: effect not statistically significant. 



41 
 

1.5 The role of airway nerves in the late asthmatic response 

Given previously discussed studies, it is still unclear which actions of inflammatory cells are 

responsible for causing airflow limitation in the LAR and more generally in atopic asthma. 

Before the discovery of corticosteroids and advances in immunology, asthma was considered 

as an alteration of the nervous system (Mazzone and Undem 2016). In fact, airway tone is 

predominantly governed by a parasympathetic reflex (Canning and Fischer 2001; Canning 

2006). Airway sensory nerves can be activated by a multitude of stimuli including inflammatory 

mediators and this can trigger parasympathetic cholinergic nerves to release acetylcholine 

(ACh) that stimulates airway smooth muscle cells to contract, epithelial glands to secrete 

mucus and vessels to dilate. Therefore, it has been hypothesised that airway nerves could be 

the missing link between inflammation and allergy symptoms (Undem and Taylor-Clark 2014). 

This section presents basic principles of airway innervation and the current evidence on the 

involvement of nerves in asthma and the LAR. 

1.5.1 Airway innervation  

1.5.1.1 Physiology of airway reflexes 

Breathing is an automatic function controlled by a network of neurons in the brainstem. On top 

of this, the respiratory system is constantly adjusting to chemical and mechanical pressures 

thanks to a dense sensory innervation. This functions as a reflex arc: afferent (sensory) nerves 

sense changes in local environment and communicate the information to integration centres 

in the central nervous system (CNS), which produce an output signal in efferent nerves that 

interact with effector cells such as skeletal, smooth muscle cells and glands, thereby regulating 

breathing and triggering protective reflexes such as cough and bronchospasm (Mazzone and 

Undem 2016) (Figure 1-5).  

The main nerve innervating the airways is the vagus nerve, which contains both afferent and 

efferent fibres. Two vagal nerve trunks project to the respiratory tract on each side of the body 

via distinct branches: the superior laryngeal nerve (SLN) innervating the larynx, the recurrent 

laryngeal nerve (RLN) the trachea, and pulmonary branches further bronchi and lung 

parenchyma (Mazzone and Undem 2016) (Figure 1-5). Past and around the airways, the 

vagus nerve innervates other organs including the heart and digestive tract. Early electronic 

microscopy studies found a higher density of nerves in the large airways (Jeffery and Reid 

1973; A. Laitinen 1985), however, nerves are found as far as terminal bronchioles (Larson et 

al. 2003).  
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Airway sensory neurons (airway vagal afferent nerves) sense changes in the airway 

environment thanks to receptors present on their airway terminals. These neurons are pseudo-

unipolar: their axons transmit action potentials from the airways to their central terminals in 

the brainstem, mostly located in the Nucleus Tractus Solitarii (NTS). Their cell bodies 

containing their nuclei are localised in the nodose or jugular ganglia at the base of the skull 

(Mazzone and Undem 2016) (Figure 1-5).  

While afferent nerves constantly send information to the CNS about the state of the airways, 

efferent nerves constantly send commands back to the respiratory tract. A dense innervation 

of efferent cholinergic parasympathetic nerves controls the tone of conducting airways, with 

its highest density in the large airways (Wine 2007). Parasympathetic preganglionic nerves 

originate from the Nucleus Ambiguus (NA) and Dorsal Motor Nucleus (DMN) in the brainstem 

and travel through the vagus nerve to parasympathetic ganglia in the vicinity of the airways. 

In these ganglia, preganglionic nerves synapse with postganglionic parasympathetic fibres 

that innervate airway smooth muscle cells, submucosal glands and vessels. Once stimulated, 

cholinergic postganglionic neurons release acetylcholine (ACh) which activates muscarinic 

receptors on effector cells and triggers bronchoconstriction and mucus secretion (Undem and 

Potenzieri 2012) (Figure 1-5). 

The sympathetic system is often described as the antagonist of the parasympathetic system. 

Surprisingly, airways of most species are scarcely innervated by sympathetic nerves, with few 

exceptions such as guinea pigs (Richardson and Beland 1976; Undem and Potenzieri 2012). 

Airway smooth muscle relaxation is rather mediated by the non-adrenergic non-cholinergic 

(NANC) system, with studies showing that NO is the predominant relaxant of human airways 

(Belvisi et al. 1992; Undem and Potenzieri 2012). However, while sympathetic nerves are 

scarcely found, adrenergic receptors are highly expressed in the airways, with a high density 

of β2 adrenergic receptors (Carstairs, Nimmo, and Barnes 1985). These GPCRs are coupled 

to Gs and their activation induces airway smooth muscle cells relaxation, a finding highly 

exploited in asthma with the potent bronchodilators β2-agonists LABAs and SABAs.  
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Figure 1-5 Airway innervation and reflexes  

Airway afferent (sensory) fibres are stimulated by chemical or mechanical stimuli in the airways (blue 

lines). The information is conveyed to integration centres in the CNS. The output can modulate 

breathing and provoke protective reflexes such as cough and cholinergic reflexes. In the case of a 

cholinergic reflex, efferent parasympathetic cholinergic fibres (red lines) are activated and release ACh 

in the airways, provoking reflex bronchospasm and mucus secretion. Based on (Mazzone and Undem 

2016; Grace et al. 2013). DMN: Dorsal Motor Nucleus; JUG: Jugular ganglia; NA: Nucleus Ambiguus; 

NOD: Nodose ganglia; NTS: Nucleus of the Solitary Tract; PΣ: Parasympathetic; RLN: Recurrent 

Laryngeal Nerve; SLN: Superior Laryngeal Nerve; VRG: Ventral Respiratory Group. 
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1.5.1.1 Electrophysiology of nerve activation 

Neurons convey information in the form of action potentials propagating through their axons. 

Chemical or mechanical stimuli can open ion channels on the neuronal membrane and lead 

to depolarisation. If the depolarisation reaches the threshold of activation of voltage-gated 

sodium channels (Nav), this provokes an action potential: Nav channels open, leading to an 

influx of Na+ and a rapid depolarisation, following which Nav inactivate and voltage-gated 

potassium channels (Kv) activate, leading to an efflux of K+ and repolarisation of the 

membrane. This local action potential depolarises the adjacent axon membrane and this leads 

to the propagation of action potentials down the axon in a single direction (Barnett and 

Larkman 2007). 

A nerve contains different neurons which can be differentially activated. The sum of action 

potentials recorded in a nerve is called “compound action potential”. Action potentials 

propagate along axons at different speeds depending on the axon proprieties: axons with a 

large diameter and electrically insulated by a gain of myelin possess fast conduction velocities, 

while unmyelinated axons with a small diameter exhibit slower conduction velocities. 

Electrically stimulating a nerve can activate axons present within this nerve and produce a 

compound action potential usually in three waves: the Aβ, Aδ and C-wave, from fastest to 

slowest as shown in (Figure 1-6). The Aβ and Aδ wave are comprised of action potentials 

propagated in fast conducting axons while the C-wave is comprised of potentials propagated 

in slow conducting axons. By extent, neurons have been classified according to their 

conduction velocity in the Aβ, Aδ and C-range (Mazzone and Undem 2016).  

 

Figure 1-6 Assessment of airway nerves conduction velocity 

To assess conduction velocity, the whole nerve is electrically stimulated and compound action potential 

firing recorded over time with a set of electrodes located at distance of the stimulation. Electrical 

stimulation produces a compound action potential usually in three waves, from fastest to slowest: Aβ, 

Aδ and C-wave, constituted by individual action potentials propagated in fast (Aβ, Aδ-range) and slow 

(C-range) conducting axons. Adapted from (Mazzone and Undem 2016). 
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1.5.2 Vagal afferent nerves 

Different types of afferent nerve fibres have been classified based on their conduction velocity, 

response to stimuli and location within the airways (Mazzone and Undem 2016). Extensive 

studies have also classified afferent fibres according to their cell body location in the nodose 

or jugular ganglia (Ricco et al. 1996; Undem et al. 2004; Kajekar et al. 1999; Chuaychoo et al. 

2005; 2006; Kwong et al. 2008). Due to the technical difficulty of studying nerves in human, 

this classification is mostly based on anaesthetised or in vitro preparations conducted in 

guinea pigs, as the morphology of guinea pig airway innervation presents similarities with that 

of humans (West et al. 2015). So far, four main subtypes of vagal afferent fibres have been 

described and this classification is summarised in (Table 2).  

1.5.2.1 Slowly adapting receptors (SARs) 

Slowly adapting receptors (SARs) are myelinated fibres derived mostly from the nodose 

ganglia that conduct in the fast Aδ-range (Schelegle and Green 2001; Canning et al. 2004). 

SARs play an important role in the regulation of breathing and were originally described as 

stretch receptors responsible for preventing lung over-inflation as part of the “Hering-Breuer 

reflex” (H. M. Coleridge, Coleridge, and Schultz 1989). SARs are mostly found in the lungs 

associated with the airway smooth muscle layer (Bartlett et al. 1976). These fibres possess a 

low mechanical threshold and are characteristically activated by lung distension: SARs fire 

each time inspiration occurs, as long as lung inflation is maintained (Bartlett, Sant’ambrogio, 

and Wise 1976). At peak inflation, SARs discharge switches off inspiratory centres in the NTS 

and inhibits cholinergic drive, promoting expiration and bronchodilation (Schelegle and Green 

2001; Mazzone and Undem 2016; Canning, Reynolds, and Mazzone 2001; Mazzone and 

Canning 2002a). 

1.5.2.2 Rapidly adapting receptors (RARs) 

Rapidly adapting receptors (RARs) are myelinated fibres derived mostly from the nodose 

ganglia that conduct in the fast Aδ-range (Ricco et al. 1996; Canning et al. 2004; Adcock et 

al. 2014). RARs are also stretch receptors with a low mechanical threshold and are thus very 

active during normal ventilation, with the difference that RARs quickly adapt to lung inflation 

and their discharge rapidly stops at the beginning of inspiration (Bergren 1997; Bergren and 

Sampson 1982; Sant’Ambrogio et al. 1978). RARs are found within the mucosa, with a higher 

density in large airways (Canning et al. 2004; Sant’Ambrogio et al. 1978; Mortola, 

Sant’ambrogio, and Clement 1975). 
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RARs seem to respond to any mechanical pressure applied to the respiratory tract, such as 

lung inflation/deflation, bronchoconstriction, but also oedema and mucus secretion (Bergren 

1997; Bergren and Sampson 1982; Sant’Ambrogio et al. 1978; Canning et al. 2004; 

Widdicombe 2003; Bonham et al. 1996; Kappagoda and Ravi 1989). Accordingly, RARs were 

shown to be strongly activated upon challenge with potent bronchoconstrictors such as LTD4 

or secondary to reflex bronchospasm caused by inflammatory mediators activating airway 

nerves (Bergren 1997; Canning et al. 2004). Recent findings suggested that RARs could in 

fact be activated by the release of adenosine triphosphate (ATP) that is generated by 

mechanical stretch, with ATP activating P2X2/3 purinergic receptors on RAR fibres (Canning 

et al. 2004; Weigand, Ford, and Undem 2012). 

RARs have generally not been shown to be directly activated by chemicals, however studies 

have reported subsets of RARs responsive to chemicals such as capsaicin or acids 

(Widdicombe 2003; Ho et al. 2001; Kollarik and Undem 2002; Adcock et al. 2014). In contrast 

to SARs, RAR axons terminating within the NTS seem to promote excitatory responses, 

including tachypnea, cough and potentially cholinergic bronchospasm and mucus secretion 

(Widdicombe 2003; Chou et al. 2008; Tatar, Sant’Ambrogio, and Sant’Ambrogio 1994; 

Canning, Reynolds, and Mazzone 2001; Mazzone and Canning 2002a; J. Yu et al. 1989). 

1.5.2.3 C-fibres 

C-fibres are unmyelinated afferent fibres that conduct in the slow C-range, with conduction 

velocities inferior to 1 m/s (Fox et al. 1993; Ricco et al. 1996). C-fibres appear to form a 

varicose network in the airway epithelial layer (Larson et al. 2003; West et al. 2015) and are 

described as chemosensitive fibres. Indeed, C-fibres appear only weakly activated by stretch 

or lung inflation and present sparse spontaneous activity at eupneic breathing but are 

characteristically activated by irritants such as capsaicin, cigarette smoke components and 

autacoids such as bradykinin (J. C. Coleridge and Coleridge 1984; Ho et al. 2001; Fox et al. 

1993; Ricco et al. 1996; Bergren 1997; Undem et al. 2004; Kollarik and Undem 2002; Kajekar 

et al. 1999). The observation that these fibres were normally quiescent but activated by 

noxious substances led to hypothesise that C-fibres are nociceptors conveying the information 

that lungs are exhibiting damage (Widdicombe 1982).  

C-fibres seem to be directly activated by chemical compounds, as the cognate receptors of 

compounds were found directly expressed on C-fibre neurons (Ho et al. 2001; Bergren 1997; 

Undem et al. 2004; Chuaychoo et al. 2006; 2005), such as TRPV1 for capsaicin (Kwong et al. 

2008; Nassenstein et al. 2010). In fact, C-fibres are commonly identified by their capsaicin 

response and/or their TRPV1 expression, but capsaicin-insensitive C-fibres also exist (Nasra 

and Belvisi 2009; Mazzone and Undem 2016; Kollarik et al. 2003; Adcock et al. 2014).  
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Interestingly, findings in guinea pigs and rodents have suggested that the phenotype of C-

fibres mostly depends on whether their cell body is localised in the nodose or jugular ganglia 

(Undem et al. 2004; Kwong et al. 2008; Nassenstein et al. 2010; Kollarik, Ru, and Undem 

2019):  

1.5.2.4 Jugular C-fibres 

Jugular C-fibres appear to be the most prominent C-fibres at the tracheal level (Ricco et al. 

1996; Hunter and Undem 1999; Undem et al. 2004) and express neuropeptides such as the 

tachykinins substance P and neurokinin A (NKA) (Hunter and Undem 1999; Ricco et al. 1996). 

These neuropeptides can be released at the site of C-fibre stimulation or at distal branches 

independently from a central reflex (“local axon reflex”) and elicit vascular leakage, smooth 

muscle contraction and inflammation, a process named neurogenic inflammation (Barnes, 

Baraniuk, and Belvisi 1991). However, these neuropeptides are found highly expressed in 

guinea pigs but less so in human (Lamb and Sparrow 2002). Jugular C-fibres activation within 

the upper airways has been shown to induce apnoea and slow breathing and to provoke 

bronchospasm and mucus secretion, either as a cholinergic or tachykinin-mediated reflex, as 

well as cough (Chou et al. 2008; Bergren 1988; Canning, Reynolds, and Mazzone 2001; 

Mazzone and Canning 2002a; Fuller, Dixon, and Barnes 1985; L. Y. Lee and Pisarri 2001; 

Forsberg and Karlsson 1986; Laude, Higgins, and Morice 1993). 

1.5.2.5 Nodose C-fibres 

Nodose C-fibres are mostly found in intrapulmonary locations (Undem et al. 2004). In contrast 

to jugular C-fibres, less nodose C-fibres are found to express neuropeptides (Undem et al. 

2004). Nodose C-fibres are chemosensitive to stimuli activating jugular C-fibres such as 

capsaicin and bradykinin, but also respond to different stimuli such as 5-HT (Kajekar et al. 

1999; Undem et al. 2004; Kollarik and Undem 2002; Chuaychoo et al. 2005). While jugular C-

fibres are poorly mechanosensitive, nodose C-fibres were shown to be activated by 

bronchoconstriction, an effect indirectly mediated by the generation of ATP activating P2X2/3 

receptors (Weigand, Ford, and Undem 2012). Nodose C-fibres have been shown to induce 

tachypnea in guinea pigs and may inhibit cough (Chou et al. 2008; Chou, Mori, and Canning 

2018). 
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 SARs RARs 
Jugular 
C-fibres 

Nodose 
C-fibres 

Fibre type 
Aδ 

myelinated 
Aδ 

myelinated 
C 

unmyelinated 

Conduction velocity ~ 18 m/s ~ 15 m/s < 1 m/s 

Ganglia nodose nodose jugular nodose 

Location 
intra/extra 
pulmonary 

Intra>extra 
Small airways 

Intra>extra 
Large airways 

Extra>intra Intra>extra 

Mechanical 
sensitivity 

+++ 
Touch 
Stretch 

Bronchospasm 

+++ 
Touch 
Stretch 

Bronchospasm 

- ++ 

Chemical 
sensitivity 

- 
- 

Acid 

+++ 
Acid 

Caps, BK 
PGE2 

+++ 
Acid 

Caps, BK 
PGE2, 5-HT 

Neuropeptides - - +++ + 

Physiological 
response 

 
Inhibits inspiration 

 
↘ PΣ: 

Bronchodilation 

 
Tachypnea 

 
↗ PΣ: 

Bronchospasm, 
Mucus secretion 

 
 

Cough  

 
Apnoea 

 
↗ PΣ: 

Bronchospasm, 
Mucus secretion 

 
 

Cough 

 
Tachypnea 

 
↗ PΣ: 

Bronchospasm, 
Mucus secretion 

 
 

Inhibits Cough 

Table 2 Classification of vagal airway afferent fibres 

References from (Fox et al. 1993; Ricco et al. 1996; Undem et al. 2004; Canning et al. 2004; Schelegle 

and Green 2001; Widdicombe 2003; Kollarik and Undem 2002; Kajekar et al. 1999; Chou et al. 2008; 

Nasra and Belvisi 2009; Chou, Mori, and Canning 2018; Mazzone and Undem 2016; Chuaychoo et al. 

2005; Kwong et al. 2008). BK: bradykinin; Caps: capsaicin; ↗ ↘ PΣ: activation or inhibition of 

parasympathetic cholinergic drive; SARs: Slowly Adapting Receptors; RARs: Rapidly Adapting 

Receptors. 
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1.5.3 Vagal efferent cholinergic nerves 

The airways of a healthy subject are constantly contracting with a baseline cholinergic tone. 

According to animal studies, this originates from a central reflex fed by constant inputs from 

mechanosensitive intrapulmonary vagal afferents, which are potentially RAR fibres (Canning 

2006; Widdicombe 1966; Mitchell, Herbert, and Baker 1985; Kesler and Canning 1999; 

Jammes and Mei 1979; Weigand, Ford, and Undem 2012). An early study suggested that it is 

also the case in human, as bronchi from healthy subjects contract upon breath holding but this 

does not happen in double lung transplant subjects who have their airway innervation cut 

below the mainstem bronchi (Molfino et al. 1993).  

Cholinergic postganglionic neurons release ACh that activates M1, M2 and M3 muscarinic 

receptors. M3 are G protein coupled receptors (GPCRs) coupled with Gq that are expressed 

on airway smooth muscle cells and submucosal glands and their activation provokes airway 

smooth muscle contraction and mucus secretion (Watson, Magnussen, and Rabe 1995; 

D’Agostino et al. 2008; Rogers 2001). M1 are coupled with Gq and are expressed by epithelial 

cells and their activation regulates electrolytes flux and facilitates parasympathetic 

transmission (Gosens and Gross 2018). In contrast, M2 are coupled with Gi and are more 

expressed than M3 receptors in the airways. M2 are notably expressed on postganglionic 

terminals and act as autoinhibitory receptors: after being released, ACh activates M2 receptors 

present on cholinergic nerve terminals and this diminishes ACh release, potentially limiting 

airway smooth muscle contraction and mucus secretion (Patel et al., 1995; ten Berge, 

Zaagsma, & Roffel, 1996). 

Therefore, airways are challenged at each inspiration by ACh released from cholinergic 

postganglionic nerves and activating muscarinic receptors, thus maintaining a baseline tone. 

Stimulation of Aδ or C-fibre airway afferents by mechanical stimuli or inflammatory mediators 

can enhance this cholinergic tone and result in reflex bronchospasm and mucus secretion, as 

described in 1.5.2. Several lines of evidence have suggested that this cholinergic tone could 

be enhanced in asthmatic patients and be responsible for the excessive bronchospasm seen 

in asthma and the LAR.   
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1.5.4 Airway nerves in the late asthmatic response 

1.5.4.1 Evidence of a cholinergic reflex in the LAR 

Early studies have suggested that vagal cholinergic tone is enhanced in asthmatic patients. 

As previously described, the bronchi of healthy subjects contract during breath holding and 

this is caused by a physiological vagal cholinergic reflex. In a small study, the bronchi of 

asthmatic patients contracted more than healthy controls during voluntary apnoea, and this 

effect was blocked by the antimuscarinic ipratropium, suggesting the existence of an 

enhanced vagal cholinergic tone in asthmatic patients (Molfino et al. 1993). The measurement 

of cardiac parameters also suggested an overall increase in vagal cholinergic tone in atopic 

asthmatics (Hashimoto, Maeda, and Yokoyama 1996).  

Anticholinergics have not been used in asthma for decades, on the basis that short-acting 

muscarinic antagonists (SAMAs) such as ipratropium were shown to be less effective than β2-

agonists in improving lung function in asthma (Westby, Benson, and Gibson 2004). In allergen 

challenge studies, atropine and ipratropium were associated with only a mild effect (D. Y. Yu, 

Galant, and Gold 1972; Cockcroft, Ruffin, and Hargreave 1978) or an absence of effect on the 

EAR (Rosenthal et al. 1977; Ruffin, Cockcroft, and Hargreave 1978). Similarly, ipratropium did 

not improve the LAR in atopic asthmatics (Cockcroft, Ruffin, and Hargreave 1978). 

Nonetheless, it has been hypothesised that SAMAs were not effective on reducing allergen-

induced bronchoconstriction due to their short half-life and inhibition of M2 auto-inhibitory 

receptors (Cazzola, Centanni, and Donner 1998). Indeed, SAMAs are non-selective 

M1/M2/M3 antagonists and the inhibition of M2 receptors on postganglionic cholinergic nerves 

has been associated with an enhanced ACh release and airway smooth muscle contraction. 

As such, ipratropium enhanced ACh release in vitro in human trachea (Patel et al., 1995; ten 

Berge, Zaagsma, & Roffel, 1996). This hypothesis could however be challenged by the 

observation that M2 receptors seem to be downregulated in asthmatic airways (Minette et al. 

1989).  

In contrast to ipratropium, tiotropium is a long-acting muscarinic antagonist (LAMA) and a 

potent M1/M2/M3 muscarinic antagonist which dissociates more quickly from M2 than from 

M1 and M3 receptors (Casarosa et al. 2009). Interestingly, tiotropium was recently found 

effective on improving symptoms and baseline lung function in asthmatics patients and is now 

approved as add-on controller therapy (Buhl and Hamelmann 2019; Paggiaro et al. 2016; 

Kerstjens et al. 2015; 2012). On-going trials for the alternate LAMA glycopyrrolate show similar 

findings (Virchow et al. 2019). Therefore, the efficacy of tiotropium on improving baseline lung 

function suggests the involvement of M1 and M3 muscarinic receptors and by extent an 
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enhanced release of ACh from cholinergic nerves in the excessive bronchospasm seen in 

asthma. Although ACh can also be released by non-neuronal cells such as epithelial cells, the 

contribution of non-neuronal ACh in mediating bronchoconstriction has yet to be proven 

(Kummer and Krasteva-Christ 2014).  

To date, no allergen challenge study has tested the efficacy of a LAMA on the LAR in atopic 

asthmatics. However, the Respiratory Pharmacology group has recently showed that 

tiotropium blocked the LAR in a preclinical rat OVA model displaying both EAR and LAR-like 

reactions responsive to gold standard therapies (Raemdonck et al. 2012). This finding was 

replicated by another group, with tiotropium preventing the LAR in a guinea pig OVA model 

(Smit et al. 2014). Furthermore, the LAR was also lost under ketamine/xylazine anaesthesia 

in the rat OVA model, confirming the involvement of a central nerve reflex (Raemdonck et al. 

2012). Therefore, it was hypothesised that the LAR could be driven by a cholinergic nerve 

reflex.  
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1.5.4.2 Evidence of airway sensory nerves activation in the LAR 

If a cholinergic reflex is responsible for driving the LAR, this also implies that allergen 

challenge stimulates the afferent arm of the reflex. Accordingly, several animal studies have 

shown that inflammatory mediators released upon allergen challenge can stimulate airway 

sensory nerves (Undem and Taylor-Clark 2014). In addition, allergen challenge has been 

associated with an increase in spontaneous coughing measured over 24 h in mild atopic 

asthmatics (Satia et al. 2019). This observation further supports the hypothesis that allergen 

challenge leads to a cascade of events that activates airway sensory nerves and, after 

integration in the CNS, enhances airway reflexes such as cough and reflex bronchospasm.  

As previously mentioned, mast cells are found in close proximity to airway nerve fibres (Undem 

and Taylor-Clark 2014). In animal studies, early mediators released from mast cells upon 

allergen challenge depolarised vagal sensory neurons isolated from guinea pigs or rabbits in 

vitro (Undem, Hubbard, and Weinreich 1993; Greene et al. 1988) and increased airway Aδ- 

and C-fibres excitability ex vivo and in vivo in rats and guinea pigs, for a duration that outlasts 

the EAR time span (Riccio, Myers, and Undem 1996; G. Zhang et al. 2008). In other studies, 

isolated mediators known to be released from mast cells such as LTD4, PGD2 and proteases 

increased the excitability of airway Aδ- and C-fibres (Taylor-Clark, Nassenstein, and Undem 

2008; L. Y. Lee and Morton 1993; G. Zhang et al. 2008; Kwong and Lee 2002; 2005; Q. Gu 

and Lee 2006; Kwong et al. 2010). Given that mast cells are amongst the first cells activated 

by allergen challenge, the crosstalk between mast cells and airway sensory nerves could be 

involved in initiating the LAR.  

So far it remains unclear which cells and mediators could be responsible for activating airway 

sensory nerves after allergen challenge and leading to a cholinergic reflex. This thesis aimed 

to study possible activators of airway sensory nerves involved in the LAR, which could help to 

decipher new mechanisms causing the LAR and by extent airflow limitation in atopic 

asthmatics.  
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1.6 The role of TRP channels in the late asthmatic response 

Many inflammatory mediators released upon allergen challenge, such as CysLTs, PGD2 or 

proteases released by mast cells activate metabotropic GPCRs. To generate a sufficient 

depolarisation to elicit action potential firing in neurons, GPCRs have been shown to activate 

ion channels such as transient receptor potential (TRP) channels, with their opening causing 

an influx of cations depolarising the neuron membrane (Belvisi and Birrell 2017; Mazzone and 

Undem 2016). In particular, numerous studies have shown that TRPV1, TRPA1 and TRPV4 

channels can be stimulated by inflammatory mediators and activate airway sensory nerves, 

leading to airway reflexes such as cough (Belvisi and Birrell 2017). Interestingly, the 

Respiratory Pharmacology group found that ruthenium red, a non-selective TRP channels 

blocker, prevented the LAR in the rat OVA model (Raemdonck et al. 2012). Therefore, TRP 

channels, and in particular TRPV1, TRPA1 and TRPV4, are promising candidates for eliciting 

airway sensory nerves activation and a cholinergic reflex bronchospasm in the LAR. Current 

evidence of their involvement in the LAR will be discussed in this section. 

1.6.1 Definition of TRP channels 

TRP channels are a superfamily of 28 channels divided into 7 families based on sequence 

homology, namely: TRPV (vanilloid), TRPA (ankyrin), TRPM (melastatin), TRPP (polycystin), 

TRPC (canonical), TRPML (mucolipin) and TRPN (no mechanoreceptor potential C). TRPs 

are non-selective cation ion channels constituted by a tetramer of TRP proteins, with each 

monomer exhibiting intracellular N and C termini and 6 transmembrane segments S1-S6, with 

S5-S6 segments forming the central ionic pore. TRP channels are polymodal: an 

unprecedented variety of physical and chemical stimuli seems to activate them and these 

channels are therefore considered as cellular sensors. As such, endogenous lipid mediators, 

temperature, mechanical stress, oxidative stress and exogenous compounds were found to 

stimulate TRP channels (S. F. Pedersen, Owsianik, and Nilius 2005). GPCRs activated by 

inflammatory mediators were also shown to indirectly stimulate TRP channels, by inducing 

intracellular signalling either leading to TRP channels opening (“receptor operated gating”) or 

increasing TRP channels probability to open to their cognate stimuli (“sensitisation”) (Darby et 

al. 2016).  
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1.6.2 TRPV1 channels 

TRPV1 channels have been amongst the most widely studied channels on airway sensory 

nerves. These channels are highly expressed on airway sensory neurons, as attested by 

single-cell RT-PCR (Kwong et al. 2008; Nassenstein et al. 2010; Wortley et al. 2016). Their 

activation fires airway C-fibres and subsets of Aδ-fibres in anaesthetised guinea pigs (Adcock 

et al. 2014). TRPV1 channels are activated by the exogenous compound capsaicin (pepper 

extract) and capsaicin is one of the most potent tussive agents in human (Laude, Higgins, and 

Morice 1993). In the body, TRPV1 channels appear to be stimulated by noxious heat >420C, 

lipid eicosanoid mediators derived from arachidonic acid such as 12-(S)-HPETE, 15-(S)-

HPETE, 5-(S)-HETE, and LTB4, or upon GPCR signalling elicited by bradykinin, PGE2 or 

agonists of protease-activated receptors 2 (PAR2) (S. F. Pedersen, Owsianik, and Nilius 2005; 

Grace et al. 2012; Amadesi et al. 2004). 

Increased TRPV1 gene expression has been found in asthmatic patients as well as genetic 

variants associated with a lower risk of childhood asthma (Belvisi and Birrell 2017). However, 

the role of TRPV1 in asthma has been controverted in preclinical models. Mouse models of 

allergic airway disease have displayed either protective, non-significant or detrimental effect 

of TRPV1 on airway eosinophilia and AHR and the effect depends on the model and strain 

used (Caceres et al. 2009; Mori et al. 2011; Delescluse, Mace, and Adcock 2012; Rehman et 

al. 2013; Baker et al. 2016; Tränkner et al. 2014). In the Respiratory Pharmacology group, two 

distinct TRPV1 antagonists did not significantly reduce the LAR in the rat OVA model 

(Raemdonck et al. 2012; Baker et al. 2016). In contrast, a TRPV1 antagonist reduced airway 

inflammation and AHR in a mouse OVA model with ozone exposure mimicking pollution-

induced asthma exacerbation (J. Li et al. 2019). In human, allergen challenge increased 

capsaicin-evoked cough responses in patients with mild atopic asthma (Satia et al. 2019) and 

patients with stable asthma exhibited exaggerated capsaicin-evoked cough responses at 

baseline compared to healthy volunteers, with nonatopic asthmatics exhibiting the highest 

responses (Satia et al. 2017). However, it is unknown whether an increased sensitivity to 

TRPV1 stimulation is indicative of a role for TRPV1 in asthma pathophysiology (Belvisi et al. 

2017).  
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1.6.3 TRPA1 channels 

TRPA1 channels are also highly expressed on airway sensory neurons, as attested by single-

cell RT-PCR (Nassenstein et al. 2008; Wortley et al. 2016) and TRPA1 activation induces the 

firing of airway C-fibres but not airway Aδ-fibres in anaesthetised guinea pigs (Adcock et al. 

2014). TRPA1 are also found expressed in non-neuronal cells such as airway smooth muscle, 

epithelial and mast cells (Belvisi and Birrell 2017). TRPA1 seems to be directly activated by 

reactive electrophile species, notably endogenous products found in inflammatory states such 

as reactive oxygen species (ROS), eicosanoids peroxidation products or endogenous 

aldehydes (Belvisi and Birrell 2017). GPCRs activation by inflammatory mediators such as 

PGE2, bradykinin or PAR2 agonists has also been shown to sensitise TRPA1 channels (Grace 

et al. 2012; Dai et al. 2007).  

TRPA1 is distinctly activated by a wide range of electrophile exogenous compounds found in 

environmental pollutants, such as acrolein from cigarette smoke, toluene diisocyanate from 

manufacturing processes, diesel exhaust particles or ozone (Andrè et al. 2008; Taylor-Clark 

et al. 2009; Taylor-Clark and Undem 2010; R. K. Robinson et al. 2018). Mice deficient in 

TRPA1 exhibited reduced AHR to toluene diisocyanate or hypochlorite (Taylor-Clark et al. 

2009; Devos et al. 2016; Hox et al. 2013). Activation of TRPA1 could therefore play an 

important role in eliciting symptoms provoked by environmental irritants in nonatopic asthma.  

In contrast, the role of TRPA1 has been less studied in atopic asthma, although a genetic 

variant of TRPA1 was found associated with an increased risk of childhood asthma (Gallo et 

al. 2017). The Respiratory Pharmacology group showed that a TRPA1 antagonist diminished 

the LAR in the rat OVA model previously described to involve a cholinergic reflex (Raemdonck 

et al. 2012). In contrast, TRPA1 deficiency had no effect on AHR and eosinophilia in a mouse 

model provoked by HDM (Baker et al. 2016). These findings suggest that TRPA1 could play 

a role in triggering nerve-mediated symptoms in certain endotypes of asthma.    
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1.6.4 TRPV4 channels 

TRPV4 is another TRP channel with a high degree of homology to TRPV1, however TRPV4 

has been less studied in airway reflexes. TRPV4 is also a cation ion channel, but with a higher 

permeability than TRPV1 or TRPA1 for large divalent ions such as calcium or magnesium 

(Deng et al. 2018). 

1.6.4.1 Expression of TRPV4 channels 

TRPV4 channels are expressed in a wider range of tissues and cells than TRPA1 or TRPV1 

(Belvisi and Birrell 2017). In the respiratory tract, TRPV4 is highly expressed by structural 

cells, with its expression found in human primary cells including airway epithelial cells, airway 

smooth muscle cells, fibroblasts, alveolar macrophages and endothelial cells (Baxter et al. 

2014; D. F. Alvarez et al. 2006; Jia et al. 2004; McAlexander et al. 2014; Rahaman et al. 2014; 

Fantozzi et al. 2003). In animal studies, TRPV4 was found expressed in vagal ganglia tissue 

(L. Zhang et al. 2004; Brierley et al. 2008; Ni et al. 2006), however it does not seem to be 

expressed on airway sensory neurons themselves but rather on cells that surround the 

neurons (Bonvini et al. 2016).   

1.6.4.2 Activation of TRPV4 channels 

TRPV4 is a polymodal channel shown to integrate many different physical and chemical 

stimuli. The channel is constitutively active at body temperature, with an activation in the 24-

400C range (Güler et al. 2002; H. Watanabe, Vriens, et al. 2002). It was originally discovered 

as an osmosensor activated by hypotonicity (Liedtke et al. 2000; Strotmann et al. 2000; 

Liedtke and Friedman 2003) and was shown to respond to shear stress (Köhler et al. 2006; 

Gevaert et al. 2007). In addition, TRPV4 is activated by the arachidonic acid metabolites 

5’6’EET, 8’9’EET derived from the cytochrome epoxygenase (CYPe) pathway (H. Watanabe 

et al. 2003; Darby et al. 2016). It is however unclear how TRPV4 is activated by these stimuli 

and whether these endogenous mediators directly bind to the channel. Recent cryo-EM 

analysis found densities in the pore region of the channel that could correspond to these 

endogenous lipids binding to TRPV4 (Deng et al. 2018). In fact, hypotonicity may indirectly 

stimulate TRPV4 via the generation of 5’6’EET (Vriens et al. 2004). 

Independently from unknown endogenous ligands binding to the channel, TRPV4 has been 

shown to be sensitised or activated by inflammatory mediators activating GPCRs such as 

histamine, 5-HT and proteases activating PAR2, via mechanisms including protein kinases A 

and C (PKA, PKC) and tyrosine kinase mediated phosphorylation of the channel (Cenac et al. 

2010; Grant et al. 2007; Grace et al. 2014).  
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In the laboratory, the exogenous agonists 4αPDD and GSK1016790A are used to study 

TRPV4 and directly bind to the channel, with GSK1016790A reported to be more selective 

and potent than 4αPDD (Thorneloe et al. 2008; Alexander et al. 2013; H. Watanabe, Davis, et 

al. 2002). 

1.6.4.3 TRPV4 activates airway sensory nerves via the release of ATP 

Recently, the Respiratory Pharmacology group has demonstrated that TRPV4 activates 

airway sensory neurons. Exogenous 4αPDD and GSK1016790A agonists as well as 

hypotonicity depolarised vagal nerves isolated from guinea pigs, mice and human, with the 

signal being blocked by TRPV4 antagonists or genetic deficiency. In vivo, the TRPV4 agonist 

GSK1016790A and hypotonicity provoked a sustained firing of airway sensory Aδ-fibres, but 

not C-fibres, in anaesthetised guinea pigs (Bonvini et al. 2016).  

Contrary to TRPV1 and TRPA1, TRPV4 channels seem to indirectly activate airway sensory 

neurons, via inducing the release of adenosine triphosphate (ATP) through ATP-permeable 

pannexin-1 channels (Panx1) and the released ATP activating purinergic P2X3-P2X2/3 

receptors on the neurons as shown in (Figure 1-7). Indeed, TRPV4-induced vagus signal was 

blocked by the P2X3-P2X2/3 antagonist AF-353 and by Panx1 deficiency (Bonvini et al. 2016). 

This notion will be further explained in the following section. 

 

Figure 1-7 The TRPV4-ATP-P2X3 nerve axis 

TRPV4 activation triggers the opening of Panx1 channels, which release ATP into the extracellular 

milieu. The released ATP activates P2X3-P2X2/3 receptors expressed on airway sensory neurons, 

inducing the firing of airway sensory Aδ-fibres comprised within the vagus nerve. 

 

It is intriguing and counterintuitive that TRPV4, a cation-permeable channel, would require a 

secondary mediator to activate neurons. However, recent evidence shed light on this notion 

with the findings that TRPV4 may not be expressed on neurons but rather on cells that 
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surround the neurons (Alexander et al. 2013; Rajasekhar et al. 2015). Previous study from the 

group indeed found scarce gene expression of Trpv4 in single isolated airway sensory neurons 

from guinea pigs, contrary to TRPA1 and TRPV1 (Bonvini et al. 2016). It is unclear which cells 

would express TRPV4 and release ATP activating airway neurons. Since ATP is very labile 

and degraded within minutes by endogenous ectonucleotidases (ATPases) (Gorman, Feigl, 

and Buffington 2007), it can be hypothesised that cells expressing TRPV4 and responsible for 

activating airway neurons must be in close vicinity to airway nerve terminals.   

1.6.4.4 ATP activates airway sensory nerves via P2X3-P2X2/3 receptors 

Adenosine triphosphate (ATP) is a known activator of airway sensory nerves in animal studies 

(Canning et al. 2004; Kollarik et al. 2003; Undem et al. 2004). Although ATP is a ubiquitous 

intracellular molecule which can be released by cellular damage, it can also be released in a 

controlled manner through the opening of pannexins and connexins channels. Extracellular 

ATP activates purinergic P2 receptors, with ATP preferentially binding to P2X ionotropic than 

P2Y metabotropic receptors.  

P2X receptors are a family of ion channels widely expressed in the body that comprises seven 

members P2X1-P2X7 which function as homotrimers or heterotrimers (Burnstock 2007; North 

2002). P2X3 receptors have gained important attention as activators of sensory neurons. 

Concurrently, P2X3 expression seems to be restricted to sensory neurons (Burnstock 2007; 

North 2002). P2X3 are permeable to sodium and calcium and assemble as P2X3 homotrimers 

(P2X3/P2X3/P2X3) or as P2X2/3 heterotrimers with calcium-permeable P2X2 receptors 

(P2X3/P2X3/P2X2) (North 2002). In the airways, single-cell RT-PCR studies found that 

nodose neurons express both P2x2 and P2x3 while jugular neurons only seem to express 

P2x3 (Kwong et al. 2008; Nassenstein et al. 2010; Bonvini et al. 2016). Interestingly, a same 

concentration of ATP strongly induces the firing of nodose-derived fibres but only a sparse 

discharge of jugular-derived fibres in guinea pigs (Canning et al. 2004; Undem et al. 2004; 

Weigand, Ford, and Undem 2012). Therefore, it has been hypothesised that ATP activates 

airway sensory neurons mostly via P2X2/3 heterotrimers compared to P2X3 homomers. This 

was confirmed in studies using genetically-modified mice and pharmacological compounds in 

rats and cell lines (Cockayne et al. 2000; 2005; Zhong et al. 2001; Lewis et al. 1995). 

Interestingly, TRPV4 was shown to only fire airway Aδ- but not C-fibres in anaesthetised 

guinea pigs, and to induce calcium flux in airway nodose- but not jugular-derived guinea pig 

neurons in vitro (Bonvini et al. 2016). This finding corroborates the notion that TRPV4 activates 

airway sensory neurons via the release of ATP that stimulates P2X2/3 heterotrimers on airway 

neurons. 
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1.6.4.5 The role of the TRPV4-ATP-P2X3 nerve axis in asthma 

Currently, only two publications have investigated TRPV4 in atopic asthma, concluding a role 

for TRPV4 in airway remodelling (Gombedza et al. 2017) or a dispensable role in airway 

inflammation and AHR (Palaniyandi et al. 2019) using mouse models of allergic airway 

disease. In addition, TRPV4 activation provoked airway smooth muscle contraction in human 

and guinea pig large airways in vitro via inducing the release of CysLTs from mast cells 

(McAlexander et al. 2014; Bonvini et al. 2020).  

Although the role of the TRPV4-P2X3 nerve axis has never been studied in asthma, it has 

been shown to provoke cough, another airway reflex, in guinea pigs (Bonvini et al. 2016). 

Furthermore, the P2X3-P2X2/3 antagonist AF-219 (gefapixant) was associated with an 

unprecedented 75% reduction in objective cough frequency in patients with refractory chronic 

cough (Abdulqawi et al. 2015), suggesting that therapies targeting the ATP-P2X3 pathway are 

promising for diseases involving airway reflexes. Interestingly, aerosolised ATP provokes 

bronchoconstriction in asthmatic patients (Basoglu et al. 2005) and ATP-induced 

bronchoconstriction was blocked by the P2X3-P2X2/3 antagonist DT-0111 in conscious 

guinea pigs (Pelleg et al. 2019). Therefore, activation of airway sensory nerves via the ATP-

P2X3 axis could also be involved in triggering reflex bronchospasm in asthma. 

Protease-activated receptors 2 (PAR2) have been shown to stimulate TRPV4 and to elicit a 

sensory nerve signal in the context of pain (Sipe et al. 2008; Grant et al. 2007; Poole et al. 

2013; Zhao et al. 2014; 2015; Grace et al. 2014). In asthma, PAR2 activating proteases such 

as tryptase are found elevated in the airways of asthmatic patients at baseline (Aubier et al. 

2016). Importantly, allergen challenge is associated with a rapid increase in tryptase levels in 

BAL fluid (Sedgwick et al. 1991; S. E. Wenzel, Fowler, and Schwartz 1988) and a tryptase 

inhibitor reduced the LAR but not the EAR in atopic asthmatics (Krishna et al. 2001). ATP, the 

downstream mediator of TRPV4, has also been found elevated in the BAL of atopic asthmatics 

after allergen challenge (Idzko et al. 2007).  

Since both TRPV4 downstream mediator and upstream activators are elevated after allergen 

challenge, it can be hypothesised that TRPV4 could be one of the drivers of the LAR, via 

activating airway sensory nerves via P2X3-P2X2/3 receptors and triggering reflex 

bronchospasm. This thesis will be focused on investigating the role of TRPV4 in driving a 

nerve reflex leading to the LAR. 
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1.7 Animal models of the late asthmatic response 

To investigate the role of TRPV4 in driving a nerve reflex in the LAR, a model mimicking the 

EAR and LAR and responsive to relevant asthma therapies was needed. Most allergic airway 

disease models are set-up in mice, followed by rats and to a lesser extent guinea pigs. In 

these animals, atopic asthma does not naturally occur and is thus artificially provoked, most 

commonly using ovalbumin (OVA) or house dust mite (HDM) although other allergens are 

being increasingly used such as Alternaria and Aspergillus fungi. Typically, animals are firstly 

systemically or topically sensitised to the allergen, following which topical allergen challenge 

provokes features of atopic asthma including eosinophilic inflammation, AHR, allergen-

induced bronchoconstriction and airway remodelling (Zosky and Sly 2007; Aun et al. 2018). 

These features are highly dependent on the species, strain, allergen, adjuvant, route of 

administration and frequency of the challenges.  

1.7.1 Models according to the allergen 

1.7.1.1 Ovalbumin (OVA) models 

Ovalbumin models are amongst the most commonly used models of allergic airway disease 

and have been established in mice, rats and guinea pigs, using ovalbumin protein (OVA) from 

chicken egg as an allergen. Animals are typically sensitised to OVA administered systemically 

(i.p. or s.c.) 2 to 3 times over 2 weeks, following which animals are topically challenged with 

OVA (aerosol or i.n.). to induce airway responses. Most OVA models are acute (Aun et al. 

2018). 

OVA models are set-up with systemic sensitisation because topical sensitisation has not been 

successful. Indeed, repeated airway challenges with OVA has been associated with the 

development of tolerance, an observation also justifying the fact that most OVA models are 

acute (Swirski et al. 2002; van Hove et al. 2007). Systemic sensitisation to OVA usually 

requires an adjuvant (most commonly aluminium hydroxide derivatives) that primes the 

immune system to develop a TH2 response against OVA. Although the mechanism is unclear, 

it has been hypothesised that aluminium-containing adjuvants promote monocytes 

differentiation into APCs and the uptake of the allergen by APCs, with a TH2 polarised 

response (Lambrecht et al. 2009). In sensitised animals, acute OVA challenge 

characteristically triggers TH2-driven eosinophilic inflammation in the airways (Stevenson and 

Birrell 2011). Depending on the species used, OVA models can display nonspecific AHR 

and/or allergen-induced bronchoconstriction (Aun et al. 2018; Stevenson and Birrell 2011). 
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However, this model has been highly criticised over the fact that OVA is not a clinically relevant 

allergen, nor does systemic sensitisation with an adjuvant mimic how asthmatic patients are 

likely sensitised. OVA models are also criticised for their acute nature and lack of airway 

remodelling, with changes quickly resolving in absence of the allergen and repeated 

challenges inducing tolerance, contrary to that observed in asthmatic patients (Stevenson and 

Birrell 2011). For these reasons, other models were set-up with allergens encountered in the 

clinic such as house dust mite (HDM).  

1.7.1.2 House dust mite (HDM) models 

House dust mite (HDM) models use a mixture of allergens derived from Dermatophagoides 

pteronyssimus (Der p) and Dermatophagoides farinae (Der f), to which an important proportion 

of atopic asthmatics are sensitised (Stevenson and Birrell 2011). HDM models have been 

mostly described in mice and to a lesser extent in rats and guinea pigs, with many protocols 

ranging from acute to chronic challenges.    

Contrary to OVA, HDM allergens are not inert: HDM possess intrinsic protease activity and 

immunogenicity and airway exposure to HDM (i.n.) induces sensitisation without an adjuvant 

(Aun et al. 2018). In addition, repeated topical HDM challenges provoke severe airway 

inflammation associated with airway remodelling, features which persist after the last HDM 

exposure (Johnson et al. 2004). It was the use of HDM models that led to the discovery of the 

involvement of the epithelial-ILC2-innate cells axis in airway responses (Lambrecht, Hammad, 

and Fahy 2019). Nonetheless, this important participation of innate immune cells has also led 

to question the relevance of chronic HDM models to study allergic mechanisms (Stevenson 

and Birrell 2011). Furthermore, there are currently no published studies reporting an EAR and 

LAR-like bronchospasm to HDM challenge. Therefore, it was not possible to use an HDM 

model in this thesis. 

1.7.2 Models according to the species 

1.7.2.1   Mouse OVA models 

Few groups have reported an LAR in mouse OVA models (Zosky and Sly 2007; Stevenson 

and Belvisi 2008), with four main models characterised (Meyts et al. 2008; Nabe et al. 2005; 

Cieslewicz et al. 1999; Baker et al. 2017).  

However, the IgE-mast cell axis does not seem to play an important role in mouse models. 

Indeed, mouse models have shown an LAR in the absence of EAR (Meyts et al. 2008) or in 

presence of an EAR but with different mechanisms than observed in human. In mice, acute 
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bronchospasm to OVA has been attributed to the release of 5-HT from mast cells activating 

5-HT2 receptors on parasympathetic neurons and inducing ACh release (Cyphert et al. 2009; 

Weigand et al. 2009). Furthermore, in models reporting an EAR, the LAR did not seem to be 

dependent on mast cells nor IgE (Nabe et al. 2013; Baker et al. 2017), contrasting with the 

finding that omalizumab reduces the LAR in atopic asthmatics (Fahy et al. 1997; Trischler et 

al. 2017).   

In addition, the relevance of inflammatory events leading to allergen-induced bronchospasm 

in mouse models has been questioned. A time-course comparison found that lymphocyte 

recruitment peaked earlier in atopic asthmatics than in a mouse OVA model (Lommatzsch et 

al. 2006). Furthermore, mouse OVA models were used to demonstrate the efficacy of anti-IL-

5 and anti-IL-13 therapies on the LAR, which contrasts with the results found in atopic 

asthmatics (Cieslewicz et al. 1999; Taube et al. 2002; Leckie et al. 2000; Scheerens et al. 

2014), although these findings depend on the model used (Meyts et al. 2008; Nabe et al. 

2011).  

Importantly, the LAR response was not blocked by anaesthesia in several mouse models 

(Meyts et al. 2008; Cieslewicz et al. 1999; Baker et al. 2017), nor by the LAMAs tiotropium or 

glycopyrrolate, nor by a TRPA1 antagonist (Baker et al. 2017). These data suggest that the 

LAR displayed in mouse models is not driven by a nerve reflex. Therefore, mouse models 

were not chosen for this thesis. 

1.7.2.2 Guinea pig OVA models 

Contrary to mice or rats, guinea pig airways present numerous similarities with humans in 

terms of airway innervation, airway smooth muscle reactivity and mast cell mediators (Zosky 

and Sly 2007; Canning and Chou 2008; West et al. 2015). Studies have reported OVA guinea 

pig models displaying an EAR blocked by LTRAs and antihistamines (Riley et al. 2013) and 

an LAR blocked by ICS, LABA, LAMA (Smit et al. 2014).  

However, the LAR measured in guinea pig OVA models is highly variable between groups 

(Stevenson and Belvisi 2008). More importantly, guinea pigs exhibit high airway reactivity to 

nonspecific irritants, with eosinophil-like cells (heterophils) present at baseline in the airways. 

This is considered to be an important caveat for studying airflow limitation induced specifically 

by allergic mechanisms. In addition, local axon reflexes involving tachykinins play an important 

role in provoking bronchoconstriction in guinea pigs and it is unclear whether these peripheral 

reflexes play an important role in human (Stevenson and Belvisi 2008; Zosky and Sly 2007; 

Adner et al. 2020). 
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1.7.2.3 Rat OVA models 

The LAR has been consistently modelled in the rat species in several groups. These rat OVA 

models display both an EAR and LAR with airway eosinophilia, but not all models display an 

associated AHR (Stevenson and Belvisi 2008).  

Inflammatory processes have been less studied in rats, however Brown Norway rats are 

known to be genetically predisposed to elicit strong TH2 and IgE-dependent responses 

(Stevenson and Belvisi 2008). Eosinophilic inflammation was reported to peak later than the 

LAR in the rat OVA model used in the Respiratory Pharmacology group, as it has been 

reported for human (S. L. Underwood et al. 2002; Gauvreau, Watson, and O’Byrne 1999; 

Lommatzsch et al. 2006).  

Contrary to mice, mast cells and IgE were shown to play a role in rat OVA models. Indeed, 

inhibiting IgE production blocked the EAR and LAR in one model (Nonaka et al. 2000) and 

mast cell-deficient rats failed to exhibit an LAR in another (S. Liu, Chihara, and Maeyama 

2005). Nonetheless, mast cell biology differs between rats and humans. In rats, the EAR 

depends on 5-HT and LTD4 while 5-HT is not important in humans (Hele et al. 2001; Wohlsen 

et al. 2003; Roquet et al. 1997; Davis et al. 2009). Concurrently, rat airway smooth muscle is 

less responsive to bronchoconstrictors such as histamine and LTD4 compared to human 

(Lulich and Paterson 1980; Seehase et al. 2011).  

In spite of these species differences, the rat OVA model used in the Respiratory Pharmacology 

group displays both an EAR, LAR and eosinophilic inflammation that respond to clinically 

relevant compounds: the EAR is blocked by a combination of 5-HT, histamine, LTD4 

antagonists and the LAR by the gold standard therapies ICS and LABA. More importantly, the 

LAR in this model was abolished by anaesthesia and by the LAMA tiotropium, finding which 

suggested that a central cholinergic reflex drives the LAR. The LAR was also reduced by the 

pan-TRP antagonist ruthenium red and by a TRPA1 antagonist, further supporting the 

involvement of airway sensory nerves in the response (Raemdonck et al. 2012). Therefore, 

this model was chosen to study the involvement of TRPV4 in driving a nerve reflex in the LAR. 
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1.8 Thesis Plan 

The mechanisms driving airflow limitation in atopic asthma remain poorly understood. In the 

laboratory, inhalation of a high dose of allergen by atopic asthmatics can lead to a prolonged 

episode of airway narrowing named the LAR, providing a model to study mechanisms driving 

allergen-specific airflow limitation (Gauvreau, El-Gammal, and O’Byrne 2015). The LAR has 

been viewed as the result of eosinophil and/or basophil influx secreting mediators such as 

CysLTs in the airways, however an anti-IL-5 therapy reducing eosinophil numbers was found 

ineffective against the LAR and not all patients respond to LTRAs (Leckie et al. 2000; Szefler 

et al. 2005). Recent preclinical work from the Respiratory Pharmacology group suggested that 

airway nerves could play a role in the LAR, with allergen challenge resulting in activation of 

airway sensory nerves and a cholinergic reflex bronchospasm (Raemdonck et al. 2012). 

Studying this nerve reflex could help to decipher new mechanisms driving the LAR and to 

develop therapies for atopic asthma targeting other pathways than type-2 inflammation. The 

overall aim of this thesis was to build upon this hypothesis, by investigating the TRPV4 channel 

as a potential candidate for driving a nerve reflex leading to the LAR.  

1.8.1 Hypothesis 

Activation of the TRPV4-P2X3 axis by allergen challenge leads to the activation of airway 

sensory nerves and, after integration in the CNS, provokes a reflex cholinergic bronchospasm 

resulting in the LAR. 

1.8.2 Aims 

• Validate if the TRPV4-P2X3 nerve axis can activate airway sensory nerves in naïve rats: 

using selective TRPV4 and P2X3 agonists and antagonists (Chapter 3). 

• Explore the role of the TRPV4-P2X3 axis in the LAR: by evaluating ATP levels and testing 

selective TRPV4 and P2X3 antagonists in the rat OVA model (Chapter 4). 

• Investigate if the TRPV4-P2X3 nerve axis can provoke a cholinergic reflex bronchospasm 

in naïve rats: by testing the LAMA tiotropium against TRPV4-induced bronchospasm 

(Chapter 5). 

• Investigate how allergen challenge can lead to the activation of the TRPV4-P2X3 nerve 

axis, by studying PAR2 receptors as potential activators of the TRPV4-P2X3 axis: via 

evaluating PAR2 upregulation in the rat OVA model, testing the effect of PAR2 activation 

on airway sensory nerves in naïve rats and testing selective PAR2 antagonists in the rat 

OVA model (Chapter 6).  
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2 General methods 

This chapter describes the general methodology for experimental protocols used throughout 

this thesis. Specific protocols and statistical analysis are detailed in individual result chapters.  

2.1 Animals 

All animal work was approved by Imperial College London Ethics Review Committee and 

conformed strictly to the UK Home Office guidelines for animal welfare based on the Animals 

(Scientific Procedures) Act of 1986. 

Animals were housed in individually ventilated cages under specific pathogen-free conditions 

at 210C with food and water ad libitum. Animals were acclimatised for at least 7 days prior to 

any experimental procedure.  

2.1.1.1 Rats 

Male Brown Norway rats (200 - 250 g) were purchased from Charles River Laboratories 

(Germany). 

2.1.1.2 Mice 

Stock breeders of C57BL/6J (Par2+/+) and B6.Cg-F2rl1tm1Mslb/J (Par2-/-) mice (Schmidlin et al. 

2002) were purchased from Jackson Laboratory (USA). Homozygous Par2-/- were viable, 

fertile and bred on a C57BL/6J background at Imperial College London. Par2+/+ C57BL/6J mice 

were bred alongside in separate cages to be used as littermate controls. Male Par2-/- and 

Par2+/+ mice were used for the experiments and genotyped to confirm gene disruption.  
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2.2 Electrophysiological measurements 

To investigate whether the TRPV4 axis activates airway sensory nerves in naïve rats, three 

complementary electrophysiological techniques were used. 

2.2.1 In vitro isolated vagus preparation 

The isolated vagus preparation evaluates the ability of drug solutions to elicit compound 

depolarisation of an isolated vagus nerve trunk in vitro. The vagus nerve was used as it is the 

main nerve innervating the airways. Furthermore, as neuronal proteins are translated in the 

cell body and transported through axons to nerve terminals, it is hypothesised that the vagus 

trunk can be used as a surrogate to study the effect of drugs on receptors expressed by vagus 

terminals. This technique is amenable to relatively high-throughput pharmacology studies 

using a minimal number of animals and allows translational studies using human tissue. This 

technique also enables to study the effect of drugs on vagus depolarisation independently 

from influences of bronchoconstriction, mucus secretion or vascular leakage that can indirectly 

activate the vagus nerve (Bergren 1997; Bonham et al. 1996; Kappagoda and Ravi 1989; 

Widdicombe 2003; Kollarik et al. 2003), in addition of avoiding pharmacokinetic 

considerations. 

2.2.1.1 Isolated vagus set-up 

Male Brown Norway rats (200 – 300 g) and Par2-/-, Par2+/+ male C57BL/6J mice were 

euthanised via overdose of pentobarbitone (200 mg/kg, i.p.). Skin, upper muscles, connective 

tissues and rib cage were removed to expose the two vagal trunks running from the vagal 

ganglia at the base of the skull, alongside the trachea and to the heart. The portions of the two 

vagal nerves running alongside the trachea were dissected free and cleaned of connective 

tissue. Nerves were desheathed from their epineurium, cut into 15 mm-long segments and 

placed into Krebs-Henseleit (KH) solution (mM: NaCl 118; KCl 5.9; MgSO4 1.2; CaCl2 2.5; 

NaH2PO4 1.2; NaHCO3 25.5 and glucose 5.6) at 37oC and bubbled with 95% O2 / 5% CO2 to 

maintain oxygenation and pH:7.4 for the rest of the experiment.  

The dissected vagus nerve segments were mounted into a “grease-gap” recording chamber 

in a custom-made Perspex box as described in (Birrell et al. 2002) and shown in (Figure 2-1). 

Each segment rested in a longitudinal channel without tension, with the two ends electrically 

and chemically isolated using petroleum jelly. One end contacted the recording electrode and 

was perfused at a rate of 2 ml/min either with KH solution alone or KH containing test drugs, 

maintained at 37oC and bubbled with 95% O2 / 5% CO2. The other end was placed onto a 

reference electrode and kept in KH solution throughout the experiment. Both electrodes were 
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glass pipettes filled with Ag/AgCl pellets (Mere 2 Flexible reference electrodes, WPI, UK) and 

connected to a DAM50 differential amplifier (WPI, UK) which measured, amplified (x10 gain) 

and filtered (high cut-off: 1 KHz, sample rate 5 Hz) the potential difference between the two 

electrodes. This was converted into a digital signal and analysed using LabScribe 3 software 

(iWorx).  

 

Figure 2-1 Isolated vagus nerve preparation 

Isolated vagus segments were drawn into a “grease-gap” recording chamber and each end of the nerve 

chemically and electrically isolated with petroleum jelly. The left side of the nerve contacted the 

recording electrode and was perfused with heated and oxygenated KH or drug solution. The right side 

of the nerve bathed in KH solution and contacted the reference electrode. Drug incubation can 

depolarise the left side of the vagus nerve, creating a potential difference compared to the right side. 

The potential difference between the two electrodes was amplified and recorded as vagus 

depolarisation. 

 

The vagus preparation indirectly measures the ability of a drug to provoke the depolarisation 

of neurons present within the vagus trunk. The potential difference measured by Ag/AgCl 

electrodes is generated by the movement of Cl- ions in aqueous solution between the AgCl 

electrode, the KH solution and the axon cytosol. If a drug activates receptors on the axon 

membrane and provokes an influx of cations such as Na+ or Ca2+ drawn from the extracellular 

KH solution into the axon cytosol, this leaves an excess of Cl- ions in the KH solution. The Cl- 
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left in excess then react with Ag+ in the recording electrode. As no similar Cl- movement 

operates at the reference electrode, this creates a positive potential difference between the 

two electrodes recorded as a depolarisation (mV). As the recording electrode is placed on a 

cross-section of the whole vagus nerve, the measured potential difference reflects the sum of 

the depolarisations of each axon that have been stimulated within the vagus trunk, named 

“compound depolarisation”. After depolarisation, the axon membrane repolarises to resting 

potential as K+ exit the cytosol via potassium channels. The K+ ions left in excess in the KH 

solution combine with Cl- ions from the recording electrode and the potential difference returns 

to baseline. 

It should be noted that recording vagus depolarisation does not ascertain whether a drug 

activates the neurons, i.e. provokes action potential firing. Indeed, as the recording electrode 

is placed at the same position where the nerve is stimulated by the drug, it is unknown whether 

the recorded depolarisation is due to action potential firing that propagated through the axon. 

In addition, the recorded depolarisation can be caused by subthreshold Na+ or Ca2+ neuronal 

movements that are insufficient to generate action potential firing, and non-excitable cells such 

as endothelial cells or accessory cells present within the vagus nerve could also be stimulated 

and contribute to cations movements. It should also be noted that the vagus nerve supplies 

other organs than the airways and this preparation does not specifically assess airway sensory 

neurons. A signal elicited on the vagus trunk may also not reflect a signal on the nerve 

terminals (Spaulding and Burgess 2017). Nonetheless, studies from the laboratory found that 

vagus nerve depolarisation most commonly translates into airway sensory nerve activation 

and in vivo responses (Grace et al. 2012; Bonvini et al. 2016; Nasra and Belvisi 2009). In 

addition, other techniques were used to complement the vagus preparation to specifically 

assess the activation of airway sensory nerve terminals: the tracheal nerve preparation and 

the single fibre preparation.  

2.2.1.2 Isolated vagus experiments 

Drugs were diluted in KH solution and added using 1:1000 dilutions according to protocols 

detailed in individual result chapters. 

2.2.1.3 Agonist concentration-response   

Agonists concentration-responses were conducted in the same piece of nerve (paired data). 

The nerve segment was incubated with each concentration of the agonist or its vehicle in a 

randomised order to avoid de/sensitisation bias. Each application lasted for 2 min and 10 min-

long washes were carried out between each concentrations. Following characterisation, a 

submaximal concentration of agonist could then be taken forward for antagonist experiments. 
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Only one concentration-response of up to five concentration points could be tested on each 

piece of nerve from each animal. 

2.2.1.4 Agonist/antagonist response 

Agonist responses were compared in absence and presence of an antagonist in the same 

piece of nerve (paired data). A single concentration of agonist and antagonist was used per 

piece of nerve. The nerve was firstly incubated with the agonist for 2 min then washed until 

the response returned to baseline. This was repeated to ensure reproducibility of the response 

and washed. Thereafter, the nerve was incubated with the antagonist for 10 min, before 

reapplying the agonist in presence of the antagonist for 2 min. The nerve was then washed to 

re-establish baseline and re-incubated with the agonist for 2 min to ascertain recovery of the 

response and nerve viability. Only one concentration of antagonist was tested on each piece 

of nerve from each animal.   

2.2.1.5 Data analysis 

Data were analysed as the peak depolarisation (mV) from baseline for each stimulation. For 

antagonist experiments, the peak depolarisations elicited by the first two agonist stimulations 

were averaged and compared to the depolarisation elicited by the agonist in presence of the 

antagonist. The percentage inhibition was calculated for each antagonist with the formula: 

% Inhibition = 
𝐴𝑔𝑜𝑛𝑖𝑠𝑡 𝑚𝑒𝑎𝑛 𝑑𝑒𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛−𝐴𝑔𝑜𝑛𝑖𝑠𝑡 𝑑𝑒𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑎𝑛𝑡𝑎𝑔𝑜𝑛𝑖𝑠𝑡

𝐴𝑔𝑜𝑛𝑖𝑠𝑡 𝑚𝑒𝑎𝑛 𝑑𝑒𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛
 x 100 

 

Statistical analysis was performed on the raw data expressed as depolarisation (mV). Data 

were analysed using paired Students t-tests. The compound depolarisation reflects the 

summation of all depolarisations elicited on each axon within the vagus nerve. It was assumed 

that each axon can depolarise and therefore the vagus depolarisation can be modelled by a 

binomial distribution (discrete distribution). As there is an important number of axons within 

the nerve bundle, this can be approximated by a normal distribution (continuous distribution).  
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2.2.2 In vitro isolated tracheal nerve preparation 

The isolated tracheal nerve preparation was used to assess the effect of a compound on the 

activation of airway nerve terminals. This preparation measures the ability of drug solutions to 

elicit compound action potential firing from the tracheal nerve endings of the recurrent 

laryngeal nerve (RLN) in vitro. Large airways record the highest density of innervation within 

the respiratory system (Jeffery and Reid 1973; A. Laitinen 1985; Mortola, Sant’ambrogio, and 

Clement 1975; Sant’Ambrogio et al. 1978) and most of the trachea is innervated by the RLN 

(Ricco et al. 1996; Yamamoto et al. 1994; Canning et al. 2004; Liebermann-Meffert et al. 

1999), highlighting the relevance of studying the RLN in the investigation of airway reflexes. 

In addition, evaluating the activity of lower airway terminals derived from the vagus nerve in 

vitro would require to isolate the lungs en bloc and to maintain correct lung perfusion, 

oxygenation and delivery of the drugs within the lungs (Kollarik et al. 2003). This tracheal 

nerve preparation is therefore advantageous as it enables to study the activation of upper 

airway nerve terminals in a controlled setting, independently from influences of mechanical 

factors or delivery considerations.  

2.2.2.1 Isolated tracheal nerve set-up 

Male Brown Norway rats (200 – 300 g) were euthanised via overdose of pentobarbitone (200 

mg/kg, i.p.). Skin, upper muscles, connective tissue and rib cage were removed to expose the 

upper airways. The larynx, trachea, lungs and their innervation from the vagal ganglia down 

to the mediastinal region were isolated en bloc. The preparation was cleaned of connective 

tissue. At the end of the dissection remained the larynx, trachea and main bronchi connected 

to their respective nerve branches, comprising the vagal ganglia, SLN, RLN and adjacent 

vagus nerve in a similar manner to (Riccio, Myers, and Undem 1996). Tissues were incubated 

with KH solution (mM: NaCl 118; KCl 5.9; MgSO4 1.2; CaCl2 2.5; NaH2PO4 1.2; NaHCO3 25.5 

and glucose 5.6) at 37oC and bubbled with 95% O2 / 5% CO2 to maintain oxygenation and 

pH:7.4. 

The RLN was cut caudal to the main vagus nerve, preserving its connections to the trachea, 

and was placed into an independent bath perfused with KH solution at a rate of 5 ml/min. The 

airways lumen (larynx, trachea, main bronchi) were placed into a separate bath perfused with 

KH or drug solutions at a rate of 2 ml/min entering via the larynx, going through the tracheal 

lumen and exiting via the left and right bronchi onto a waste trap, without coming into contact 

with the bath containing the RLN. The RLN was desheathed and the sectioned end placed 

onto a recording suction electrode. A reference electrode was positioned on the surrounding 

fascia (Figure 2-2). Electrodes were glass pipettes filled with Ag/AgCl pellets (Shielded Bipolar 

Suction Electrode, A-M systems, USA). The potential difference between the two electrodes 
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was recorded via connection to a headstage (NL100AK Headstage, Digitimer, UK) and the 

signal was pre-amplified (NL104A-AC Preamplifier, Digitimer, UK), amplified (x10,000, NL106-

AC/DC Amplifier, Digitimer, UK) and filtered (300 Hz to 3000 Hz, NL125/6-Band-Pass Filter, 

Digitimer, UK). Noise was further removed using a Humbug (Digitimer, UK) and the output 

was converted to a digital signal (Micro1401-4 data acquisition unit, CED, UK) and analysed 

with Spike 2 software (CED, UK).  

 

Figure 2-2 Isolated tracheal nerve preparation 

The trachea and main bronchi were isolated from a naïve rat and placed in a bath. The RLN still attached 

to the trachea was placed in a separate bath. The RLN was desheathed and placed onto a suction 

recording electrode, with a reference electrode positioned on the surrounding fascia. Tissues were 

constantly perfused with oxygenated and heated KH solution. Drug solutions were only perfused within 

the tracheal lumen and did not come into contact with the bath containing the RLN. If a drug induced 

sufficient depolarisation of the RLN terminals in the trachea, this triggered an action potential that 

propagated through the axon to the recording electrode, recorded as compound action potential firing.  
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The tracheal nerve set-up utilizes the same type of Ag/AgCl electrodes as in the isolated vagus 

preparation. Therefore, electrophysiological principles described in 2.2.1.1 apply to this 

preparation. The difference is that drugs are perfused within the airway lumen and do not 

come into contact with the RLN trunk, which is in a separately perfused compartment where it 

connects to the recording electrode. This means that a signal recorded by the electrode would 

be caused by the drug acting on RLN terminals within the trachea and inducing the firing of 

action potentials that propagated up to the recording electrode. Therefore, this tracheal nerve 

preparation measures the ability of drug solutions to elicit action potential firing of airway nerve 

terminals of the recurrent laryngeal nerve. As the recording electrode is placed on the whole 

nerve section, this is named “compound action potential firing”.  

2.2.2.2 Tracheal nerve experiments 

Drugs were diluted in KH solution and added using 1:1000 dilutions according to protocols 

detailed in individual result chapters. Protocol layouts were similar to isolated vagus 

experiments described in 2.2.1.2, using longer incubation times to allow the drug to diffuse 

through the tracheal layer onto the nerve endings. Details of the protocols are specified in 

individual result chapters. 

2.2.2.3 Data analysis 

Data were analysed as nerve mass activity (NMA) (μV.sec). NMA corresponds to the 

integration of all rectified compound action potential firing events over the period of stimulation, 

normalised to baseline activity for the same period of time.  
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2.2.3 In vivo single fibre preparation 

The single fibre preparation was used to assess the effect of a compound on the activation of 

airway sensory nerve terminals. This preparation measures the ability of aerosolised drugs to 

elicit action potential firing of the terminals of a single airway sensory nerve fibre within the 

vagus nerve in an anaesthetised animal. This preparation also enables to study whether an in 

vitro effect on vagus depolarisation translates into nerve fibre activation in vivo.  

2.2.3.1 Single fibre set-up 

The single fibre preparation was set-up as described in (Adcock et al. 2003). Male Brown 

Norway rats (300 – 350 g) were anaesthetised with urethane (1.5 g/kg, i.p.) supplemented as 

required. The trachea was cannulated and the animals artificially ventilated (tidal volume of 9 

ml/kg, 60 breaths/min) to maintain blood gases and pH using a small animal ventilator (Ugo 

Basile, Italy). Body temperature was monitored with a rectal thermometer and maintained at 

37ºC with a heated blanket (Harvard Apparatus, UK). The right carotid artery was cannulated 

to monitor systemic arterial blood pressure and heart rate using a pressure transducer (SP 

844 MEMSCAP, USA) linked to Spike 2 software data acquisition system (CED, UK) via a 

Micro1401 interface (CED, UK). Tracheal pressure was also continuously recorded with a 

pressure transducer (SP 844 MEMSCAP, USA) connected to a side arm of the tracheal 

cannula and linked to Spike 2 software via the Micro1401 interface. The right jugular vein was 

cannulated for the injection of drugs. Animals were paralysed with pancuronium bromide, 

initially administered at a dose of 0.10 mg/kg, i.v., followed every 20 min with 0.05 mg/kg, i.v. 

to maintain paralysis. This ensured that skeletal muscle twitches would not interfere with the 

sensitive nerve recordings. Because of this, depth of anaesthesia was continuously assessed 

by monitoring heart rate and blood pressure.  

A cervical incision was made to locate the cervical vagal nerves, which were dissected free 

and cut at their central end (bilateral cervical vagotomy) to prevent vagal reflexes. The skin 

and muscles around the incision were sutured to a metal ring to form a well which was filled 

with mineral oil. Using a binocular microscope, the left vagus nerve was desheathed and 

filaments of nerve were teased free until a single fibre was obtained and placed onto a 

recording electrode. A reference electrode was positioned on the surrounding fascia. 

Electrodes were bipolar Teflon-coated platinum electrodes (WPI, UK). The potential difference 

between the two electrodes was recorded via connection to a pre-amplifier headstage 

(NL100K, Digitimer, UK). The signal was amplified (NL104, Digitimer, UK), filtered (NL125, 

Digitimer, UK) and passed through a Humbug noise reducer (AutoMate Scientific, USA) and 

the output converted to a digital signal through the Micro1401 interface and fed to the Spike 2 
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software package. The signal was also monitored using a digital storage oscilloscope 

(Tektronix DPO 2012) and fed through an audio amplifier to a loudspeaker.  

 

 

Figure 2-3 Single fibre preparation 

A rat was anaesthetised, paralysed and cervical vagal nerves cut at their central end to prevent vagal 

reflexes. The left vagus nerve was desheathed and teased until a single fibre was obtained and placed 

onto a recording electrode. A reference electrode was positioned on the surrounding fascia. Drugs were 

nebulised via a tracheal cannula and intratracheal pressure recorded via a pressure transducer 

connected to the tracheal cannula. Action potential firing of the single fibre and intratracheal pressure 

changes were continuously measured.  

 

Using the same principle as described in 2.2.2.1 for the tracheal nerve preparation, this 

technique records action potential firing. However, the difference is that it specifically records 

single action potential units. The teased nerve fibre was identified as belonging to one of the 

three main groups of airway sensory nerve terminals: SARs, RARs (Aδ-fibres) or C-fibres as 

described in 1.5.1.1 and using criteria stated in (Adcock et al. 2003). In this thesis, only RARs 

Aδ-fibres were assessed, as TRPV4 was shown to activate Aδ-fibres but not C-fibres in guinea 

pigs (Bonvini et al. 2016). These Aδ-fibres were identified by their spontaneous activity with a 

rhythmical respirator pattern, their rapidly adapting response to pulmonary 

hyperinflation/deflation and their response to an aerosol of citric acid (0.3 M). This Aδ-fibre 

selection process also ensured that the nerve fibre was originating from the airways, given 

that it responded to pulmonary mechanical and chemical stimulation. Conduction velocity is 

normally assessed by electrical stimulation to confirm the nature of the fibre (Adcock et al. 

2003). Because it was the first time that the preparation was set-up in the rat and the available 

electrical stimulation equipment was not scaled for rats, conduction velocity could not be 

assessed in this thesis.  
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After surgery, animals were allowed to stabilise for at least 30 min prior to any experiment. 

Compound solutions were nebulised using an Aerogen Nebuliser (Buxco Nebulizer Control-5, 

Data Science International, USA) which was connected to the ventilator so that aerosolised 

compounds entered the airways via the tracheal cannula. This allowed to study the effect of a 

drug on eliciting action potential firing of the airway terminals of an airway sensory vagal fibre.  

2.2.3.2 Single fibre experiments 

Following identification of an airway sensory Aδ-fibre (RAR), baseline activity was recorded 

for at least 2 min. Thereafter, compounds were nebulised following specific protocols 

described in individual result chapters.  

2.2.3.3 Data analysis 

Data were analysed as the frequency of action potential firing events over the period of 

stimulation above baseline activity in (impulses/sec). No statistical analysis was performed 

due to the limited number of experiments conducted in this thesis.  
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2.3 Rat model of allergic airway disease 

The role of the TRPV4 axis was investigated in the LAR using a rat model of allergic airway 

disease induced by OVA. 

2.3.1 Protocol of the rat OVA model  

Male Brown Norway rats (200 – 250 g) were sensitised on days D0, D14 and D21 with OVA 

(100 μg OVA per rat, 1 ml, i.p.) administered with AlumTM adjuvant (20 mg aluminium hydroxide 

and 20 mg magnesium hydroxide per rat, diluted 1:1 with saline) or the vehicle SAL (AlumTM 

diluted 1:1 with saline). On D28, rats were challenged with OVA aerosol (1% OVA w/v in 

saline) for 30 min in a Perspex chamber (Figure 2-4).  

To monitor the LAR response, conscious unrestrained rats were placed 1 h after challenge in 

flow whole body plethysmography (FWBP) chambers (Buxco Electronics, USA) for a period 

of 5 h, from 1 h to 6 h post-challenge. To assess airway inflammation, rats were euthanised 

with an overdose of pentobarbitone (200 mg/kg, i.p.) 24 h post-challenge and bronchoalveolar 

lavage (BAL) was collected to evaluate inflammatory cell counts. To evaluate inflammatory 

mediators, rats were euthanised at timepoints specified in individual result chapters.   

 

Figure 2-4 Protocol of the rat OVA model 

 

Previous studies characterised the model by comparing the following combinations 

(sensitisation/challenge): SAL/SAL, SAL/OVA, OVA/SAL, OVA/OVA. On D28, only OVA-

sensitised rats challenged with OVA exhibited an immediate bronchoconstriction resolving 

within 30 min (EAR), followed by a prolonged bronchospasm lasting from 1 h to 6 h post-

challenge (LAR) accompanied by airway inflammation (S. L. Underwood et al. 2002; 

Raemdonck et al. 2012). SAL-sensitised rats challenged with SAL or OVA did not show such 

responses, showing that OVA challenge itself does not elicit an innate response. OVA-

sensitised rats only presented these responses when challenged with OVA but not SAL, 

ensuring that the response was specific to the OVA rather than non-specific hyperreactivity. 
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In this thesis, only two groups were used as controls to ensure that observed responses were 

due to a specific response to OVA. Study groups are specified in individual result chapters.  

2.3.2 Flow whole body plethysmography (FWBP) 

To evaluate the LAR provoked by OVA challenge or the respiratory response to compound 

inhalation, flow whole body plethysmography (FWBP) was used in conscious unrestrained 

rats.  

2.3.2.1 Flow whole body plethysmography set-up 

FWBP comprises a chamber (box) attached to a pneumotachograph that measures the flow 

of air coming in and out of the box (Figure 2-5 A). This flow is provoked by changes in box 

pressure that are elicited by the animal breathing, as described by (Lomask 2006) and 

represented in (Figure 2-5 B).  

- During inspiration, inspiratory muscles contract, causing the chest to expand and 

drawing air from the box through the nose to the thorax. When entering the nasal cavity 

and the airways, the air is heated and humidified through a process called conditioning 

and changes from ~21°C, 50% humidity to 37°C, 100% humidity. Due to expansion 

and conditioning, the inhaled air occupies a more important volume than it did outside 

the animal’s body. This elevates the pressure inside the box, resulting in an outward 

box flow measured by the pneumotachograph (Figure 2-5 C).  

- At the end of inspiration, equilibrium is reached and the flow resolves to zero (Figure 

2-5 D). 

- At the beginning of expiration, chest recoils and compresses air within the thorax. 

Before passing through the nasal cavity, the air volume is therefore reduced without 

change in its conditioning, decreasing box pressure and inducing a peak of inward box 

flow (“thoracic displacement flow”) (Figure 2-5 E).  

- Thereafter, air is exhaled through the nasal cavity and reduces in temperature, also 

contributing to induce box flow (“nasal flow”) (Figure 2-5 F). There is a lag between 

the moment where the air is compressed within the chest and the moment where it 

passes through the nasal cavity, reflected by a lag between thoracic displacement flow 

and nasal flow. 

These changes in box flow elicited by the animal breathing are plotted as a “box waveform” 

(Figure 2-5 G). The parameters of this waveform can vary during bronchoconstriction 

provoked by OVA challenge or compound inhalation.  
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Figure 2-5 Flow whole body plethysmography (legend on next page) 
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Figure 2-5: Flow whole body plethysmography 

(A) Representation of the FWBP chamber. (B) Simplified schematic of the rat body cavities involved in 

creating pressure changes in the FWBP chamber and resulting in box flow. (C, D, E, F) Relationship 

between air movements within the FWBP chamber, the rat thoracic and nasal cavities and the box flow 

during the respiratory cycle. %: percentage humidity.  ↗ V air: increase in air volume, ↗ P box: increase 

in FWBP chamber pressure. (G) Representation of the box waveflow at baseline and during 

bronchoconstriction, graph adapted from (Lomask 2006). The box waveflow is obtained by plotting the 

differential pressure measured by the pneumotachograph inside the FWBP wall over time.  

2.3.2.2 Penh parameter  

To analyse the respiratory response to OVA challenge or to compounds, the composite and 

dimensionless Penh parameter can be calculated from the box waveflow as the following:  

Penh = 
PEF

PIF
 x (

Te −Rt

Rt
) 

PEF:  Peak Expiratory Flow  

PIF: Peak Inspiratory Flow 

Te: Total expiratory time 

Rt; Time corresponding to 65% of expiratory flow total area 

 

Bronchoconstriction is predominant during expiration. If airway resistance increases, for 

instance during the LAR, two phenomenon arise affecting Penh parameter, as represented in 

(Figure 2-6):  

- Airways are contracted, therefore the air is further compressed within the thorax during 

early expiration and the peak box flow increases, reflected by an elevation in PEF.  

- The air takes a longer time to be expelled from the chest cavity, reflected by an 

increase in the lag between thoracic and nasal flows and therefore an elevation in Te 

and reduction in Rt. 

As a result, Penh variation can reflect the difference between thoracic and nasal flow and 

increases during bronchoconstriction (Lomask 2006; Vaickus et al. 2010).  

The validity of the Penh parameter to measure airway resistance has been criticised for three 

main reasons (Lundblad et al. 2007; J. Bates et al. 2004; J. H. T. Bates and Irvin 2003). First, 

the flow waveform can be influenced by changes in temperature and humidity, as well as 

animal movements within the box. However, the Penh parameter mostly assesses parameters 

dependent on the early expiration, which are minimally dependent on conditioning, i.e. 

temperature and humidity. Second, a lag between thoracic and nasal flows could be caused 
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by an alteration in the breathing pattern rather than bronchoconstriction, although decreasing 

respiratory rate with an anaesthetic has not been systematically associated with changes in 

Penh (Hamelmann et al. 1997). Third, nasal obstruction can cause an increase in Penh, which 

can be problematic in rodents which are obligate nose breathers (Nakaya et al. 2006). 

However, it was not possible to use alternative techniques to measure bronchoconstriction in 

this thesis. The purpose of this work was to study the LAR in the rat OVA model, which is lost 

under anaesthesia (Raemdonck et al. 2012), therefore it was not an option to use invasive 

measurements requiring anaesthesia to measure specific airway resistance. Furthermore, the 

LAR is monitored over a 5-hour period, a duration for which it was not ethically acceptable to 

restrain rats for techniques such as double-chamber plethysmography or flow oscillation 

measurement. In addition, studies have demonstrated a correlation between Penh and 

specific measures of lung resistance upon methacholine challenge (Hamelmann et al. 1997; 

Verheijden et al. 2014; Bergren 2001). In this thesis, temporal, audible and visual signs of 

respiratory distress correlated with Penh during the LAR response. As no other non-invasive, 

conscious and unrestrained technique are currently known to assess airway resistance, Penh 

measured by FWBP was used in this thesis.  

2.3.2.3 Data analysis 

Penh parameter was calculated in-line by Buxco Finepoint Software (Buxco Electronics, USA). 

To assess the LAR response in the rat OVA model, average Penh was calculated every 10 

min by the software over the 5-hour recording period. Average Penh was then plotted over 

time to estimate Penh area under curve (AUC). Statistical analyses were performed on Penh 

AUCs data. 
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Figure 2-6 The Penh parameter 

(A) Representation of the parameters determined from FWBP waveflow to calculate Penh with the 

formula written below the graph. (B, C) Representation of the variation of these parameters between 

baseline and bronchoconstriction states. PEF: Peak Expiratory Flow; PIF: Peak Inspiratory Flow; Rt: 

time corresponding to 65% of expiratory flow total area; Te: Total expiratory time.  
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2.3.3 Sample harvesting and processing 

To evaluate airway inflammatory cell recruitment and measure mediators in the rat OVA 

model, rats were euthanised with an overdose of pentobarbitone (200 mg/kg, i.p.) at 

appropriate timepoints specified in individual result chapters. Rats were exsanguinated by 

cardiac puncture and their tracheas cannulated to retrieve bronchoalveolar lavage (BAL) as 

followed:   

2.3.3.1 Bronchoalveolar lavage 

Bronchoalveolar lavage (BAL) fluid was obtained by perfusing airways with 3 ml of medium 

(RPMI 1640 Glutamax, ThermoFisher Scientific, USA) at room temperature (RT), left to 

equilibrate for 30 sec in the body cavity before being aspirated. This procedure was repeated 

once and the 6 ml of lavage was combined in a single tube and stored on ice for further 

processing. The BAL was centrifuged (1398 g, 10 min, 4°C) to separate cells from 

supernatant. The supernatant was aliquoted and stored at -80°C until further analysis.  

2.3.3.2 BAL differential cell counts 

BAL cell pellets were reconstituted in medium (RPMI 1640 Glutamax, ThermoFisher Scientific, 

USA) and total leukocytes number counted with an automated Sysmex XP-300 cell counter 

(Sysmex Ltd., UK). For differential cell counts, BAL fluid cells were mounted onto slides using 

a Cytospin centrifuge (807 g, 5 min, RT) (Shandon, Runcorn, UK). Slides were stained with a 

modified Wright-Giemsa stain (ACCUSTAIN, Sigma-Aldrich, USA) using a Hema-tek 2000 

automated slide stainer (Ames Co., Elkhart, USA). Differential counting was manually 

performed by counting 200 cells per slide under a light microscope (X40 magnification) and 

determining the percentage of eosinophils, neutrophils and monocytes/macrophages 

according to standard morphological criteria. The same blinded operator performed the 

entirety of the cell counts for consistency.  
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2.4 Mediator assays 

2.4.1 ATP levels in BAL  

ATP levels were measured in BAL fluid using the ATPlite 1-step Luminescence kit (Perkin 

Elmer, USA). Briefly, 100 μl of BAL supernatant were mixed with 100 μl of substrate solution 

in a 96-well plate and incubated for 10 min at RT on an orbital shaker protected from light. 

ATP standards were used as a control of the reaction. Emitted light was measured using a 

luminometer (Tecan Spark, Switzerland). The lower detection limit corresponded to 1 nM of 

ATP standard. 

This assay estimates the concentration of extracellular ATP in samples via a 

luciferin/luciferase reaction. Luciferase converts luciferin into oxyluciferin by consuming ATP 

and emitting light (photons) following the reaction: 

ATP + D-Luciferin + O2         
𝐿𝑢𝑐𝑖𝑓𝑒𝑟𝑎𝑠𝑒

𝑀𝑔2+
 >     Oxyluciferin + AMP + PPi + CO2 + Photon (light) 

Since the reagents are in excess, the amount of light emitted is proportional to the amount of 

ATP in the sample. Data were analysed as raw luminescence in (photons/sec) subtracted from 

blank reading.  

2.4.2 Tryptase-like activity in BAL  

Tryptase-like activity was measured in BAL fluid using the Mast Cell Degranulation Assay Kit 

as per manufacturer protocol (IMM001, Merck Millipore, USA). Briefly, 180 μl of BAL 

supernatant were mixed with 20 μl of substrate solution in a 96-well plate and incubated for 2 

h at 37°C protected from light. Tryptase standards were used as a control of the reaction. 

Absorbance was measured at 405 nm and 602 nm using a spectrophotometer after 2 h 

incubation (BiotekPowerWave XS Plate reader, USA).  

This assay estimates tryptase-like enzymatic activity via cleavage of the preferential tryptase 

substrate tosyl-gly-pro-lys-pNA into free pNA which absorbs light at 405 nm (Schwartz et al. 

1987). Preliminary tests were conducted to determine the kinetics of tryptase enzymatic 

reaction. At the concentration of substrate used, the enzymatic reaction reached a plateau at 

2 h of incubation, timepoint therefore chosen to estimate tryptase-like activity levels. The 

substrate tosyl-gly-pro-lys-pNA is not specific to tryptase and therefore this assay potentially 

detects all proteases possessing a similar catalytic mechanism (“tryptase-like activity”).   

Data were analysed as the absorbance at 405 nm subtracted from absorbance at 602 nm to 

account for potential particulate contamination of individual wells. Data were further 
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normalised to the absorbance of the medium used to obtain BAL samples, and to the 

absorbance read before adding any substrate to account for the presence of proteins 

absorbing at 405 nm, such as heme in BAL samples contaminated with blood.  

2.5 Genotyping  

Par2-/- and Par2+/+ mice were genotyped by performing PCR on crude DNA extracted from 

mouse tail tips. 

2.5.1.1 Crude DNA extraction 

DNA extraction was performed using the Extracta DNA prep for PCR kit (Quanta Biosciences, 

USA). Mouse tail clips (2 mm) were incubated into 75 μl of extraction buffer and heated at 

950C for 30 min. After cooling to RT, 75 μl of stabilisation buffer was added. A volume of 3 μl 

of each sample was taken for DNA quantification by reading absorbance of the sample at 260 

and 280 nm using a spectrophotometer (BiotekPowerWave XS Plate reader, USA). DNA 

concentration was evaluated based on the property of nucleic acids to absorb at 260 nm. DNA 

purity was assessed by measuring the ratio 260/280 reflecting protein contamination. Samples 

were used if presenting a 260/280 ratio of  1.8. DNA samples concentration was adjusted to 

10 ng/ml with nuclease-free H2O. 

2.5.1.2 PCR amplification 

Par2 gene was amplified according to the supplier’s protocol (Jackson Laboratory, USA) with 

minor modifications, using the Promega GoTaq Flexi DNA Polymerase kit (Promega, USA) 

with three types of primers (Table 3). Wild-type forward (WT-Fwd) and wild-type reverse (WT-

Rev) primers delimited a portion of exon present in the Par2 gene in Par2+/+ mice with a size 

of 385 bp. Mutant forward (Mut-Fwd) and wild-type reverse (WT-Rev) primers delimited a 

portion of the neomycin cassette present in Par2 gene in Par2-/- mice with a size of 198 bp 

(Schmidlin et al. 2002; Hennessey and McGuire 2013). Primers were obtained from Invitrogen 

(ThermoFisher Scientific, USA). An amount of 5 μl (50 ng) of each DNA sample was added to 

the reagent mix containing (with final concentrations): 5 μl Green GoTaq Flexi Buffer (X1), 1 

μl dNTPs (0.4 mM/dNTP), 2 μl MgCl2 (2 mM), 0.2 μl GoTaq DNA Polymerase (0.04 U/μl), 8.8μl 

Nuclease-free H2O, 1 μl of wild-type or mutant forward primers (0.4 pmol/μl) and 1 μl of wild-

type reverse primers (0.4 pmol/μl) in a total volume of 25 μl. The following PCR amplification 

protocol was run: 1) 1 cycle: 950C 2 min; 2) 40 cycles: 950C 30 sec, 600C 30 sec; 720C 2 min; 

3) 1 cycle: 750C 10 min, in a thermocycler StepOnePlusTM Real-Time PCR System (Applied 

Biosystems, USA).  
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2.5.1.3 Electrophoresis separation 

PCR products were separated by gel electrophoresis on a 2% agarose gel containing 

SafeView Nucleic Acid Stain (5 μl/100ml) (NBS Biologicals, UK) in TBE buffer 

(Tris/Borate/EDTA solution). A 1 kb DNA ladder (100 bp resolution) was run in parallel 

(Hyperladder, Bioline, UK). Gels were run for 1 h at 80 V. Gels were visualised under UV light 

(Odyssey Fc, LI-COR Biosciences, Germany) and images taken for analysis.  

Primer  Primer sequence 5’-3’ Reference/Source 

Par2 WT-Fwd TCA AAG ACT GCT GGT GGT TG oIMR7419  

ThermoFisher Scientific, USA 

Par2 Mut-Fwd GCC AGA GGC CAC TTG TGT AG oIMR7415   

ThermoFisher Scientific, USA 

Par2 WT-Rev GGT CCA ACA GTA AGG CTG CT oIMR7420 

ThermoFisher Scientific, USA 

 Table 3 Par2 genotyping primers 
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2.6 Measurement of airway contraction 

To investigate the effect of the TRPV4 axis on provoking airway smooth muscle contraction in 

naïve rats, four complementary techniques were used.  

2.6.1 In vivo measurement of Penh response using FWBP 

To study the ability of a compound to provoke bronchospasm in conscious naïve rats, Penh 

was measured with FWBP as described in 2.3.2.  

Male Brown Norway rats (200 – 300 g) were placed in FWBP chambers (Buxco Electronics, 

USA) and the drug solution was directly nebulised into the FWBP chambers using a nebulizer 

(Buxco Electronics, USA). Specific protocols are detailed in individual result chapters. 

Pressure changers were continuously monitored and Penh calculated in-line using Buxco 

Finepointe Software (Buxco Electronics, USA). Penh data were averaged every min and 

plotted as Penh average over time. Statistical analysis was performed on Penh AUCs data.  

2.6.2 In vivo measurement of intratracheal pressure changes  

To study the ability of a compound to provoke local bronchospasm independently from a nerve 

reflex in vivo in naïve rats, the single fibre set-up was used as outlined in 2.2.3.  

Male Brown Norway rats (300 – 350 g) were anaesthetised, paralysed, artificially ventilated 

and both vagi cut at their central end as described in 2.2.3. Drug solutions were aerosolised 

into the rat trachea using an Aerogen nebuliser (Buxco Nebulizer Control-5; Data Sciences 

International, USA) connected to the ventilator and arranged so that inspired air passed 

through the drug nebuliser chamber before entering the tracheal cannula. In addition of 

measuring single fibre activity, this preparation directly recorded intratracheal pressure 

changes via a pressure transducer (SP 844 MEMSCAP, USA) connected to the side of the 

tracheal cannula. As both rat vagi were cut at their central end, this prevented the occurrence 

of reflex bronchospasm and enabled to measure local contraction of the airways located below 

the trachea. Specific protocols are detailed in individual result chapters. Intratracheal pressure 

(cm H2O) was plotted over time for analysis. No statistical analysis was performed due to the 

limited number of experiments conducted in this thesis. 
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2.6.3 In vitro measurement of tracheal contraction using organ bath  

An organ bath preparation was used in vitro to evaluate the effect of compounds on upper 

airway smooth muscle contraction (trachea and main bronchi).  

2.6.3.1 Organ bath set-up 

Male Brown Norway rats (200 – 300 g) were euthanised via overdose of pentobarbitone (200 

mg/kg, i.p.). Skin, upper muscles, connective tissue and rib cage were removed to expose 

upper airways. The trachea and main bronchi were dissected out, cleaned of connective tissue 

and placed into KH solution (mM: NaCl 118; KCl 5.9; MgSO4 1.2; CaCl2 2.5; NaH2PO4 1.2; 

NaHCO3 25.5 and glucose 5.6), at 37oC and bubbled with 95% O2 / 5% CO2 to maintain 

oxygenation and pH:7.4. Airways were maintained in KH solution containing the non-selective 

COX inhibitor indomethacin (10 μM) to inhibit the production of endogenous prostanoids 

generated by the dissection, which can interfere with smooth muscle contraction.  

The trachea was opened longitudinally by cutting through the cartilage opposite to the smooth 

muscle layer and generating four transverse segments. The left and right main bronchi were 

separated and left intact. Each tracheal and bronchus segment was sutured with nylon string 

and tied to fixed steel hook transducers in 10 ml organ baths (Linton Instrumentation, UK) 

containing KH solution with or without indomethacin, at 37oC and bubbled with 95% O2 / 5% 

CO2, as represented in (Figure 2-7) and described in (Buckley et al. 2011). Isometric tension 

changes were measured by connecting the hooks to calibrated force transducers (Grass FT-

03, Grass Instruments, USA) and the signal fed to a data acquisition system (Biopac Systems 

MP100 workstation, USA) and analysed using AcqKnowledge software (Biopac Systems, 

USA). 

2.6.3.2 Organ bath experiments 

Tissues were left to equilibrate under a passive tension of 1 g in KH solution for 1 h, with 

washes every 30 min. Viability and maximal contractile response was assessed at the 

beginning of each experiment by incubating tissue segments with a supramaximal 

concentration of acetylcholine ACh (1 mM). Once tension reached a plateau, tissues were 

washed three times with KH solution. This process was repeated three times to ensure 

reproducibility of ACh response. The third ACh response was taken as a reference of the 

maximal tissue response. After ACh responses, tissues were left to equilibrate to baseline and 

passive tension reset to 1 g prior to conducting experiments. Drugs were diluted in KH solution 

and added manually into the bath using 1:1000 dilutions according to protocols detailed in 
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individual result chapters. At the end of the experiment, tissues were washed and incubated 

with ACh (1 mM) to confirm that tissues were still viable.  

 

Figure 2-7 Organ bath preparation of isolated tracheas 

Tracheas were isolated from naïve rats and cut into segments placed into individual organ baths, bathed 

in heated and oxygenated KH solution. Tissue segments were tied to a system of hooks connected to 

a calibrated pressure transducer that measured changes in isometric tension to assess tracheal 

contraction.  

2.6.3.3 Analysis 

Data were expressed as isometric tension (mg), which reflected tracheal smooth muscle 

contraction and was determined as the maximum tension of a tissue segment recorded during 

the drug incubation period. For statistical analysis, data were normalised to the maximal ACh 

contraction of each tissue segment. 
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2.6.4 In vitro imaging of small airways contraction using precision-cut lung 

slices (PCLS) 

To evaluate the effect of compounds on small airways contraction, precision-cut lung slices 

(PCLS) were generated from naïve rats and contraction evaluated using light microscopy 

following the layout described in (Figure 2-8). PCLS were generated on day 0. Integrity, 

viability and contractility of airways were assessed on day 1 by incubating slices with ACh, in 

order to assign airways with a similar range of diameters and contractility between treatment 

groups for the experiments conducted on day 2. This technique was implemented for the first 

time in the laboratory, therefore thorough validation work was conducted during this thesis. 

 

Figure 2-8 Layout of experiments measuring small airways contraction in PCLS 

2.6.4.1 Day 0: PCLS generation 

On day 0, male Brown Norway rats (200 – 300 g) were euthanised via overdose of 

pentobarbitone (200 mg/kg, i.p.). Skin, upper muscles and rib cage were removed to expose 

the trachea and lungs. Rats were exsanguinated by cutting the vena cava. The trachea was 

cannulated and lungs slowly perfused with 2% Ultra-Low Gelling Temperature Agarose 

prepared in HBSS with 100 units/ml penicillin - 0.1 mg/ml streptomycin kept at 37 oC 

(references of reagents in Appendix). The solution was perfused until lungs were fully inflated, 

corresponding to 5 ml of solution per 100 g of rat body weight. The trachea was tied off and 

the lungs taken en bloc and immerged in ice-cold HBSS with penicillin-streptomycin for 30 min 

on ice for the agarose to set. Once set, cylindrical lung cores were transversally cut from the 

left lung lobe using a tissue coring tool with a diameter of 10 mm (Harvard Apparatus, UK). 

Generated lung cores were longitudinally cut into PCLS using a VF-300-OZ Compresstome 
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(Precisionary Instruments LLC, USA), with a thickness of 250 μm. Approximately 40 slices 

were generated per rat. PCLS were individually plated in 24-well plates, each PCLS freely 

immerged in 1 ml of DMEM complete medium (DMEM high glucose medium supplemented 

with 10% FBS, 100 units/ml penicillin, 0.1 mg/ml streptomycin, 2.5 μg/ml amphotericin B, 4 

mM L-glutamine, and 1% MEM non-essential aminoacids solution) at 37 oC with 5% CO2 in 

an incubator to maintain pH:7.4. Slices were washed every 30 min for 3 h to remove 

inflammatory mediators generated during the slicing process before letting them to rest 

overnight in DMEM complete medium.  

2.6.4.2 PCLS live-imaging set-up 

Small airways contraction was assessed using live-imaging with light microscopy. For all 

imaging sessions, PCLS were washed twice and incubated in 1 ml of extracellular solution 

(ECS) (in mM: KCl 5.4; NaCl 136; MgCl2 1; CaCl2 2.5; NaH2PO4 0.33; HEPES 10; glucose 10; 

supplemented with 10% FBS, 100 units/ml penicillin, 0.1 mg/ml streptomycin, 2.5 μg/ml 

amphotericin B, 4 mM L-glutamine, and 1% MEM non-essential aminoacids solution) adjusted 

at pH:7.4 and warmed at 37oC. Slices were left to equilibrate in ECS for 1 h at 37oC in a non-

gassed incubator before any imaging. This buffer maintained pH equilibration without the need 

of a CO2 atmosphere, which was not possible under the microscope.  

Slices were imaged in their 24-well plate using brightfield microscopy with a widefield inverted 

microscope Zeiss Axiovert 200 (Zeiss, Germany) in a temperature-controlled chamber set at 

37oC. Slices were allowed to move freely in ECS medium, without any tension applied. Images 

were acquired with Zen 2 blue edition - pro imaging software (Zeiss, Germany) using a 10x 

objective. Each well of the 24-well plate contained a single PCLS, bearing 1 to 3 identifiable 

airways. Manual snapshots of up to 40 airways were simultaneously taken at specified 

timepoints. The same airways were tracked by following their (X; Y; Z) coordinates on the 

calibrated motorised stage using Sample Carrier function. Snapshots were treated using the 

open source processing package Fiji (ImageJ, version 2.0, (Schindelin et al. 2012)). Image 

files were processed in Zeiss *.czi format retaining time of acquisition and scale information. 

Images of the same airway recorded at different timepoints were stacked together using a 

custom-made macro (Stephen Rothery, Facility for Imaging by Light Microscopy 

(FILM), Imperial College London). As slices floated freely in the medium, airways could move 

between timepoints. Therefore, images were registered (aligned) using the Descriptor Based 

Registration Time series (2d/3d + t) plugin available in the Fiji package (Stephan Preibisch, 

ImageJ version 2.0, (Schindelin et al. 2012)). Airway contraction was followed by measuring 

the area of empty airway lumen (μm2) at each timepoint by setting a manual threshold to 

distinguish levels of grey between the airway lumen and the background and analysing area 
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using the Analyze Particles function. Airway diameter (μm) was calculated as the Feret’s 

diameter of delimited airways. Contraction was monitored at each timepoint by calculating the 

percentage closure of airway lumen with the following formula: 

Percentage closure at timepoint tx (%):  
( 𝐴𝑟𝑒𝑎 𝑎𝑡 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 −𝐴𝑟𝑒𝑎 𝑎𝑡 𝑡𝑖𝑚𝑒𝑝𝑜𝑖𝑛𝑡 𝑡𝑥)

𝐴𝑟𝑒𝑎 𝑎𝑡 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 
 x 100 

2.6.4.3 Day 1 post-isolation: PCLS airways screening  

As PCLS are generated from a whole lung lobe, many different airway generations can be 

assessed from one animal, with important inter-airway variability (Dandurand et al. 1993; 

Minshall et al. 1997). It was notably observed that the smaller the airway, the more it contracts 

to a muscarinic agonist (C. Martin, Uhlig, and Ullrich 1996). It was therefore important to 

ensure that similar airways were compared between treatment groups. For this reason, 

airways diameter, viability, and maximum contractility were firstly screened by performing an 

ACh response. Because of this time-consuming process, PCLS experiments were conducted 

across two days, with ACh screening on day 1 and the experiment on day 2 post-isolation. 

Preliminary validation work ensured that airways responsive to ACh on day 1 were still 

responsive on day 2 with a same magnitude of the response (Figure 2-9). This concurred with 

studies in the literature showing viability of the PCLS for up to 72 h by assessing LDH release 

(Akram et al. 2019; Ressmeyer et al. 2006; C. Martin, Uhlig, and Ullrich 1996). This two-day 

process also allowed the airways to fully wash off the ACh response and restore baseline 

patency as shown in (Figure 2-9). The decision to test pharmacological compounds on day 2 

was also made to reduce potential confounding effects of airway inflammation due to the PCLS 

isolation process. Studies from the literature have indeed reported high levels of inflammatory 

cytokines resulting from the slicing which decrease after 24-48 h (Behrsing et al. 2013) and 

PCLS metabolic activity seems to recover after 24 h (Hirn et al. 2014; Temann et al. 2017). 

ACh was chosen to evaluate airways viability and contractility at a concentration (1 mM) shown 

to elicit supramaximal airway contraction (Bergner and Sanderson 2002a). Many PCLS 

studies use stable muscarinic analogues such as MCh (C. Martin, Uhlig, and Ullrich 1996; 

Ressmeyer et al. 2006; Neuhaus et al. 2017), however, because ACh is metabolised by 

esterases, the contraction is more readily reversible and this was preferred to perform 

experiments on the same PCLS after ACh screening.  

PCLS were washed twice, equilibrated in 1 ml of ECS at 37oC for 1 h in a 24-well plate and 

transferred under the microscope as described in 2.6.4.2. PCLS were screened for potential 

airways and their position on the 24-well plate recorded. Each airway was clearly identified 

with a coding system to keep track of the same airways from day 1 to day 2. Less than 10 min 
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after baseline images were taken, 100 μl of ACh (x11) solution was added to each well, to 

achieve a final concentration of ACh 1 mM. After 10 min, images of each airway were captured, 

with examples represented in (Figure 2-9). Validation work established that airway contraction 

to ACh plateaued at 10 min as shown in (Figure 2-9), similar to a published report (Bergner 

and Sanderson 2002a). Afterwards, PCLS were washed twice in ECS and incubated in 1 ml 

of warm DMEM complete medium in a 5% CO2 incubator at 37oC.  

During this incubation, the contraction to ACh was analysed and airways were selected for the 

experiment according to the following criteria: 

- Airways presenting a transverse circular section, as the slicing can generate 

longitudinal cuts due to the oblique trajectory of airways. 

- Intact airways, with intact parenchymal attachments, no visible tear of the PCLS and 

no debris within the airway lumen. Selected airways were not situated on the edge of 

a slice, as this area can be subjected to mechanical strain. 

- Airways were morphologically identified based on the presence of an epithelial and 

smooth muscle lining and the proximity of a blood vessel.  

- Only airways that contracted more than 50 % to ACh (1 mM) were selected. This 

arbitrary cut-off was chosen to assess airway viability as ACh has been shown to 

provoke on average 80% airway closure in PCLS (Bergner and Sanderson 2002a). 

This also confirmed their identification as airways, since arteries can resemble airways 

but dilate or do not respond to ACh (C. Martin, Uhlig, and Ullrich 1996; Perez and 

Sanderson 2005).  

Once selected, airways were assigned to treatment groups for the pharmacological 

experiment on the following day according to the following criteria: 

- A similar range of airway diameters between groups for each animal. 

- A similar range of maximum contraction to ACh between groups for each animal. 

- Approximately the same number of airways in each group and at least 3 airways per 

treatment group for each animal. 

At the end of day 1 post-isolation, PCLS bearing selected airways were transferred using a 

flat spatula into a new 24-well plate for the experiment. After transfer, slices were washed and 

left to rest overnight in fresh DMEM complete medium in a 5% CO2 incubator at 37oC. 

  



93 
 

-25

0

25

50

75

100

%
 A

ir
w

a
y
 c

lo
s
u
re

0 40 80 120 160 20

ACh
1 mM

Wash
x2

ACh
1 mM

Wash
x2

Day 1 Day 2

60

Day 1 Day 2
0

25

50

75

100

%
 M

a
x
im

u
m

 a
ir
w

a
y

c
lo

s
u
re

 t
o
 A

C
h
 1

 m
M

C

D

 

Figure 2-9 Comparison of ACh response between day 1 and day 2 post-isolation in PCLS 

(A, B) Representative images of a small airway in a PCLS generated from a naïve rat at day 1 post-

isolation (A) at baseline and (B) 10 min after ACh (1 mM) addition (airway diameter: 337 μm; 80% 

closure to ACh). (C) Representation of airway contraction over time and (D) quantification of the 

maximum contraction elicited by ACh (1 mM) of the same airways followed on day 1 and day 2 post-

isolation, N=1 naïve rat, n=6 airways.  
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2.6.4.4 Day 2 post-isolation: PCLS experiments 

On day 2 post-isolation, selected PCLS were washed twice and equilibrated in 1 ml of ECS at 

37oC for 1 h in their 24-well plate as described in 2.6.4.2. After 1 h, the medium volume was 

changed to 800 μl and the plate was taken under the light microscope maintained at 37oC. 

Airways selected on day 1 post-isolation were tracked down and baseline images taken. 

Compounds diluted in ECS were added to each well in a cumulative manner using a pipette, 

without washing between drug additions as the mechanical effect of washing could induce 

airway contraction. Snapshots were manually taken at specified timepoints to assess airway 

contraction. Specific protocols are detailed in individual result chapters. At the end of the 

experiment, slices were incubated with ACh (1 mM) for 10 min to evaluate airway viability and 

maximum contractility following drug treatment. All agonist/antagonist experiments were 

conducted according to the same procedure represented in (Figure 2-10). 

 

Figure 2-10 Protocol of small airways contraction experiments using PCLS 

Dashed lines: images taken of each airways at appropriate timepoints; (X..): dilution of the drug solution 

added to each well. 

2.6.4.5 Analysis of PCLS experiments 

For each agonist/antagonist PCLS experiment, a single 24-well plate was imaged with up to 

40 airways originating from one animal, with all conditions assessed at the same time with a 

minimum of 3 airways per condition. This was repeated with PCLS from different animals. 

Data were plotted as the percentage closure calculated from baseline T0 over time. For 

analysis, the percentage closure (“% airway closure”) elicited by an agonist was determined 

as the ratio between the lumen area right before adding the agonist (baseline T1) and the 

lumen area at each timepoint after agonist addition. This was normalised to the final ACh 

response to account for inter-airway variability and the maximum contraction during the 

agonist incubation period was referred to as “% of ACh contraction”. Airways from different 

animals were grouped for statistical analysis to account for inter-airway variability.  
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2.6.4.6 Validation of the PCLS technique 

To validate the PCLS technique, a preliminary cumulative concentration-response to the 

stable muscarinic agonist carbachol (CCh) was conducted. Selected airways contracted in a 

concentration-dependent manner to CCh with a -logEC50 value of 6.2 (Figure 2-11) similar to 

published values (Brown et al. 2013; Gustafsson and Persson 1989) and therefore validating 

the technique. 
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Figure 2-11 Validation of the PCLS technique: carbachol concentration-response 

Rat PCLS were incubated on day 2 post-isolation with carbachol (CCh) in a cumulative manner and 

airway contraction monitored by light microscopy. (A) Concentration-response curve of the contraction 

elicited by CCh. Data expressed as mean ± S.E.M., N=1 rat, n=6 airways. (B) Representative images 

of an airway contracting to increasing concentrations of CCh.   

3.10
-8 

M  10
-8 

M
 
 10

-7 
M  

3.10
-7 

M  10
-6 

M  3.10
-6 

M  10
-5 

M  

3.10
-5 

M  10
-4 

M  3.10
-4 

M  10
-3 

M  

Baseline 

Airway 

Vessel 

B 



97 
 

2.7 Statistics 

Statistical analysis was performed using Prism Software version 8.0 (GraphPad, USA). 

Statistical tests are specified in each individual result chapters. 

2.8 Pharmacological compounds 

The following table summarises the main pharmacological compounds used in this thesis. 

 Compound Potency/Selectivity References 

TRPV4 

agonist 

GSK1016790A 

 

pEC50 7.7 – 8.7 (mouse, rat, human) 

Selectivity for TRPV4 tested in Trpv4-/- 

mouse tissues and against TRPM8, 

TRPA1 human channels 

(Thorneloe et al. 2008; 

Willette et al. 2008; 

Alexander et al. 2013) 

TRPV4 

antagonist 
GSK2193874 

pIC50 7.4 – 8.7 (human, mouse, rat) 

Selectivity tested against ~200 human 

proteins in cell lines and against 

TRPA1 and TRPV1 in guinea pig 

tissues 

(Thorneloe et al. 2012; 

Cheung et al. 2017; 

Bonvini et al. 2016) 

P2X3  

agonist 
αβ-MeATP 

pEC50 ~ 6 

Selective for P2X1 and P2X3 

(Lewis et al. 1995; 

Cockayne et al. 2000) 

P2X3  

P2X2/3 

antagonist 

AF-353 

pIC50 7.3 – 8.5 (human, rat) 

Selectivity tested against human P2X1, 

P2X2, P2X4, P2X5, P2X7 in cell lines 

and against TRPA1 and TRPV1 in 

guinea pig tissues 

(Gever et al. 2010; 

Bonvini et al. 2016) 

Panx1 

blocker 
Probenecid pIC50 ~ 3.8 (mouse) 

(Silverman, Locovei, and 

Dahl 2008) 

P2X4 

antagonist 
5-BDBD pIC50 ~ 6.1 (rat) (Coddou et al. 2019) 

PAR2 

agonist 

2f-LIGRLO-

NH2 

pEC50 6.5 – 7.0 (rat) 

Selectivity tested in Par2-/- mice and 

against human PAR1 and PAR4 in cell 

lines  

(McGuire et al. 2004; 

Kawabata et al. 2004) 

PAR2 

antagonist 
P2pal-18S 

pIC50 ~ 6.8 (rat) 

Selectivity tested in Par2-/- mice and 

against PAR1 and PAR4 in cell lines 

(Sevigny et al. 2011; 

Shearer et al. 2016) 

Table 4 Pharmacological compounds  
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3 Investigating the effect of TRPV4 on rat airway 

sensory nerves  

3.1 Rationale 

In atopic asthmatics, allergen inhalation challenge can provoke a prolonged episode of airway 

narrowing named the late asthmatic response (LAR) (Diamant et al. 2013). The LAR has 

proven to be a relevant endpoint to study therapies for atopic asthma (Gauvreau, El-Gammal, 

and O’Byrne 2015) and yet its mechanism remains unclear. Because the LAR is associated 

with airway inflammation and reduced by corticosteroids, it is thought to result from the 

recruitment of inflammatory cells (Gauvreau, Watson, and O’Byrne 1999; Lommatzsch et al. 

2006; Cockcroft and Murdock 1987; Kidney et al. 1997; Becky Kelly, Busse, and Jarjour 2000; 

Gauvreau et al. 1996; Inman et al. 2001; Leigh et al. 2002). However, it is unclear how 

inflammatory cells cause airflow limitation. One hypothesis is that recruited eosinophils and 

basophils release CysLTs in the airways (Gauvreau, El-Gammal, and O’Byrne 2015). 

However, the anti-IL-5 mepolizumab had no effect on the LAR, questioning the role of 

eosinophils (Leckie et al. 2000), and not all patients respond to LTRAs (Roquet et al. 1997; 

Hamilton et al. 1998; Diamant et al. 1999; Leigh et al. 2002; Davis et al. 2009).  

Evidence suggests that airway nerves could be the link between inflammation and airflow 

limitation. The LAMA tiotropium was shown to be effective in improving symptoms and 

baseline lung function in asthmatic patients (Peters et al. 2010; Kerstjens et al. 2015; Paggiaro 

et al. 2016). Importantly, the Respiratory Pharmacology group has shown that tiotropium and 

anaesthesia abolished the LAR in a rat OVA model (Raemdonck et al. 2012), suggesting that 

the LAR is driven by a nerve reflex, whereby allergen challenge results in activation of airway 

sensory nerves and a cholinergic reflex bronchospasm. However, the mechanisms driving this 

reflex are currently unknown. 

Transient receptor potential channel V4 (TRPV4) is a cation-permeable ion channel and a 

known activator of airway sensory nerves (Bonvini et al. 2016). TRPV4 activation seems to 

indirectly stimulate airway sensory neurons by inducing the release of ATP through Panx1 

channels and the activation of P2X3-P2X2/3 receptors expressed on the neurons (Bonvini et 

al. 2016) (Figure 3-1). Interestingly, ATP levels have been found elevated in the airways of 

asthmatic patients after allergen challenge (Idzko et al. 2007). Furthermore, PAR2 activation 

has been shown to activate or sensitise TRPV4 and to elicit a sensory nerve signal (Sipe et 

al. 2008; Grant et al. 2007; Poole et al. 2013; Zhao et al. 2014; 2015; Grace et al. 2014) and 

PAR2 receptors as well as PAR2 agonists have been found elevated in the airways of 
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asthmatic patients (Sedgwick et al. 1991; S. E. Wenzel, Fowler, and Schwartz 1988; Aubier 

et al. 2016; Knight et al. 2001; Allard et al. 2014).  

Since both TRPV4 upstream activators and downstream mediator are upregulated in asthma, 

it was hypothesised that TRPV4 could be a driver of the nerve reflex causing the LAR. This 

thesis aimed to investigate this hypothesis using an OVA model of the LAR established in 

Brown Norway rats. However, the effect of TRPV4 on airway sensory nerve activation has 

been previously characterised in guinea pigs, mice and human but not rats (Bonvini et al. 

2016). Therefore, the first aim of this thesis was to confirm whether TRPV4 can activate airway 

sensory nerves in Brown Norway rats.  

3.2 Hypothesis 

TRPV4 activates airway sensory nerves in naïve rats via inducing the release of ATP through 

Panx1 channels acting on P2X3-P2X2/3 receptors (Figure 3-1). 

 

Figure 3-1: Hypothesis: TRPV4 activates airway sensory nerves via the ATP-P2X3 axis 

3.3 Aims 

- Investigate whether TRPV4 activation can stimulate airway sensory nerves in naive 

rats using electrophysiological techniques in vitro and in vivo. 

- Investigate whether this effect is mediated via the release of ATP through Panx1 

channels and the activation of P2X3-P2X2/3 receptors in vitro. 

Airway sensory neurons 
(within the vagus nerve) 

TRPV4 

Panx1 

P2X2/3 
P2X3 

ATP 
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3.4 Methods 

3.4.1 Effect of TRPV4 on isolated vagus depolarisation 

The effect of TRPV4 activation was tested on the depolarisation of rat vagal nerves in vitro, 

using the isolated vagus preparation detailed in 2.2.1 generated from naïve rats. 

3.4.1.1 Effect of TRPV4, Panx1 and P2X3 antagonists on TRPV4-mediated vagus 

depolarisation 

Vagal nerves were isolated from naïve rats. Each segment was incubated with the TRPV4 

agonist GSK1016790A (300 nM) for 2 min. This was repeated after a wash to ensure 

reproducibility of the response. The nerve was subsequently incubated with the antagonist for 

10 min, either the TRPV4 antagonist GSK2193874 (10 μM), Panx1 blocker probenecid (1 

mM), P2X3-P2X2/3 antagonist AF-353 (10 μM) or the vehicle (0.1% DMSO). The TRPV4 

agonist was then reapplied for 2 min in presence of the antagonist. After washing, the nerve 

was re-incubated with the TRPV4 agonist to establish viability and recovery of the response.  

Compound concentrations were chosen based on concentration-response experiments 

conducted in guinea pigs. For the TRPV4 agonist, this corresponded to the concentration 

eliciting submaximal depolarisation of the vagus nerve. For the TRPV4 and P2X3-P2X2/3 

antagonists, this corresponded to the concentration eliciting maximum blockade of their 

respective agonist GSK1016790A or αβ-MeATP (Bonvini et al. 2016). The concentration of 

the Panx1 blocker probenecid was chosen according to the published report (Silverman, 

Locovei, and Dahl 2008).  

Selectivity of the TRPV4 agonist and TRPV4, P2X3-P2X2/3 antagonists have been 

characterised in the literature (Thorneloe et al. 2012; Gever et al. 2010; Thorneloe et al. 2008). 

In-house studies confirmed their selectivity at the concentrations used against TRPA1 and 

TRPV1-induced vagus depolarisation in guinea pigs (Bonvini et al. 2016). Of note, the 

antagonist AF-353 selectively blocks P2X3 receptor units in P2X3 homotrimeric and P2X2/3 

heterotrimeric receptors. The table presented in 2.8 summarises the properties of the 

compounds used in this thesis. 

3.4.1.2 Effect of the ATP analogue αβ-MeATP on vagus depolarisation 

Vagal nerves were isolated from naïve rats. Each segment was incubated with the stable ATP 

analogue αβ-MeATP (100 μM) for 2 min. This was repeated after a wash to ensure 

reproducibility of the response. The nerve was then incubated with the P2X3-P2X2/3 

antagonist AF-353 (10 μM) for 10 min. The ATP analogue αβ-MeATP was subsequently 
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reapplied for 2 min in presence of the P2X3 antagonist. After washing, the nerve was re-

incubated with αβ-MeATP to establish viability and recovery of the response.  

The ATP analogue αβ-MeATP preferentially binds to P2X1 and P2X3 receptors (Lewis et al. 

1995; Cockayne et al. 2000). The concentration of αβ-MeATP was chosen based on 

concentration-response experiments as the concentration eliciting submaximal vagus 

depolarisation in guinea pigs (Bonvini et al. 2016).  

3.4.1.3 Validation of TRPV4 antagonist selectivity  

The selectivity of the TRPV4 antagonist GSK2193874 was tested in the rat species against 

TRPV1-induced vagal depolarisation. The rat vagus nerve was incubated with the TRPV1 

agonist capsaicin (1 μM) for 2 min. This was repeated after a wash to ensure reproducibility 

of the response. The nerve was then incubated with the TRPV4 antagonist GSK2193874 (10 

μM) for 10 min. The TRPV1 agonist was subsequently reapplied for 2 min in presence of the 

TRPV4 antagonist. After washing, the nerve was re-incubated with the TRPV1 agonist to 

establish viability and recovery of the response. 

3.4.1.4 Vagus data analysis 

Vagus data were expressed as mean ± S.E.M. depolarisation (mV) and percentage inhibition 

calculated for each antagonist. Statistical analysis was performed on the depolarisation (mV) 

data. Parametric paired t-tests compared the depolarisation elicited by the agonist in absence 

and presence of the antagonist.  

3.4.2 Effect of TRPV4 on isolated tracheal nerve firing 

The effect of TRPV4 activation was tested on compound action potential firing of the tracheal 

terminals of the RLN in vitro, using the isolated tracheal nerve preparation detailed in 2.2.2 

generated from a naive rat. 

The RLN was isolated en bloc with the upper airways from a naïve rat. The tracheal lumen 

was perfused with the vehicle (0.1% DMSO) for 10 min. After a wash, the TRPV4 agonist 

GSK1016790A (300 nM) was applied for 10 min. This was repeated to ensure reproducibility 

of the response. The tracheal lumen was then perfused with the TRPV4 antagonist 

GSK2193874 (10 μM) for 20 min. The TRPV4 agonist was subsequently reapplied for 10 min 

in presence of the TRPV4 antagonist. After washing, the tracheal lumen was re-incubated with 

the TRPV4 agonist to establish viability and recovery of the response.  
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Compounds were used at concentrations previously validated in isolated vagus experiments 

as described in 3.5.1.  

Data were analysed as nerve mass activity (μV.sec), reflecting the compound action potential 

firing of the RLN nerve connected to the trachea. Statistical analysis was not performed as 

only N=1 experiment was conducted. 

3.4.3 Effect of TRPV4 on airway sensory Aδ-fibre firing 

The effect of TRPV4 activation was tested on the action potential firing of airway sensory Aδ-

fibres in vivo, using the single fibre preparation detailed in 2.2.3 in an anaesthetised naïve rat.  

A naïve rat was anaesthetised, paralysed and artificially ventilated. Both vagi were 

disconnected from their central end (bilateral cervical vagotomy) to avoid vagal reflexes. After 

identification of an airway sensory Aδ-fibre and establishing baseline activity, the vehicle (1% 

EtOH in saline) was aerosolised for 1 min into the rat airways via a tracheal cannula. After 10 

min, the TRPV4 agonist GSK1016790A (100 ng/ml corresponding to 152 nM) was aerosolised 

for 1 min. Airway sensory Aδ-fibre activity was observed for at least 30 min after TRPV4 

agonist stimulation.  

The concentration of the TRPV4 agonist was determined in previous concentration-response 

studies as the concentration eliciting submaximal airway sensory Aδ-fibre firing in guinea pigs 

(Bonvini et al. 2016).  

Data were analysed as the frequency of action potential firing events (impulses/sec) of the 

airway sensory Aδ-fibre. Statistical analysis was not performed as only N=1 experiment was 

conducted. 
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3.5 Results 

The first aim was to test whether TRPV4 activation can stimulate airway sensory nerves in 

naive rats. This was investigated using three complementary electrophysiological techniques.  

3.5.1 Effect of TRPV4 on isolated vagus depolarisation 

The effect of the TRPV4 agonist GSK1016790A was tested on the depolarisation of vagal 

nerves isolated from naïve rats. The TRPV4 agonist GSK1016790A (300 nM) provoked the 

depolarisation of rat isolated vagal nerves. The TRPV4 antagonist GSK2193874 (10 μM) 

inhibited this depolarisation by 78% (0.28 ± 0.07 mV vs 0.07 ± 0.03 mV) while its vehicle had 

no effect (Figure 3-2).  

3.5.2 Selectivity of the TRPV4 antagonist against TRPV1-mediated vagus 

depolarisation 

The selectivity of the TRPV4 antagonist GSK2193874 (10 μM) was tested against the TRPV1 

agonist capsaicin (1 μM) mediated depolarisation of rat isolated vagal nerves. The TRPV4 

antagonist did not inhibit TRPV1-induced depolarisation (0.36 ± 0.13 mV vs 0.39 ± 0.12 mV) 

(Figure 3-3). 
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Figure 3-2: Effect of the TRPV4 agonist on isolated vagus depolarisation 

Rat isolated vagal nerves were stimulated with the TRPV4 agonist GSK1016790A (300 nM) and the 

depolarisation of the nerve assessed in absence or presence of the TRPV4 antagonist GSK2193874 

(10 μM) or its vehicle (0.1% DMSO). (A) Representative trace. (B, C) Quantification of the depolarisation 

(mV) induced by the TRPV4 agonist (left bar), in presence of the vehicle or TRPV4 antagonist (middle 

bar). Recovery of the agonist response was assessed at the end of each experiment (right bar). (D) 

Percentage inhibition of the TRPV4 agonist-induced depolarisation by the TRPV4 antagonist. Data 

expressed as mean ± S.E.M., N=4 rats. Paired t-test *p<0.05 comparing the agonist response before 

and after antagonist treatment.  
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Figure 3-3: Effect of the TRPV4 antagonist against TRPV1-mediated vagus depolarisation 

Rat isolated vagal nerves were stimulated with the TRPV1 agonist capsaicin (1 μM) and the 

depolarisation of the nerve assessed in absence or presence of the TRPV4 antagonist GSK2193874 

(10 μM). Quantification of the mean depolarisation (mV) induced by the TRPV1 agonist (left bar), in 

presence of the TRPV4 antagonist (middle bar). Recovery of the agonist response was assessed at the 

end of each experiment (right bar). Data expressed as mean ± S.E.M., N=4 rats. Paired t-test *p<0.05 

comparing the agonist response before and after antagonist treatment.  
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3.5.3 Effect of TRPV4 on isolated tracheal nerve firing 

The ability of TRPV4 to specifically activate airway nerve terminals was interrogated using an 

isolated tracheal nerve preparation generated from a naïve rat. The TRPV4 agonist 

GSK1016790A (300 nM) increased compound action potential firing of the tracheal terminals 

of the recurrent laryngeal nerve (RLN) compared to the vehicle (0.1% DMSO). In the same 

preparation, the TRPV4 antagonist GSK2193874 (10 μM) inhibited this firing (Figure 3-4). 
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Figure 3-4: Effect of the TRPV4 agonist on isolated tracheal nerve firing 

Upper airways (larynx, trachea, main bronchi) were isolated from a naïve rat and perfused with the 

TRPV4 agonist GSK1016790A (300 nM) or its vehicle (0.1% DMSO) and its effect recorded on 

compound action potential firing of the recurrent laryngeal nerve (RLN) attached to the trachea, in 

absence or presence of the TRPV4 antagonist GSK2193874 (10 μM). (A) Trace of RLN firing activity. 

(B) Quantification of nerve mass activity (μV.sec). Recovery of the agonist response was assessed at 

the end of the experiment. N=1 rat. 
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3.5.4 Effect of TRPV4 on airway sensory Aδ-fibre firing  

The ability of TRPV4 to specifically activate airway sensory nerve terminals was subsequently 

tested in vivo using the single fibre preparation in an anaesthetised naïve rat. The interrogated 

fibre presented spontaneous activity in rhythm with the breathing pattern and responded to an 

aerosol of citric acid (0.3 M) and to lung hyperinflation/deflation. The fibre was therefore 

identified as an airway sensory Aδ-fibre (RAR). Nebulising the TRPV4 agonist GSK1016790A 

(100 ng/ml or 152 nM) directly into the rat trachea provoked an increase in the Aδ-fibre action 

potential firing frequency compared to the vehicle (1% EtOH) (Figure 3-5).  

 

 

 

 

Figure 3-5: Effect of the TRPV4 agonist on airway sensory Aδ-fibre firing  

A rat was anaesthetised, paralysed and both vagi cut at their central end. An airway sensory Aδ-fibre 

was identified and responded to citric acid (CA) (0.3 M). The vehicle (1% EtOH) was nebulised for 1 

min and after 10 min, the TRPV4 agonist GSK1016790A (100 ng/ml or 152 nM) was nebulised for 1 

min into the rat trachea and the effect assessed on Aδ-fibre action potential firing. The upper trace 

represents the frequency of action potential firing events above baseline activity (impulses/sec). The 

lower trace represents the raw recording of the nerve fibre potential (mV) throughout the experiment. 

N=1 rat.  
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3.5.5 Effect of αβ-MeATP on isolated vagus depolarisation  

The second aim of this chapter was to investigate whether TRPV4 activates rat airway nerves 

via the release of ATP and activation of P2X3-P2X2/3 receptors.  

The ability of ATP to depolarise rat vagal nerves via stimulating P2X3-P2X2/3 receptors was 

tested using the stable ATP analogue and P2X3 agonist αβ-MeATP on isolated vagal nerves 

generated from naïve rats. The P2X3 agonist αβ-MeATP (100 μM) provoked the 

depolarisation of rat isolated vagal nerves. The P2X3-P2X2/3 antagonist AF-353 (10 μM) 

inhibited this depolarisation by 48% (0.15 ± 0.02 mV vs 0.08 ± 0.01 mV) (Figure 3-6). 
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Figure 3-6: Effect of the P2X3 agonist αβ-MeATP on isolated vagus depolarisation 

Rat isolated vagal nerves were stimulated with the P2X3 agonist αβ-MeATP (100 μM) and the 

depolarisation of the nerve assessed in absence or presence of the P2X3-P2X2/3 antagonist AF-353 

(10 μM) or its vehicle (0.1% DMSO). Quantification of the depolarisation (mV) induced by the P2X3 

agonist αβ-MeATP (left bar), in presence of the vehicle or P2X3-P2X2/3 antagonist (middle bar). 

Recovery of the agonist response was assessed at the end of each experiment (right bar). Data 

expressed as mean ± S.E.M., N=4 rats. Paired t-test *p<0.05 comparing the agonist response before 

and after antagonist treatment.  

  



109 
 

3.5.6 Effect of the Panx1 and P2X3 antagonists on TRPV4-induced vagus 

depolarisation  

The effect of a Panx1 blocker and a P2X3-P2X2/3 antagonist was tested on TRPV4-induced 

rat vagus depolarisation. The Panx1 blocker probenecid (1 mM) inhibited TRPV4 agonist 

GSK1016790A (300 nM) induced depolarisation by 92% (0.19 ± 0.04 mV vs 0.01 ± 0.01 mV) 

while the vehicle (0.1% DMSO) had no effect (Figure 3-7). The P2X3-P2X2/3 antagonist AF-

353 (10 μM) also inhibited TRPV4-induced depolarisation by 68% (0.17 ± 0.02 mV vs 0.05 ± 

0.01 mV) (Figure 3-8). Percentage inhibitions are shown in (Figure 3-9). 
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Figure 3-7: Effect of the Panx1 blocker on TRPV4-induced vagus depolarisation 

Rat isolated vagal nerves were stimulated with the TRPV4 agonist GSK1016790A (300 nM) and the 

depolarisation of the nerve assessed in absence or presence of the Panx1 blocker probenecid (1 mM) 

or its vehicle (0.1% DMSO). (A) Representative trace. (B, C) Quantification of the depolarisation (mV) 

induced by the TRPV4 agonist (left bar), in presence of the vehicle or Panx1 blocker (middle bar). 

Recovery of the agonist response was assessed at the end of each experiment (right bar). Data 

expressed as mean ± S.E.M., N=4 rats. Paired t-test *p<0.05 comparing the agonist response before 

and after antagonist treatment.   
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Figure 3-8: Effect of the P2X3 antagonist on TRPV4-induced vagus depolarisation 

Rat isolated vagal nerves were stimulated with the TRPV4 agonist GSK1016790A (300 nM) and the 

depolarisation of the nerve assessed in absence or presence of the P2X3-P2X2/3 antagonist AF-353 

(10 μM) or its vehicle (0.1% DMSO). (A) Representative trace. (B, C) Quantification of the depolarisation 

(mV) induced by the TRPV4 agonist (left bar), in presence of the vehicle or P2X3 antagonist (middle 

bar). Recovery of the agonist response was assessed at the end of each experiment (right bar). Data 

expressed as mean ± S.E.M., N=4 rats. Paired t-test *p<0.05 comparing the agonist response before 

and after antagonist treatment.  
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Figure 3-9: Inhibition of TRPV4-induced depolarisation by TRPV4 and P2X3 antagonists 

Rat isolated vagal nerves were incubated with the TRPV4 agonist GSK1016790A (300 nM) in presence 

of the Panx1 blocker (1 mM) or P2X3-P2X2/3 antagonist AF-353 (10 μM) or their vehicle (0.1% DMSO). 

The graph represents the percentage inhibition of TRPV4 agonist-induced depolarisation for each 

antagonist. Data expressed as mean ± S.E.M., N=4 rats.   

  



112 
 

3.6 Discussion 

This thesis investigated TRPV4 as a potential driver of the nerve reflex leading to the LAR, 

using an OVA-driven model of allergic airway disease in the Brown Norway rat. TRPV4 

activation has been shown to activate airway sensory Aδ-fibres in guinea pigs and to 

depolarise mouse and human vagus nerves, but this has not been characterised in Brown 

Norway rats (Bonvini et al. 2016). The aim of this chapter was to test the effect of TRPV4 on 

the activation of airway sensory nerves in Brown Norway rats to determine if it is a suitable 

species/strain to study TRPV4 in the LAR. 

The first part of this chapter tested the ability of TRPV4 to activate naïve rat airway sensory 

nerves using three complementary electrophysiology techniques. The selective synthetic 

agonist GSK1016790A was used to activate TRPV4 (Willette et al. 2008; Alexander et al. 

2013; Thorneloe et al. 2008) as no specific endogenous agonist has been identified so far 

(White et al. 2016).  

The TRPV4 agonist GSK1016790A elicited the depolarisation of rat isolated vagal nerves at 

a submaximal concentration determined from guinea pig studies (Bonvini et al. 2016). This 

effect was blocked by the TRPV4 antagonist GSK2193874. This antagonist is reported to be 

selective to TRPV4 in the literature (Thorneloe et al. 2012; Cheung et al. 2017) and previous 

in-house studies confirmed its selectivity against TRPA1 and TRPV1 channels in guinea pig 

tissues at the concentration used in this experiment (Bonvini et al. 2016). Because this 

antagonist would be taken forward in following in vivo studies, it was deemed necessary to 

further verify its selectivity in the rat species. Therefore, the selectivity of the antagonist was 

tested against the TRPV1 channel, TRPV4 closest homolog (Liedtke et al. 2000; Strotmann 

et al. 2000). The TRPV4 antagonist GSK2193874 did not inhibit the depolarisation induced by 

the TRPV1 agonist capsaicin in rat isolated vagal nerves, confirming its selectivity against 

TRPV1 channels in the rat. Overall, these results suggested that TRPV4 activation can 

depolarise naïve rat vagal nerves. These results translate to guinea pig, murine and more 

importantly to human tissues in the same preparation (Bonvini et al. 2016). 

For the purpose of this thesis, it was important to ascertain whether TRPV4 could specifically 

activate the terminals of airway fibres comprised within the vagus nerve. While the vagus 

preparation is a useful tool to perform pharmacology studies and to translate results to human, 

it does not specifically assess the depolarisation of airway fibres as the vagus nerve comprises 

fibres originating from many different organs (Mazzone and Undem 2016). Receptors 

expression and signalling may also differ between axons and nerve terminals (Spaulding and 

Burgess 2017). In addition, nerve depolarisation may not reflect nerve activation, as a 
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compound can induce depolarisation at a subthreshold level insufficient to provoke action 

potential firing.  

To circumvent these limits, the effect of the TRPV4 agonist was studied for the first time in an 

isolated tracheal nerve preparation generated from a naïve rat. The TRPV4 agonist 

GSK1016790A enhanced compound action potential firing of the tracheal terminals of the 

recurrent laryngeal nerve (RLN). This was blocked by the TRPV4 antagonist GSK2193874. 

Given that large airways record the highest density of innervation within the respiratory system 

(Jeffery and Reid 1973; A. Laitinen 1985; Mortola, Sant’ambrogio, and Clement 1975; 

Sant’Ambrogio et al. 1978) and that most of the trachea is innervated by the RLN (Ricco et al. 

1996; Yamamoto et al. 1994; Canning et al. 2004; Liebermann-Meffert et al. 1999), these 

findings were particularly relevant in the context of airway reflexes. This preliminary result 

suggested that stimulation of TRPV4 channels can activate rat airway nerve terminals in vitro. 

Both vagus and tracheal nerve preparations allow the study of nerve signals without the 

confounding factors of bronchoconstriction, mucus secretion, vascular effect or change in 

breathing that can indirectly stimulate airway nerves (Bergren 1997; Bonham et al. 1996; 

Kappagoda and Ravi 1989; Widdicombe 2003; Kollarik et al. 2003). This was an important 

factor to consider given that TRPV4 activation induces vasodilatation and increases vascular 

permeability (Willette et al. 2008). Isolated tracheal nerve activity can however be affected by 

tracheal muscle contraction (Weigand, Ford, and Undem 2012), but TRPV4 activation has not 

been shown to contract rat tracheas (McAlexander et al. 2014). Therefore, these in vitro data 

suggested that TRPV4 can directly activate airway nerve terminals in naïve rats.  

Yet, these perfused techniques may not reflect the effect of TRPV4 activation in vivo and do 

not specifically assess sensory (afferent) signals. In this thesis, TRPV4 was hypothesised to 

stimulate airway sensory nerve fibres, thereby activating the afferent part of the LAR reflex. 

For this reason, the TRPV4 agonist was taken forward to the single fibre preparation using an 

anaesthetised rat to specifically assess airway sensory nerves activity. In this preparation, 

only fibres responding to chemical and mechanical stimuli delivered directly to the airways are 

interrogated and both vagi are disconnected from their central end, ensuring the recording of 

airway afferent signals. Airway sensory terminals are classified into two main categories, the 

Aδ- and C-fibres as described in 1.5.1.1. Aδ-fibres are mostly mechanosensitive and C-fibres 

mostly chemosensitive, although subsets of chemosensitive Aδ-fibres and mechanosensitive 

C-fibres also exist (Mazzone and Undem 2016; Adcock et al. 2014). Mechanosensitive Aδ-

fibres are mostly derived from the nodose ganglia and can take the form of RARs stretch 

receptors which respond to lung inflation and are very active during normal ventilation. RARs 

seem sensitive to any stimulus that exerts a mechanical pressure on the airways such as 
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bronchoconstriction, oedema or mucus secretion (Bergren 1997; Bergren and Sampson 1982; 

Canning et al. 2004; Sant’Ambrogio et al. 1978; Widdicombe 2003; Bonham et al. 1996; 

Kappagoda and Ravi 1989). In the guinea pig, TRPV4 activation only provoked the firing of 

interrogated RARs Aδ-fibres but not C-fibres (Bonvini et al. 2016) and therefore the effect of 

TRPV4 was only studied on rat Aδ-fibres in this thesis. Similar to guinea pigs, aerosolising a 

submaximal concentration of the TRPV4 agonist GSK1016790A into the airways of a naïve 

rat enhanced the action potential firing from a single airway sensory RAR Aδ-fibre compared 

to the vehicle. It should be noted that it was not possible to assess conduction velocity to 

conclusively identify that the interrogated fibre was an Aδ-fibre, however, the pattern of 

discharge and mechanosensitivity strongly suggested it. Furthermore, the fact that TRPV4 

activates an RAR Aδ-fibre concurs with the activation of the RLN in vitro, as an important 

proportion of sensory fibres contained within the RLN originates from the nodose ganglia 

(Canning et al. 2004). Overall, this preliminary result suggested that TRPV4 can indeed 

activate the terminals of airway sensory nerves in naïve rats. 

Another important limitation of this work is the number of repetitions carried out, with only N=1 

isolated tracheal nerve and N=1 single fibre preparations. These techniques could only be 

performed by highly skilled electrophysiologists with limited availability during this thesis 

timeframe. These preparations are labour intensive and only one nerve fibre can be examined 

in a single animal. Furthermore, it was the first time that both preparations were set-up in the 

rat species, requiring important validation work. More importantly, the effect of TRPV4 has 

already been extensively characterised in the laboratory on guinea pig airway sensory Aδ- 

and C-fibres (Bonvini et al. 2016). Given that data obtained with rat isolated vagal nerves 

correlated with data obtained in guinea pigs, and the fact that previous studies demonstrated 

a good correlation between vagus depolarisation and airway sensory fibres firing (Nasra and 

Belvisi 2009), these complex techniques were only carried out for confirmation purposes in 

the rat.  

The second aim of this chapter was to investigate whether TRPV4 activates rat airway nerves  

via the release of ATP through Panx1 channels, which then activates P2X3-P2X2/3 receptors 

as it was demonstrated in guinea pig, murine and human vagus nerve (Bonvini et al. 2016). 

This was investigated in the vagus preparation isolated from naïve rats using pharmacological 

tools at concentrations determined in previous studies in guinea pigs (Bonvini et al. 2016). 

The stable ATP analogue and P2X3 agonist αβ-MeATP depolarised the rat vagus nerve and 

this was reduced by the P2X3-P2X2/3 antagonist AF-353, confirming that ATP can stimulate 

rat vagal nerves by activating P2X3-P2X2/3 receptors. As expected, the TRPV4 agonist 

GSK1016790A-induced depolarisation was inhibited by the Panx1 channel blocker 

probenecid and by the selective P2X3-P2X2/3 antagonist AF-353 (Gever et al. 2010). This 
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suggested that TRPV4 activated rat vagal nerves via the release of ATP through Panx1 

channels and the activation of P2X3-P2X2/3 receptors, similar to what was seen in human, 

guinea pig and mouse tissue (Bonvini et al. 2016).  

As described in the introduction (1.6.4.3 and 1.6.4.4), it has been hypothesised that ATP, and 

by extent TRPV4, stimulates airway sensory neurons mostly via activating P2X2/3 

heterotrimeric receptors, with P2X2/3 receptors being expressed on nodose-derived but not 

jugular-derived neurons (Kwong et al. 2008; Nassenstein et al. 2010; Bonvini et al. 2016). 

Accordingly, several TRPV4 agonists activated Aδ-fibres but not C-fibres in anaesthetised 

guinea pigs (Bonvini et al. 2016), concurring with the fact that Aδ-fibres are mostly derived 

from the nodose ganglia (Mazzone and Undem 2016) and that TRPV4 agonists induced 

calcium influx in nodose-derived but not jugular-derived guinea pig airway sensory neurons 

(Bonvini et al. 2016). 

Multiple reports in many cell systems support the view that TRPV4 exerts its actions via the 

release of ATP as a secondary mediator. Studies have indeed measured ATP release upon 

TRPV4 activation by exogenous and endogenous stimuli in mouse, rat and human cells, in 

the airways, digestive tract and bladder (Rahman et al. 2018; Seminario-Vidal et al. 2011; 

Baxter et al. 2014; Bonvini et al. 2020; Mochizuki et al. 2009; Mihara et al. 2016; Shibasaki et 

al. 2014; Gevaert et al. 2007; Birder et al. 2007). Studies in human cells demonstrated that 

TRPV4-induced ATP release operates in a controlled manner via the opening of Panx1 

channels (Rahman et al. 2018; Seminario-Vidal et al. 2011; Baxter et al. 2014). Although 

Panx1 blockers used in these studies are not selective, as for probenecid used in this thesis, 

these findings were confirmed in the literature using Panx1-/- mice (Seminario-Vidal et al. 2011; 

Bonvini et al. 2016). One of the cited mechanisms is that TRPV4 engages the intracellular 

RhoA kinase signalling pathway which phosphorylates Panx1 channels and thereby enhance 

their opening, leading to ATP release (Seminario-Vidal et al. 2011).  

In vivo, the TRPV4 agonist GSK1016790A elicited an Aδ-fibre signal that was surprisingly 

prolonged. The fibre firing was sustained for at least 30 min in both anaesthetised guinea pigs 

(Bonvini et al. 2016) and in the anaesthetised rat shown in this chapter. The release of ATP 

could result in an amplifying and positive feedback mechanism, feeding a sustained nerve 

activation. Interestingly, studies have shown that TRPV4 can be sensitised to mechanical 

stimuli by extracellular ATP via the PLC-IP3 pathway (Fernandes et al. 2008) and that ADP, a 

metabolite of ATP, can activate P2Y1 receptors and further open TRPV4 channels in glial cells 

(Rajasekhar et al. 2015). Sensitised TRPV4 channels could be opened by their cognate stimuli 

at lower thresholds and therefore elicit action potential firing upon stimuli that do not normally 

provoke a TRPV4-mediated signal, such as the mechanical forces exerted by breathing. This 
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prolonged and sustained firing makes TRPV4 a promising candidate for driving a prolonged 

nerve reflex in the LAR.  

In contrast, one study found that TRPV4 stimulation did not elicit a current in airway sensory 

neurons isolated from rat vagal ganglia (Q. D. Gu et al. 2016). However, the same study 

showed that the TRPV4 agonist GSK1016790A induced rapid shallow breathing in 

anaesthetised rats and this was abolished by vagotomy, suggesting that TRPV4 activation 

can indeed trigger a nerve reflex. Several reasons might explain this discrepancy: 1) In vitro 

experiments were performed at 220C, temperature at which TRPV4 is not constitutively active 

(Güler et al. 2002; H. Watanabe, Vriens, et al. 2002); 2) An insufficient number of neurons 

may have been assessed, as the rat vagal ganglia is a fusion of both nodose and jugular 

ganglia and therefore nodose neurons expressing P2X2/3 heteromers and responding to 

TRPV4 stimulation would be diluted in the preparation. Supporting this hypothesis, the TRPV4 

agonist only stimulated 17 out of 261 neurons tested in mouse sensory ganglia (Alexander et 

al. 2013); 3) The preparation may not have maintained non-neuronal cells surrounding the 

neurons, which likely express TRPV4 receptors and release ATP.  

Overall, results from this chapter suggest that TRPV4 activation can stimulate airway sensory 

nerves in the naïve rat, via the release of ATP acting on P2X3-P2X2/3 receptors and 

translating results obtained with guinea pig, mouse and human vagus nerve. This validated 

the rat species as a relevant model to study the role of TRPV4 in driving a nerve reflex causing 

the LAR.  
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4 Effect of TRPV4 and P2X3 blockade on the LAR in 

a rat OVA model 

4.1 Rationale 

Previous studies from the group found that both anaesthesia and the anticholinergic tiotropium 

abolished the LAR in a rat OVA model of allergic airway disease (Raemdonck et al. 2012). 

This suggested that allergen challenge results in activation of airway sensory nerves and, after 

integration in the CNS, triggers an efferent cholinergic reflex causing the LAR. As tiotropium 

has recently been shown to improve baseline lung function and airflow limitation symptoms in 

asthmatic patients, this seems to be relevant to human (Peters et al. 2010; Kerstjens et al. 

2015; Paggiaro et al. 2016). This thesis aimed to study potential mechanisms driving a nerve 

reflex leading to the LAR, using an OVA-driven model of allergic airway disease in the Brown 

Norway rat.  

Studies conducted by the Respiratory Pharmacology group have highlighted that TRPV4 

activates airway sensory nerves via the release of ATP activating P2X3-P2X2/3 receptors in 

guinea pigs, with translation in human vagus tissue (Bonvini et al. 2016). This led to 

hypothesise that TRPV4 could be a driver of the nerve reflex leading to the LAR.  

Results from Chapter 3 suggested that TRPV4 activation also stimulates airway sensory 

nerves in naïve Brown Norway rats, via the same mechanism of inducing ATP release and 

activating P2X3-P2X2/3 receptors. These results validated the possibility of using Brown 

Norway rats to investigate the role of the TRPV4-P2X3 nerve axis in the LAR. 
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4.2 Hypothesis 

Allergen challenge results in the activation of the TRPV4-P2X3 axis which stimulates airway 

sensory nerves and provokes a cholinergic reflex bronchospasm and the LAR (Figure 4-1). 

 

 

Figure 4-1 Hypothesis: the TRPV4-P2X3 axis drives a nerve reflex leading to the LAR  

CNS: Central Nervous System. PΣ: Parasympathetic nerves.  

 

4.3 Aims 

- Investigate the regulation of the TRPV4-P2X3 axis in the rat OVA model, by measuring 

ATP levels in BAL fluid at different timepoints after OVA challenge. 

- Investigate whether the TRPV4-P2X3 axis is involved in the LAR, by testing TRPV4 

and P2X3-P2X2/3 selective antagonists against the LAR in the rat OVA model.  
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4.4 Methods 

4.4.1 Time-course of ATP release in the rat OVA model 

ATP levels were measured in a time-course experiment in the rat OVA model. Male Brown 

Norway rats were sensitised on days D0, D14, D21 with OVA (in AlumTM diluted 1:1 in saline) 

as described in 2.3.1. On D28, rats were challenged either with OVA or the vehicle SAL 

(saline) aerosolised for 30 min. After challenge, rats were euthanised with an overdose of 

pentobarbitone (200 mg/kg, i.p.) at 1, 2, 6 and 24 h post-challenge to harvest BAL samples as 

described in 2.3.3, with N=6 rats/group per timepoint as shown in (Figure 4-2). 

 

 

 

Figure 4-2 Protocol of the time-course experiment of the rat OVA model 

 

ATP levels were measured in BAL samples using a luciferase/luciferin luminescent reaction 

according to the protocol described in 2.4.1. 

Data were expressed as raw luminescence (photons/sec) representing the levels of ATP in 

BAL samples. Non-parametric Mann-Whitney tests compared luminescence levels between 

SAL and OVA challenge for each timepoint.   

N Sensitisation Challenge Timepoint of sample harvesting 

6 OVA SAL 1h 

6 OVA OVA 1h 

6 OVA SAL 2h 

6 OVA OVA 2h 

6 OVA SAL 6h 

6 OVA OVA 6h 

6 OVA SAL 24h 

6 OVA OVA 24h 

D0 D14 D28 D21 
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OVA or SAL 

aerosol 

Sensitisation 
OVA i.p.  

 BAL 
 

24h 1h 2h 6h 
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4.4.2 TRPV4 and P2X3 antagonists in the rat OVA model 

The TRPV4 and P2X3-P2X2/3 antagonists were tested against the LAR in the rat OVA model. 

Male Brown Norway rats were sensitised on days D0, D14, D21 with OVA or the vehicle SAL 

(AlumTM diluted 1:1 in saline). On D28, all rats were challenged with OVA aerosol for 30 min 

as described in 2.3.1. One hour before and 30 min after challenge, rats were dosed with either 

the TRPV4 antagonist GSK2193874 (300 mg/kg, i.p.) or the vehicle (6% HP-β-cyclodextrin in 

saline, i.p.), or the P2X3-P2X2/3 antagonist AF-353 (30 mg/kg, i.p.) or the vehicle (10% 

PEG400 in saline, i.p.), with N=4-8 rats/group (Figure 4-3). One hour after challenge, rats 

were placed in FWBP chambers to assess the LAR response by recording Penh from 1 to 6 

h post-challenge as described in 2.3.2. BAL cells were harvested 24 h post-challenge to 

perform inflammatory cells differential counts as described in 2.3.3. 

. 

N Sensitisation Challenge Treatment i.p. 

4 SAL OVA Veh 6% HP-β-cyclodextrin 

8 OVA OVA Veh 6% HP-β-cyclodextrin 

8 OVA OVA TRPV4 antagonist GSK2193874 

4 SAL OVA Veh 10% PEG400 

8 OVA OVA Veh 10% PEG400 

8 OVA OVA P2X3 antagonist AF-353 

Figure 4-3 Protocol of TRPV4 and P2X3 antagonists study in the rat OVA model 

4.4.2.1 Selection of antagonists dosing regimen 

The doses of TRPV4 and P2X3-P2X2/3 antagonists were chosen based on previous dose-

response experiments conducted against TRPV4 agonist GSK1016790A-induced cough in 

guinea pigs. At these doses, neither the TRPV4 nor P2X3-P2X2/3 antagonist inhibited TRPV1 

agonist capsaicin-induced cough in guinea pigs (Bonvini et al. 2016). In the rat, GSK2193874 

exhibited a half-life of 10 h and AF-353 a half-life of 1.63 h via oral gavage (Cheung et al. 

2017; Gever et al. 2010). Compounds were dosed 1 h before and 30 min after challenge to 

D0 D14 D28 D21 

Challenge 
OVA aerosol 

Sensitisation 
OVA or vehicle i.p.  

Antagonists or vehicle i.p. 
1 h before, 30 min after  

24 h  
BAL 

inflammation 

Penh 
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ensure sufficient exposure throughout the duration of the LAR and inflammatory cell 

recruitment.  

4.4.2.2 Data analysis 

To analyse the LAR, average Penh was calculated every 10 min and plotted over time. 

Statistical analyses were performed on Penh AUCs data. Non-parametric Mann-Whitney tests 

compared data between specified groups. 

To analyse airway inflammation, statistical analyses were performed on BAL inflammatory cell 

counts expressed as (103 cells/ml). Non-parametric Mann-Whitney tests compared data 

between specified groups. 
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4.5 Results 

4.5.1 Time-course of ATP release in the rat OVA model 

The regulation of the TRPV4-P2X3 axis was assessed in the rat OVA model, by performing a 

time-course experiment of the rat OVA model without any antagonist treatment. 

The release of TRPV4 downstream mediator, extracellular ATP, was assessed by a 

luciferin/luciferase assay in the BAL of OVA-sensitised rats after OVA or SAL challenge. ATP 

levels were found significantly elevated in the BAL of OVA-challenged compared to SAL-

challenged rats at 6 h post-challenge (Figure 4-4).  
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Figure 4-4 ATP levels in the airways in the rat OVA model 

Rats were sensitised to OVA and challenged with OVA or SAL aerosol. BAL fluids were harvested at 

1, 2, 6 and 24 h post-challenge to assess ATP levels by a luciferin/luciferase assay. Data expressed as 

mean ± S.E.M., N=6 rats per group per timepoint. Mann-Whitney test *p<0.05 comparing ATP levels 

between SAL and OVA-challenged rats for the same timepoint.  
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4.5.2 Effect of the TRPV4 antagonist on the LAR in the rat OVA model 

The TRPV4 antagonist GSK2193874 was tested against the LAR in the rat OVA model. OVA 

challenge increased Penh AUC in OVA-sensitised compared to SAL-sensitised rats (111 ± 15 

vs 2960 ± 586 Penh AUC), peaking at 3 h and lasting over 5 h post-challenge. The TRPV4 

antagonist (300 mg/kg, i.p.) dosed 1 h before and 30 min post-challenge prevented this 

increase in Penh AUC by 72% compared to the vehicle (2960 ± 586 vs 826 ± 200 Penh AUC) 

(Figure 4-5). 
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Figure 4-5 Effect of the TRPV4 antagonist on the LAR in the rat OVA model 

Rats were sensitised with SAL or OVA and challenged with OVA aerosol. Rats were dosed with the 

TRPV4 antagonist GSK2193874 (300 mg/kg, i.p.) or the vehicle (6% HP-β-cyclodextrin, i.p.) 1 h before 

and 30 min after challenge. Penh was assessed 1 to 6 h post-challenge via FWBP. (A) Penh average 

over time. (B) Quantification of Penh AUC over the 5 h-recording period. Data expressed as mean ± 

S.E.M., N=4 rats in SAL/OVA and N=8 in OVA/OVA groups. Mann-Whitney test #p<0.05 SAL/OVA/Veh 

vs OVA/OVA/Veh and *p<0.05 antagonist vs vehicle response in OVA-sensitised rats. 
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4.5.3 Effect of the P2X3 antagonist on the LAR in the rat OVA model 

In the same conditions, the P2X3-P2X2/3 antagonist AF-353 was tested against the LAR in 

the rat OVA model. The P2X3-P2X2/3 antagonist AF-353 (30 mg/kg, i.p.) dosed 1 h before 

and 30 min post-challenge prevented the increase in Penh AUC in OVA-sensitised rats by 

85% compared to its vehicle (2947 ± 451 vs 452 ± 43 Penh AUC) (Figure 4-6).  
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Figure 4-6 Effect of the P2X3 antagonist on the LAR in the rat OVA model 

Rats were sensitised with SAL or OVA and challenged with OVA aerosol. Rats were dosed with the 

P2X3-P2X2/3 antagonist AF-353 (30 mg/kg, i.p.) or its vehicle (10% PEG400, i.p.) 1 h before and 30 

min after challenge. Penh was assessed 1 to 6 h post-challenge via FWBP. (A) Penh average over 

time. (B) Quantification of Penh AUC over the 5 h-recording period. Data expressed as mean ± S.E.M., 

N=4 rats in SAL/OVA and N=8 in OVA/OVA groups. Mann-Whitney test #p<0.05 SAL/OVA/Veh vs 

OVA/OVA/Veh and *p<0.05 antagonist vs vehicle response in OVA-sensitised rats. 
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4.5.4 Effect of the TRPV4 antagonist on airway inflammation in the rat OVA 

model 

OVA challenge provoked airway inflammation in OVA-sensitised compared to SAL-sensitised 

rats, with an increase in total leukocytes (40 ± 7 vs 287 ± 69 .103 cells/ml), eosinophils (1 ± 1 

vs 45 ± 14 .103 cells/ml) and neutrophils (10 ± 4 vs 213 ± 52 .103 cells/ml) numbers in BAL 

samples at 24 h post-challenge. The TRPV4 antagonist GSK2193874 (300 mg/kg, i.p.) 

significantly reduced total leukocytes (287 ± 69 vs 58 ± 4 .103 cells/ml), eosinophils (45 ± 14 

vs 3 ± 1 .103 cells/ml) and neutrophils (213 ± 52 vs 28 ± 3 .103 cells/ml) numbers compared to 

the vehicle (Figure 4-7). 

Veh Veh TRPV4
antagonist

0

50

100

150

E
o

s
in

o
p

h
ils

 (
1

0
3
/m

l)

#

*

Veh Veh TRPV4
antagonist

0

100

200

300

400

500

N
e

u
tr

o
p

h
ils

 (
1

0
3
/m

l)

#

*

Veh Veh TRPV4
antagonist

0

20

40

60

M
o

n
o

c
y
te

s

/M
a

c
ro

p
h

a
g

e
s
 (

1
0

3
/m

l)

Veh Veh TRPV4
antagonist

0

200

400

600

T
o
ta

l 
le

u
k
o
c
y
te

s
 (

1
0

3
/m

l)

#

*

SAL/OVA/Veh

OVA/OVA/Veh

OVA/OVA/TRPV4 antagonist

A B

C D

 

Figure 4-7 Effect of the TRPV4 antagonist on airway inflammation in the rat OVA model 

Rats were sensitised with SAL or OVA and challenged with OVA aerosol. Rats were dosed with the 

TRPV4 antagonist GSK2193874 (300 mg/kg, i.p.) or its vehicle (6% HP-β-cyclodextrin, i.p.) 1 h before 

and 30 min after challenge. Airway inflammation was assessed in BAL at 24 h post-challenge by 

differential cell count: (A) Total leukocytes, (B) Eosinophils, (C) Neutrophils, (D) 

Monocytes/Macrophages. Data expressed as mean ± S.E.M., N=4 rats in SAL/OVA and N=8 in 

OVA/OVA groups. Mann-Whitney test #p<0.05 SAL/OVA/Veh vs OVA/OVA/Veh and *p<0.05 antagonist 

vs vehicle response in OVA-sensitised rats. Legend in box above the graphs. 
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4.5.5 Effect of the P2X3 antagonist on airway inflammation in the rat OVA 

model 

Similarly, the P2X3-P2X2/3 antagonist AF-353 (30 mg/kg, i.p.) significantly reduced total 

leukocytes (221 ± 38 vs 91 ± 7 .103 cells/ml), eosinophils (21 ± 5 vs 5 ± 1 .103 cells/ml) and 

neutrophils (174 ± 32 vs 61 ± 7 .103 cells/ml) numbers in BAL of OVA-sensitised rats compared 

to the vehicle at 24 h post OVA challenge (Figure 4-8).  
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Figure 4-8 Effect of the P2X3 antagonist on airway inflammation in the rat OVA model 

Rats were sensitised with SAL or OVA and challenged with OVA aerosol. Rats were dosed with the 

P2X3-P2X2/3 antagonist (30 mg/kg, i.p.) or its vehicle (10% PEG400, i.p.) 1 h before and 30 min after 

challenge. Airway inflammation was assessed in BAL at 24 h post-challenge by differential cell count: 

(A) Total leukocytes, (B) Eosinophils, (C) Neutrophils, (D) Monocytes/Macrophages. Data expressed 

as mean ± S.E.M., N=4 rats in SAL/OVA and N=8 in OVA/OVA groups. Mann-Whitney test #p<0.05 

SAL/OVA/Veh vs OVA/OVA/Veh and *p<0.05 antagonist vs vehicle response in OVA-sensitised rats. 

Legend in box above the graphs. 
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4.6 Discussion 

In asthmatic patients, the LAR is thought to be provoked by the recruitment of inflammatory 

cells as it is blocked by corticosteroids (Cockcroft and Murdock 1987; Kidney et al. 1997; 

Becky Kelly, Busse, and Jarjour 2000; Gauvreau et al. 1996; Inman et al. 2001; Leigh et al. 

2002), yet the link between recruited cells and the prolonged bronchospasm is not clear. One 

hypothesis is that recruited eosinophils and basophils release CysLTs causing 

bronchoconstriction, oedema and mucus production (Gauvreau, El-Gammal, and O’Byrne 

2015). However, reduction of eosinophils with the anti-IL-5 mepolizumab failed to inhibit the 

LAR and not all patients respond to LTRAs, therefore it is important to decipher alternative 

mechanisms responsible for prolonged bronchospasms seen in atopic asthma (Roquet et al. 

1997; Hamilton et al. 1998; Diamant et al. 1999; Leigh et al. 2002; Davis et al. 2009; Leckie 

et al. 2000). The aim of this chapter was to investigate whether the TRPV4-P2X3 nerve axis 

could be one of the drivers of the LAR.  

For this purpose, a well-characterised rat OVA model was used (Raemdonck et al. 2012; S. 

L. Underwood et al. 2002). In the literature, both rat and guinea pig species have been shown 

to exhibit early and late allergic responses to OVA, with inflammatory cell recruitment and 

pharmacological responses similar to that described in human allergen challenge studies 

(Zosky and Sly 2007; S. L. Underwood et al. 2002; S. Underwood et al. 1995; Smit et al. 2014; 

Stevenson and Belvisi 2008). While the LAR observed in guinea pigs does not seem 

reproducible between laboratories, it has been consistently modelled in rats in several groups 

(Stevenson and Belvisi 2008). In the Respiratory Pharmacology group, OVA inhalation 

provokes an immediate bronchospasm resolving within 30 min (EAR) and a delayed 

bronchospasm from 1 to 6 h post-challenge (LAR) in OVA-sensitised Brown Norway rats, 

associated with an influx of eosinophils and neutrophils within the airways (S. L. Underwood 

et al. 2002). Both immediate and late bronchospasms are responsive to gold standard asthma 

therapies, with the EAR being blocked by mast cell mediators antagonists and the LAR by 

ICS-LABA, emphasizing the relevance of this model (Raemdonck et al. 2012).  

In addition, it was the observation that anaesthesia and tiotropium blocked the LAR in this rat 

model that led to hypothesise that a cholinergic reflex bronchospasm could be driving the LAR 

(Raemdonck et al. 2012). This was confirmed by another group who showed inhibition of the 

LAR by tiotropium in a guinea pig OVA model (Smit et al. 2014). The structurally distinct LAMA 

glycopyrrolate also reduced the LAR in the rat OVA model (unpublished data), supporting  the 

engagement of muscarinic receptors rather than a possible off-target effect of tiotropium 

(Birrell et al. 2014). These findings and the observation that allergen challenge can stimulate 

airway sensory nerves in animal models including rats (Undem, Hubbard, and Weinreich 1993; 
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Riccio, Myers, and Undem 1996; G. Zhang et al. 2008; Potenzieri, Meeker, and Undem 2012) 

suggested that a cholinergic reflex could play an important role in the LAR and this could be 

studied in the rat OVA model. Another reason for choosing this model was that rat airway 

smooth muscle does not contract to CysLTs compared to guinea pigs (Canning and Chou 

2008), with the LAR being attenuated by CysLTs blockade in guinea pigs but not in rats 

(Ishimura et al. 2008; Raemdonck et al. 2012). Concurrently, TRPV4 activation has been 

reported to contract large airways via the release of CysLTs in human and guinea pigs, but 

not in rats (McAlexander et al. 2014). The rat species was therefore advantageous to study 

nerve reflexes induced by TRPV4 without the confounding factor of CysLTs provoking local 

bronchospasm, and at the same time this enabled to study another endotype leading to the 

LAR than involving CysLTs (Roquet et al. 1997; Hamilton et al. 1998; Diamant et al. 1999; 

Leigh et al. 2002; Davis et al. 2009).  

Prior to testing the effect of TRPV4 and P2X3-P2X2/3 antagonists on the LAR, the regulation 

of TRPV4 downstream mediator, ATP, was evaluated in a time-course experiment of the rat 

OVA model. Extracellular ATP levels were found elevated in the BAL of OVA-sensitised rats 

after OVA challenge, suggesting that pathways involving the release of ATP in the airways 

are indeed upregulated in the model, and by extent that TRPV4 upregulation could participate 

in this elevation.  

Nevertheless, this increase in ATP levels was found at 6 h but not at earlier timepoints of 1 

and 2 h post-challenge, while the LAR peaks at 3 h in this model. In human, ATP levels were 

found elevated at 24 h but not at 10 min post-allergen challenge in BAL fluid from mild atopic 

asthmatics (Idzko et al. 2007). This discrepancy between the rise in ATP levels and the 

timeframe of the LAR may be due to the fact that a certain level of ATP needs to accumulate 

in the airways before being detected, given that BAL fluid is a diluted version of the fluid lining 

the airways and measured levels of ATP were close to the detection limit of the assay. More 

importantly, it is unsure whether ATP levels assessed in BAL fluid would accurately reflect the 

amount of extracellular ATP released in the airways during the LAR, for the following reasons: 

1) ATP can be released upon necrosis/apoptosis and ATP levels were assessed after 

sacrificing the animals; 2) ATP can be released upon mechanical stimuli and cell lysis and 

thus could be released during BAL retrieving and sample processing; 3) ATP is quickly 

degraded by ectonucleotidases (ATPases) present in the extracellular milieu (Gorman, Feigl, 

and Buffington 2007) and therefore local elevations of ATP in the airways may not be captured 

in BAL fluid. In addition, red blood cells and platelets exhibit a high content of ATP (Gorman, 

Feigl, and Buffington 2007) and therefore a difference in blood contamination between BAL 

samples from OVA-challenged rats compared to SAL-challenged rats could result in a 
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difference in ATP levels. The layout of the experiment could also be argued, as performing 

multiple Mann-Whitney tests can increase the risk of false positives.  

Following the measure of ATP levels, the selective TRPV4 and P2X3-P2X2/3 antagonists 

were tested against the LAR in the rat OVA model. Both the TRPV4 antagonist GSK2193874 

and P2X3-P2X2/3 antagonist AF-353 significantly prevented the late increase in Penh after 

OVA challenge in OVA-sensitised rats. These doses of TRPV4 and P2X3-P2X2/3 antagonists 

did not inhibit TRPV1-induced nerve firing nor cough in guinea pigs, confirming their selectivity 

in vivo against TRPV1 channels (Bonvini et al. 2016). Therefore, these findings supported the 

hypothesis that TRPV4 and P2X3-P2X2/3 receptors could be one of the drivers of the LAR in 

the rat OVA model.  

As described in previous chapters, P2X3-P2X2/3 receptors are potent activators of airway 

sensory nerves (Kwong et al. 2008; Nassenstein et al. 2010; Weigand, Ford, and Undem 

2012; Bonvini et al. 2016; Pelleg et al. 2019) and have been highly involved in eliciting cough 

in guinea pigs, another airway reflex (Bonvini et al. 2016; Pelleg et al. 2019). These receptors 

also seem important in human airway reflexes, as the P2X3-P2X2/3 antagonist AF-219 

reduced daytime objective cough frequency in patients with refractory chronic cough with an 

unprecedented efficacy in a proof of concept study (Abdulqawi et al. 2015). In the literature, 

P2X3 expression seems restricted to sensory neurons (Burnstock 2007). Indeed, the receptor 

has not been found in airway epithelial cells (A. L. Taylor et al. 1999; Collo et al. 1996), airway 

smooth muscle cells (Collo et al. 1996; Gui et al. 2011), immune cells such as lung mast cells 

(Bradding et al. 2003; Flajolet et al. 2019), CD4+ T cells, B cells (Woehrle et al. 2010; Adrian 

et al. 2000; Sluyter, Barden, and Wiley 2001) nor eosinophils (Wright et al. 2016). Therefore, 

any effect of the P2X3-P2X2/3 antagonist was likely due to airway sensory nerves blockade, 

thereby highlighting a role for airway sensory nerves activation in the LAR in the rat OVA 

model.  

Results from Chapter 3 and published report (Bonvini et al. 2016) provided evidence that 

TRPV4 activates airway sensory nerves via the release of ATP acting on P2X3-P2X2/3 

receptors. Although the causal link between TRPV4 and P2X3-P2X2/3 receptors cannot be 

ascertained in the LAR, findings from this chapter favoured the hypothesis that TRPV4 could 

drive the LAR via activating a P2X3-P2X2/3-mediated nerve reflex. In addition, this notion of 

the TRPV4-P2X3 axis driving a nerve reflex has already been demonstrated in guinea pigs in 

the context of cough, where TRPV4 agonist GSK1016790A-induced cough was blocked by 

the P2X3-P2X2/3 antagonist AF-353 (Bonvini et al. 2016). This TRPV4-P2X3 axis has also 

been involved in mediating micturition reflex, with the TRPV4 agonists GSK1016790A and 

4αPDD increasing rat bladder voiding and the effect being blocked by the P2X3-P2X2/3 
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antagonists TNP-ATP and A-317491 and by anaesthesia. In the same model, the TRPV4 

agonist GSK1016790A elicited bladder afferents firing, with the signal being blocked by the 

P2X3-P2X2/3 antagonist TNP-ATP (Birder et al. 2007; Aizawa et al. 2012).  

It is intriguing that two distinct TRP channels, TRPV4 and TRPA1, could be involved in the 

LAR in the same rat OVA model by activating airway sensory nerves. Indeed, the TRPA1 

antagonist HC-030031, but not the TRPV1 antagonist JNJ-17203212, diminished the LAR in 

the rat OVA model in the laboratory (Raemdonck et al. 2012). TRPA1 is found directly 

expressed on airway sensory neurons and is known to fire C-fibres in guinea pigs, in contrast 

to TRPV4 which seems to indirectly activate Aδ-fibres (Adcock et al. 2014; Wortley et al. 

2016). Both TRPA1 and TRPV4 can be stimulated upon PAR2 activation, a receptor which 

can be activated by mast cell degranulation products that are released upon allergen 

challenge (Dai et al. 2007; Grant et al. 2007; Poole et al. 2013; Grace et al. 2014). Therefore, 

it may be that TRPA1 and TRPV4 pathways are both activated after allergen challenge and 

interact. In fact, studies in anaesthetised guinea pigs suggested that baseline cholinergic tone 

is dependent on intrapulmonary Aδ-fibres while C-fibre activation enhances this cholinergic 

output by releasing neuropeptides centrally (Kesler and Canning 1999; Canning, Reynolds, 

and Mazzone 2001; Mazzone and Canning 2002b). By activating C-fibres, TRPA1 may amplify 

the TRPV4-P2X3 Aδ-nerve signal and ultimately enhance cholinergic tone. Overall, the fact 

that TRPA1, TRPV4 and P2X3-P2X2/3 antagonists all diminished the LAR strongly supports 

the hypothesis that airway sensory nerve activation and an efferent reflex could cause the 

LAR, at least in this rat model. 

Perhaps surprisingly, the TRPV4 antagonist GSK2193874 and P2X3-P2X2/3 antagonist AF-

353 also reduced the airway inflammation associated with the late bronchospasm, with a 

reduction in the number of eosinophils and neutrophils in BAL fluid. As previously mentioned, 

the LAR is classically presented as a result of inflammatory cell recruitment, most notably 

eosinophils, in the airways (Gauvreau, El-Gammal, and O’Byrne 2015). The effect of TRPV4 

and P2X3-P2X2/3 blockade on airway inflammation therefore challenged the idea of an LAR 

caused by a nerve reflex rather than by recruited inflammatory cells. However, the link 

between eosinophils recruitment and the late bronchospasm remains unclear in the literature. 

As previously explained, depletion of eosinophils with anti-IL-5 antibodies did not attenuate 

the LAR (Leckie et al. 2000) and eosinophils influx into the airways was reported to peak later 

than the LAR in atopic asthmatics (Lommatzsch et al. 2006). In the rat OVA model used in 

this thesis, eosinophils were found to accumulate in the lungs at 24 h post-challenge while the 

LAR peaks at 3 h (S. L. Underwood et al. 2002). Recent studies from the group also found 

that repeated OVA challenges over a period of 5 weeks consistently elicited LAR responses 
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whereas the magnitude of eosinophilic inflammation declined after each challenge (Flajolet et 

al. 2018), questioning the importance of eosinophils recruitment to elicit the LAR.  

Nonetheless, the observation that TRPV4 blockade protected against allergen-induced 

inflammation may not be surprising when considering its indirect mechanism of action. Indeed, 

TRPV4 seems to exert its actions via the release of ATP and the latter can activate a wide 

range of purinergic receptors other than P2X3-P2X2/3 (North 2002). As such, P2X1, P2X4 

and P2X7 receptors are highly expressed in immune cells and promote innate and adaptive 

immunity in preclinical models (Junger 2011). In T cell lines, P2X1, P2X4 and P2X7 silencing 

inhibited TCR-induced T cell activation (Woehrle et al. 2010). In allergic airway disease 

models, one group showed that degradation of ATP by apyrase, P2X4 deficiency or blockade 

by the P2X4 antagonist 5-BDBD, P2X7 deficiency or blockade by the P2X7 antagonist KN62 

all reduced airway inflammation and TH2 cytokines production in mouse OVA and HDM 

models. In these models, P2x4-/- and P2x7-/- DCs had an impaired TH2-priming capacity (Idzko 

et al. 2007; Müller et al. 2011; Zech et al. 2016). In human, children bearing variants of P2X7 

with low pore function presented with less risk of developing asthma (Manthei et al. 2012). It 

is therefore conceivable that TRPV4 could exert pro-inflammatory effects via other receptors 

than P2X3-P2X2/3, such as P2X1, P2X4 or P2X7. Indeed, TRPV4 has been shown to promote 

inflammation in a preclinical COPD model, with Trpv4-/- mice exhibiting less ATP, IL-1β and 

neutrophilic inflammation in their airways upon cigarette smoke challenge, a model dependent 

on the P2X7-inflammasome pathway (Baxter et al. 2014). TRPV4 might be expressed on T 

cells and DCs (Bertin et al. 2014; Majhi et al. 2015; Naert et al. 2019), highlighting a possible 

role in adaptive immunity, however most of TRPV4 expression so far has been depicted in 

structural cells such as epithelial, airway smooth muscle and vascular cells and macrophages 

(D. F. Alvarez et al. 2006; Baxter et al. 2014; Jia et al. 2004; McAlexander et al. 2014; 

Rahaman et al. 2014; Fantozzi et al. 2003).  

In fact, TRPV4 pro-inflammatory effects remain unclear in atopic airway disease, with only two 

reports in the literature. In a D. farinae model, Trpv4-/- mice had reduced neutrophilic 

inflammation and airway remodelling, yet eosinophilic inflammation, TH2 cytokines production 

and bronchoconstriction responses were not assessed (Gombedza et al. 2017). In another 

group, Trpv4-/- mice exhibited similar levels of airway inflammation including eosinophils, TH2 

cytokines and AHR than wild-type mice in an acute OVA model, concluding of a dispensable 

role for TRPV4 in the development of allergic airway disease (Palaniyandi et al. 2019). These 

findings warrant further investigations into the role of TRPV4 in promoting inflammation in 

airway disease. 
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More surprising was the reduction of airway inflammation by the P2X3-P2X2/3 antagonist AF-

353 in the rat OVA model. As P2X3 receptors expression seems restricted to airway sensory 

neurons (Burnstock 2007), this result may in fact suggest that nerve activation contributes to 

airway inflammation. Supporting this hypothesis, ablating airway nerves via vagotomy or 

targeted denervation of Nav1.8+ neurons has been associated with reduced airway 

inflammation in canine and murine models of allergic airway inflammation (R. Liu et al. 2014; 

S. Talbot et al. 2015). It has been described that nerves could contribute to driving 

inflammation by two mechanisms: neuropeptides and ACh-mediated inflammation. Indeed, 

airway sensory nerves can locally release neuropeptides such as the tachykinins substance 

P and neurokinin A (NKA). These peptides have been shown to promote the activation and 

recruitment of inflammatory cells, especially in guinea pigs (Sébastien Talbot, Foster, and 

Woolf 2016), and substance P has been found elevated in the airways of asthmatic patients 

after allergen challenge (Nieber et al. 1992). However, the role of tachykinins remains 

uncertain in asthma as tachykinin receptors antagonists have not shown efficacy in clinical 

trials (Boot et al. 2007). Alternatively, preclinical studies pointed out a pro-inflammatory role 

for ACh as the two anticholinergics tiotropium and aclidinium reduced eosinophilic 

inflammation in murine and guinea pig allergic airway disease models (Ohta et al. 2010; John-

Schuster et al. 2017; Damera et al. 2010). It is uncertain how ACh promotes these effects, 

although studies have proposed that ACh enhances DCs priming of TH2 responses (Gori et 

al. 2017; 2019). Further studies are needed to investigate how TRPV4 and P2X3-P2X2/3 

receptors promote airway inflammation and how this relates to causing bronchospasm.  

To conclude, results from this chapter suggest that both TRPV4 and P2X3-P2X2/3 receptors 

are involved in driving the LAR in the rat OVA model, supporting the hypothesis that a TRPV4-

P2X3 nerve reflex could drive the LAR.  
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5 Investigating if the activation of TRPV4 triggers 

bronchospasm in naïve rats 

5.1 Rationale 

Anaesthesia and a LAMA blocked the LAR in the rat OVA model, suggesting that allergen 

challenge activates airway nerves and induces a cholinergic reflex leading to the LAR 

(Raemdonck et al. 2012). In Chapter 3, the TRPV4 agonist GSK1016790A depolarised vagal 

nerves isolated from naïve rats and this seemed to be mediated via the release of ATP through 

Panx1 channels and the activation of P2X3-P2X2/3 receptors, replicating findings in guinea 

pig and human vagal nerves (Bonvini et al. 2016). Upon these observations, it was 

hypothesised that TRPV4 could be a driver of the nerve reflex leading to the LAR, by activating 

P2X3-P2X2/3 receptors on airway sensory nerves and triggering a cholinergic reflex.  

Supporting this hypothesis, results from Chapter 4 showed that both a TRPV4 and a P2X3-

P2X2/3 antagonist inhibited the LAR in the rat OVA model. While these findings made a strong 

case for a role of the TRPV4-P2X3 axis in activating afferent nerves in the LAR, these 

experiments did not ascertain whether it was involved in the LAR via triggering a cholinergic 

reflex. For this purpose, this chapter aimed to investigate the ability of the TRPV4-P2X3 axis 

to elicit a cholinergic reflex bronchospasm, using a pharmacological approach in naive Brown 

Norway rats.  

5.2 Hypothesis 

Activation of the TRPV4-P2X3 afferent nerve axis triggers a cholinergic reflex bronchospasm 

in naïve rats.  

5.3 Aims 

- Investigate whether TRPV4 activation can elicit bronchospasm in conscious naïve rats. 

- Study whether TRPV4-induced bronchospasm is mediated via the activation of airway 

sensory nerves via P2X3-P2X2/3, using the selective P2X3-P2X2/3 antagonist.  

- Study whether TRPV4-induced bronchospasm is mediated via the activation of a 

cholinergic reflex, using the LAMA tiotropium.  

- Investigate if TRPV4 can provoke local bronchospasm independently from a nerve 

reflex. 
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5.4 Methods 

5.4.1 Effect of TRPV4 on Penh in conscious naive rats  

The ability of TRPV4 activation to induce reflex bronchospasm was tested in conscious naïve 

rats by recording Penh using FWBP as described in 2.6.1.  

5.4.1.1 TRPV4 agonist Penh concentration-response in naïve rats 

The ability of TRPV4 to induce bronchospasm was firstly tested by performing a concentration-

response of the TRPV4 agonist GSK1016790A. Conscious naïve rats were placed in FWBP 

chambers. After establishing a 5-min baseline, rats were challenged with the vehicle (1% EtOH 

in saline) aerosolised for 10 min and Penh recorded for 20 min. After a 5-min recovery period, 

rats were subsequently challenged with a single dose of the TRPV4 agonist GSK1016790A 

(0.3, 3, 10 or 30 μg/ml corresponding to 0.46, 4.57, 15.25 and 45.70 μM) aerosolised for 10 

min and Penh recorded for 20 min (Figure 5-1).  

 

 

N 
Challenge 1 

Veh (1% EtOH) 

Challenge 2 

TRPV4 agonist (GSK1016790A) 

4 Veh 0.3 μg/ml 

4 Veh 3 μg/ml 

4 Veh 10 μg/ml 

4 Veh 30 μg/ml 

Figure 5-1 Protocol of TRPV4 agonist concentration-response Penh study 
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5.4.1.2 Effect of TRPV4, P2X3 antagonists on TRPV4-induced Penh in naïve rats 

The concentration of the TRPV4 agonist GSK1016790A eliciting a submaximal Penh increase 

(10 μg/ml or 15.25 μM) was selected and used in the study with the TRPV4 antagonist 

GSK2193874 (300 mg/kg, i.p.) or its vehicle (6% HP-β-cyclodextrin in saline, i.p.) and the 

P2X3-P2X2/3 antagonist AF-353 (30 mg/kg, i.p.) or its vehicle (10% PEG400 in saline, i.p.) in 

conscious naïve rats. Antagonists were administered intraperitoneally 30 min prior to the 

experiment. Thereafter, conscious rats were placed in FWBP chambers and, after establishing 

a 5-min baseline, challenged with the vehicle for the TRPV4 agonist (1% EtOH in saline) 

aerosolised for 10 min and Penh recorded for 20 min. After a 5-min recovery period, rats were 

challenged with the TRPV4 agonist GSK1016790A (10 μg/ml) aerosolised for 10 min and Penh 

recorded for 20 min (Figure 5-2). 

 

N 
Treatment 

intraperitoneal 

Challenges aerosol 

Veh (1% EtOH) 
TRPV4 agonist 

GSK1016790A (10 μg/ml) 

8 
Veh (6% HP-β-

cyclodextrin) 
Veh (10% PEG400) Veh TRPV4 agonist 

8 
TRPV4 antagonist 

GSK2193874 (300 mg/kg) 
Veh (10% PEG400) Veh TRPV4 agonist 

8 
Veh (6% HP-β-

cyclodextrin) 

P2X3 antagonist 

AF-353 (30 mg/kg) 
Veh TRPV4 agonist 

Figure 5-2 Protocol of TRPV4 and P2X3 antagonists Penh study 

5.4.1.3 Effect of the LAMA tiotropium on TRPV4-induced Penh in naïve rats 

The bronchospasm induced by the TRPV4 agonist GSK1016790A (10 μg/ml) was tested 

against the LAMA tiotropium (1 mg/kg, i.t.) or its vehicle (0.5% EtOH in saline, i.t.), and the 

TRPV4 antagonist GSK2193874 (300 mg/kg, i.p.) or its vehicle (6% HP-β-cyclodextrin in 

saline, i.p.) in conscious naïve rats. Tiotropium was administered intratracheally under 

isoflurane anaesthesia and the TRPV4 antagonist dosed intraperitoneally 30 min prior to the 

experiment. Thereafter, conscious rats were placed in FWBP chambers and, after establishing 

a 5-min baseline, challenged with the vehicle (1% EtOH in saline) for 10 min and Penh 

recorded for 20 min. After a 5-min recovery period, rats were challenged with the TRPV4 
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agonist GSK1016790A (10 μg/ml) for 10 min and Penh recorded for 20 min. After another 5-

min recovery period, rats were challenged the muscarinic agonist ACh (16 mg/ml) as a positive 

control, aerosolised for 10 min and Penh recorded for 20 min (Figure 5-3). 

 

N 

Treatment 
Challenges aerosol 

Veh  

(1% EtOH) 

TRPV4 agonist 

GSK1016790A (10 μg/ml) 

ACh 

(16 mg/ml) intraperitoneal intratracheal 

8 
Veh (6% HP-β-

cyclodextrin) 
Veh (0.5% EtOH) Veh TRPV4 agonist ACh 

8 
Veh (6% HP-β-

cyclodextrin) 

Tiotropium 

(1mg/kg) 
Veh TRPV4 agonist ACh 

8 

TRPV4 antagonist 

GSK2193874  

(300 mg/kg) 

Veh (0.5% EtOH) Veh TRPV4 agonist ACh 

Figure 5-3 Protocol of tiotropium Penh study 

5.4.1.4 Effect of methysergide, mepyramine and montelukast on TRPV4-induced 

Penh in naïve rats 

The concentration of the TRPV4 agonist GSK1016790A eliciting submaximal Penh increase 

(10 μg/ml) was tested against the combination of 5-HT receptor (5-HTR) antagonist 

methysergide (10 mg/kg, i.p.), histamine H1 receptor (H1R) antagonist mepyramine (10 

mg/kg, i.p.) and CysLTs receptor 1 (CysLTR1) antagonist montelukast (30 mg/kg, p.o.) or their 

vehicle (saline, i.p. and methylcellulose 0.5% Tween80 0.2% in saline, p.o.) in conscious naïve 

rats. Antagonists were administered intraperitoneally or via oral gavage 30 min prior to the 

experiment. Thereafter, conscious rats were placed in FWBP chambers and, after establishing 

a 5-min baseline, challenged with the vehicle (1% EtOH in saline) for 10 min and Penh 

recorded for 20 min. After a 5-min recovery period, rats were challenged with the TRPV4 

agonist GSK1016790A (10 μg/ml) for 10 min and Penh recorded for 20 min. After another 5-

min recovery period, rats were challenged with the positive control 5-HT (8 mg/ml) aerosolised 

for 10 min and Penh recorded for 20 min (Figure 5-4). 
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N 

Treatment 
Challenges aerosol 

Veh  

(1% EtOH) 

TRPV4 agonist 

GSK1016790A (10 μg/ml) 

5-HT 

(8 mg/ml) intraperitoneal oral gavage 

8 Veh (saline) 
Veh (methylcellulose 

0.5% Tween80 0.2%) 
Veh TRPV4 agonist 5-HT 

8 

Methysergide, 

Mepyramine  

(10 mg/kg) 

Montelukast  

(30 mg/kg) 
Veh TRPV4 agonist 5-HT 

Figure 5-4 Protocol of methysergide, mepyramine, montelukast Penh study 

5.4.1.5 Selection of antagonist doses in Penh studies 

The doses of TRPV4 and P2X3-P2X2/3 antagonists were chosen based on dose-response 

studies in guinea pigs as previously described (Bonvini et al. 2016). Tiotropium dose was 

chosen as the dose eliciting maximum blockade of ACh-induced bronchospasm in Brown 

Norway rats in previous studies (unpublished). Doses of methysergide, mepyramine and 

montelukast were established as the doses eliciting maximum blockade of the effect provoked 

by their respective agonist 5-HT, histamine or LTD4 in Brown Norway rats (Hele et al. 2001). 

5.4.1.6 Data analysis of Penh studies 

Penh data were averaged every min and plotted over time to calculate Penh AUC. Statistical 

analysis was performed on Penh AUCs. Non-parametric Wilcoxon tests compared responses 

between agonist and paired vehicle challenge. Non-parametric Mann-Whitney tests compared 

responses between antagonist and vehicle treatment. 
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5.4.2 Effect of TRPV4 on intratracheal pressure in an anaesthetised rat 

The ability of TRPV4 to elicit local bronchospasm independently from a nerve reflex was tested 

in vivo using the single fibre preparation described in 2.6.2. in an anaesthetised naïve rat. 

A naïve rat was anesthetised, paralysed, artificially ventilated and the central ends of the two 

vagal nerve trunks were cut (bilateral cervical vagotomy) to inhibit reflex bronchospasm. After 

establishing baseline, the vehicle (1% EtOH in saline) was aerosolised into the rat trachea for 

1 min. After 10 min, the TRPV4 agonist GSK1016790A (100 ng/ml or 152 nM) was aerosolised 

for 1 min. Intratracheal pressure (cm H2O) was monitored to assess bronchospasm via a 

pressure transducer connected to the tracheal cannula. 

Data were plotted as intratracheal pressure (cm H2O) over time. No statistical analysis was 

performed as only N=1 experiment was conducted, corresponding to the same experiment 

presented in 3.5.4. where the TRPV4 agonist induced Aδ-fibre firing.  

5.4.3 Effect of TRPV4 activation on isolated trachea contraction 

The ability of TRPV4 to contract naïve rat extrapulmonary airways was tested in vitro using 

organ bath preparations of tracheas and main bronchi as described in 2.6.3. isolated from 

naïve rats. 

Rat tracheas and main bronchi segments were incubated with ACh (1 mM) to determine 

maximal contraction. After several washes and return to baseline tension, tissues were 

incubated with either the vehicle (0.1% DMSO) or the TRPV4 agonist GSK1016790A (100 

nM). After 40 min, tissues were washed and ACh (1 mM) was reapplied to ensure tissue 

viability was not affected by drug treatment. Changes in isometric tension (mg) were monitored 

to assess tissue contraction. A first set of experiment was conducted in presence of the non-

selective COX inhibitor indomethacin (10 μM). A second set of experiment compared the 

contraction in presence and absence of indomethacin.  

The TRPV4 agonist concentration was chosen as the concentration eliciting submaximal 

contraction of human bronchi and guinea pig tracheas in concentration-response studies 

(McAlexander et al. 2014; Bonvini et al. 2020).  

Data were expressed as the maximum tension (mg) elicited by a compound during the 40-min 

incubation. For statistical analysis, data were normalised to the maximal contraction elicited 

by ACh for each tissue segment and analysed using non-parametric Mann-Whitney tests 

comparing vehicle and agonist response. 
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5.4.4 Effect of TRPV4 on small airways contraction using precision-cut lung 

slices (PCLS)  

The ability of TRPV4 to contract intrapulmonary airways was tested in vitro using precision-

cut lung slices (PCLS) generated from naïve rats as described in 2.6.4. On day 1 post-

isolation, PCLS were incubated with ACh (1 mM) to select viable airways contracting more 

than 50% to ACh. Airways with a similar range of diameters and ACh responses were 

distributed among treatment groups. On day 2 post-isolation, pharmacological experiments 

were performed. Airway contraction was monitored using light microscopy. 

5.4.4.1 TRPV4 agonist vs TRPV4, Panx1, P2X3 and P2X4 antagonists 

Baseline images were taken of each identified airway. PCLS were incubated with the TRPV4 

antagonist GSK2193874 (10 μM), P2X3-P2X2/3 antagonist AF-353 (10 μM), P2X4 antagonist 

5-BDBD (50 μM), Panx1 blocker probenecid (1 mM) or vehicle (0.1% DMSO) for 20 min. 

Without washing, the TRPV4 agonist GSK1016790A (100 nM) or vehicle (0.1% DMSO) was 

added for 40 min. Images were obtained every 10 min. Without washing, ACh (1 mM) was 

added for 10 min to assess airway viability and maximum contractility at the end of the 

experiment. 

5.4.4.2 ATP vs P2X4 antagonist 

Baseline images were taken of each identified airway. Slices were incubated with the P2X4 

antagonist 5-BDBD (50 μM) or vehicle (0.1% DMSO) for 10 min. Without washing, ATP (1 

mM) or the vehicle (1% H2O) was added to the slices for 10 min. Images were obtained 30 

sec, 1 min, 2 min, 5 min, 10 min and 20 min after adding drugs. Without washing, ACh (1 mM) 

was added for 10 min to assess airway viability and maximum contractility at the end of the 

experiment. 

5.4.4.3 Selection of agonist and antagonist concentrations in PCLS studies 

TRPV4 agonist concentration was chosen as the concentration eliciting submaximal 

contraction of human bronchi and guinea pig tracheas (McAlexander et al. 2014; Bonvini et 

al. 2020). P2X3-P2X2/3, Panx1 and P2X4 antagonist concentrations were determined as the 

concentration eliciting maximum blockade of their agonist in concentration-responses studies 

on guinea pig isolated tracheas and vagal nerves (Bonvini et al. 2020; 2016). ATP 

concentration was chosen as the concentration eliciting submaximal contraction of guinea pig 

tracheas and rat airways (Mounkaäila, Marthan, and Roux 2005).  
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5.4.4.4 Data analysis of PCLS experiments 

Contraction was plotted over time by measuring airway lumen area and calculating the 

percentage closure from baseline at each timepoint.  

To analyse the contraction elicited by an agonist, the percentage closure was calculated from 

the baseline area captured right before agonist incubation. The maximum percentage closure 

elicited during agonist incubation was referred to as “% airway closure”. To compare 

responses, this was normalised to the contraction elicited by final incubation with ACh (1 mM) 

and referred to as “% of ACh contraction”. In all experiments, groups were set as the following 

(agonist/antagonist): Veh/Veh; Veh/Agonist; Antagonist/Agonist. Non parametric Mann-

Whitney tests compared data between Veh/Veh and Veh/Agonist groups and between 

Veh/Agonist and Antagonist/Agonist groups.  

The Spearman rank coefficient was calculated to evaluate the correlation between the 

magnitude of the contraction and the airway diameter.  

5.4.4.5 Range of airway diameters and ACh responses assessed in PCLS 

experiments 

Airways tested in this thesis exhibited internal diameters from 37 to 734 μm, with a mean of 

193 μm (N=9 rats, n=15-53 airways/rat with n=268 total airways) as shown in (Figure 5-5). As 

the definition of small airways has not been determined for the rat species, the human 

definition was applied in this thesis. In human, small airways are defined as exhibiting an 

internal diameter inferior to 2mm which approximately corresponds to airways located below 

the 8th generation (Weibel 1963). In rats, airways below the 8th generation have been shown 

to exhibit internal diameters inferior to 1 mm (Yeh, Schum, and Duggan 1979). Given that 

airways assessed in this thesis presented diameters inferior to 1 mm, these were considered 

as rat small airways.  

Airways tested in this thesis contracted to ACh (1 mM) on day 1 post-isolation with a 

percentage airway closure ranging from 51 to 100%, with a mean closure of 84% (N=9 rats, 

n=15-53 airways/rat with n=268 total airways) as shown in (Figure 5-5) and similar to 

published results (Bergner and Sanderson 2002a). A correlation was found between airway 

diameter and contraction to ACh: the smaller the airway, the more it contracted to ACh, 

replicating results found in rat airways with a stable ACh analogue (C. Martin, Uhlig, and Ullrich 

1996).  
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Figure 5-5 Range of airway diameters and ACh responses assessed in PCLS  

PCLS were isolated from naïve rats and screened on day 1 post-isolation to select viable airways 

contracting > 50% to ACh (1 mM). These figures represent the range of diameters and ACh responses 

assessed with the PCLS technique. (A) Representative pictures of the types of airways assessed, scale 

bar = 100 μm. (B) Range of airway diameters obtained in PCLS experiments in this chapter. Data 

presented as a box plot with median as the middle line. (C) Relation between airway diameter and 

maximum contraction to ACh (1 mM). N=9 rats, n=15-53 airways/rat with n=268 total airways assessed 

in this chapter. Spearman coefficient r=-0.4164, p<0.05 between airway diameter and ACh contraction.  

100 μm 

A 



142 
 

5.5 Results 

5.5.1 Effect of the TRPV4 agonist on Penh in conscious naïve rats 

To test the ability of TRPV4 to elicit reflex bronchospasm in naïve rats, experiments were 

conducted in conscious animals using Penh measured by FWBP. A non-cumulative 

concentration-response of the TRPV4 agonist GSK1016790A (0.3, 3, 10 and 30 μg/ml, 

corresponding to 0.46, 4.57, 15.25 and 45.7 μM) was firstly performed. Aerosolising the 

TRPV4 agonist seemed to increase Penh AUC compared to the vehicle (1% EtOH) however 

without reaching statistical significance (N=4 per group) (Figure 5-6).  
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Figure 5-6 Effect of the TRPV4 agonist on Penh in naive conscious rats 

Conscious naïve rats were challenged with the vehicle (1% EtOH) followed by a single concentration 

of the TRPV4 agonist GSK1016790A (0.3, 3, 10, 30 μg/ml corresponding to 0.46, 4.57, 15.25 and 45.70 

μM) aerosolised for 10 min and Penh recorded for 20 min using FWBP. The graph represents the 

quantification of Penh AUC, N=4/group. Data presented as mean ± S.E.M. Wilcoxon test non-significant 

between agonist and paired vehicle challenges.  

5.5.2 Effect of TRPV4 and P2X3 antagonists on TRPV4-induced Penh in naïve 

rats 

The concentration of the TRPV4 agonist GSK1016790A that elicited a submaximal increase 

in Penh in the preliminary study was taken forward to antagonist studies. This time, 

aerosolising the TRPV4 agonist GSK1016790A at 10 μg/ml (or 15.25 μM) significantly 

increased Penh AUC compared to the vehicle (1% EtOH) (1646 ± 325.3 vs 2497 ± 404.4 Penh 

AUC) in naïve conscious rats (N=8 per group). The TRPV4 antagonist GSK2193874 (300 

mg/kg, i.p.) significantly prevented this Penh increase compared to its vehicle (6% HP-β-
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cyclodextrin) (2497 ± 404.4 vs 1523 ± 199.2 Penh AUC) (Figure 5-7). To investigate whether 

TRPV4 elicited bronchospasm via the activation of P2X3-P2X2/3 receptors, the P2X3-P2X2/3 

antagonist AF-353 was tested in the same study. However, the P2X3-P2X2/3 antagonist AF-

353 (30 mg/kg, i.p.) did not prevent TRPV4 agonist-induced Penh increase compared to its 

vehicle (10% PEG400) (2497 ± 404.4 vs 2746 ± 347.4 Penh AUC) (Figure 5-7). 
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Figure 5-7 Effect of TRPV4 and P2X3 antagonists on TRPV4-induced Penh  

Conscious naïve rats were dosed with the TRPV4 antagonist GSK2193874 (300 mg/kg, i.p.), P2X3-

P2X2/3 antagonist AF-353 (30 mg/kg, i.p.) or vehicle (6% HP-β-cyclodextrin, i.p. and 10% PEG400, 

i.p.) 30 min before challenge with the vehicle (1% EtOH) followed by the TRPV4 agonist GSK1016790A 

(10 μg/ml or 15.25 μM) aerosolised for 10 min and Penh recorded for 20 min after each challenge using 

FWBP. (A) Penh average over time. (B) Quantification of Penh AUC, N=8/group. Data presented as 

mean ± S.E.M. Wilcoxon test #p<0.05 agonist vs paired vehicle challenge. Mann-Whitney test *p<0.05 

antagonist vs vehicle treatment.  
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5.5.3 Effect of tiotropium on TRPV4-induced Penh in naïve rats 

To test the hypothesis that TRPV4 activation provoked a cholinergic reflex bronchospasm, the 

LAMA tiotropium was tested against TRPV4-induced Penh response in conscious naïve rats.  

In this experiment, aerosolising the TRPV4 agonist GSK1016790A (10 μg/ml or 15.25 μM) 

significantly increased Penh AUC compared to the vehicle (1% EtOH) (1470 ± 140.1 vs 2449 

± 330.9 Penh AUC) and this was prevented by the TRPV4 antagonist GSK2193874 (300 

mg/kg, i.p.) (1072 ± 59.62 vs 908.2 ± 91.52 Penh AUC). Tiotropium (1 mg/kg, i.t.) did not inhibit 

this increase in Penh (822.0 ± 92.53 vs 2771 ± 317.9 Penh AUC) (Figure 5-8).  

Rats were subsequently challenged with ACh (16 mg/ml) as a positive control of tiotropium 

efficacy. Tiotropium inhibited the increase in Penh AUC caused by ACh compared to its 

vehicle (0.5% EtOH) (3041 ± 405.0 vs 1352 ± 201.3 Penh AUC) whereas the TRPV4 

antagonist had no effect on ACh response (3041 ± 405.0 vs 3115 ± 301.2 Penh AUC) (Figure 

5-8). 
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Figure 5-8 Effect of tiotropium on TRPV4-induced Penh  

Conscious naïve rats were dosed with the LAMA tiotropium (1 mg/kg, i.t.) or TRPV4 antagonist 

GSK2193874 (300 mg/kg, i.p.) or vehicle (0.5% EtOH, i.t. and 6% HP-β-cyclodextrin, i.p.) 30 min before 

challenge with the vehicle (1% EtOH) followed by the TRPV4 agonist GSK1016790A (10 μg/ml or 15.25 

μM) and by ACh (16 mg/ml) aerosolised for 10 min and Penh recorded for 20 min after each challenge 

using FWBP. The graph represents the quantification of Penh AUC, N=8/group. Data presented as 

mean ± S.E.M. Wilcoxon test #p<0.05 agonist vs paired vehicle challenge. Mann-Whitney test *p<0.05 

antagonist vs vehicle treatment.  
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5.5.4 Effect of TRPV4 on intratracheal pressure in an anaesthetised naïve rat 

The observation that neither the P2X3-P2X2/3 antagonist nor the LAMA tiotropium inhibited 

the Penh response caused by the TRPV4 agonist unexpectedly suggested that TRPV4 

provoked bronchospasm independently from a P2X3-mediated cholinergic reflex in naïve rats. 

In light of these results, further experiments tested the hypothesis that TRPV4 activation 

elicited local bronchoconstriction independently from a nerve reflex.   

A naïve rat was anaesthetised, paralysed and both vagi disconnected from their central end 

to prevent reflex bronchospasm. Aerosolising the TRPV4 agonist GSK1016790A (100 ng/ml 

or 152 nM) for 1 min into the rat trachea was quickly followed by a short-lasting increase in 

intratracheal pressure compared to the vehicle (1% EtOH) (Figure 5-9).  

 

 

Figure 5-9 Effect of the TRPV4 agonist on local bronchospasm  

A naïve rat was anaesthetised, paralysed and both vagal nerves disconnected from their central end to 

prevent reflex bronchospasm. The vehicle (1% EtOH) followed by the TRPV4 agonist GSK1016790A 

(100 ng/ml or 152 nM) were aerosolised for 1 min each directly into a tracheal cannula. Intratracheal 

pressure was assessed via a pressure transducer connected to the tracheal cannula. The figure shows 

the trace of intratracheal pressure (cm H2O) over time, N=1 rat. 
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5.5.5 Effect of TRPV4 on isolated trachea and main bronchi contraction from 

naïve rats 

As TRPV4 activation seemed to provoke bronchospasm in naïve rats independently from a 

nerve reflex, further studies were conducted in vitro on isolated airways to confirm these 

unexpected findings.  

The effect of TRPV4 was tested on the contraction of extrapulmonary airways using organ 

bath preparations of tracheas and main bronchi generated from naïve rats. The TRPV4 

agonist GSK1016790A (100 nM) did not provoke the contraction of tracheal nor main bronchi 

segments compared to the vehicle (0.1% DMSO) (Figure 5-10).  

As per standard procedure, this experiment was conducted in the presence of the non-

selective COX inhibitor indomethacin (10 μM) to prevent influences from prostanoids 

production that can be elicited by the dissection. To confirm that indomethacin was not 

masking a TRPV4 prostanoid-mediated contraction, another experiment compared TRPV4 

agonist response in presence and absence of indomethacin. The presence of indomethacin 

did not affect the response (Figure 5-10). 
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Figure 5-10 Effect of the TRPV4 agonist on trachea and main bronchi contraction 

Rat isolated tracheal and main bronchi segments were incubated with ACh (1 mM) to determine viability 

and maximum contractility. After washing, segments were incubated with a single application of the 

vehicle (0.1% DMSO) or TRPV4 agonist GSK1016790A (100 nM) and contraction monitored for 40 min. 

(A) Contraction of tracheal and main bronchi segments in presence of indomethacin (10 μM), N=4 rats 

per group, n=1-2 tissue segments per rat. (B) Contraction of tracheal segments in another set of 

experiment, in absence (-) or presence (+) of indomethacin (10 μM), N=4 rats per group, n=1-2 tissue 

segments per rat. Combined ACh initial responses are represented for comparison. Data expressed as 

mean ± S.E.M. Mann-Whitney test non-significant between vehicle and agonist responses on data 

normalised to ACh response. 

  



148 
 

5.5.6 Effect of TRPV4 on small airways contraction in PCLS from naïve rats 

Given that TRPV4 activation did not appear to contract rat tracheas nor main bronchi, it was 

hypothesised that TRPV4 provoked bronchospasm in naïve rats by engaging intrapulmonary 

airways. To study this hypothesis, the effect of the TRPV4 agonist was tested on small airways 

contraction using precision-cut lung slices (PCLS) generated from naïve rats. 

The TRPV4 agonist GSK1016790A (100 nM) elicited the contraction of small airways from 

naïve rats with a maximum corresponding to 53% of ACh contraction, whereas the vehicle 

(0.1% DMSO) did not seem to provoke such effect (5.7 ± 2.2 vs 41.7 ± 3.7 % airway closure). 

This contraction was significantly inhibited by the TRPV4 antagonist GSK2193874 (10 μM) 

(41.7 ± 3.7 vs -3.6 ± 1.3 % airway closure) (Figure 5-11). Final ACh (1 mM) responses were 

not different between treatment groups.  

The magnitude of TRPV4 agonist-induced contraction normalised to ACh seemed to 

negatively correlate with airway diameter, suggesting that, the smaller the airway, the more it 

contracted to TRPV4 stimulation (Figure 5-12). 
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Figure 5-11 Effect of the TRPV4 agonist on small airways contraction 

PCLS were isolated from naïve rats and treated with the vehicle (0.1% DMSO) or TRPV4 antagonist 

GSK2193874 (10 μM) for 20 min and challenged with the vehicle (0.1% DMSO) or TRPV4 agonist 

GSK1016790A (100 nM) for 40 min. ACh (1 mM) was applied at the end to assess viability and 

maximum contractility. Small airways contraction was assessed by light microscopy. (A) Trace of small 

airways contraction over time. (B) Representative pictures of an airway contracting to the TRPV4 

agonist. (C) Quantification of the maximum contraction normalised to ACh response, Mann-Whitney 

test #p<0.05 Veh/Veh vs Veh/Agonist and *p<0.05 Veh/Agonist vs Antagonist/Agonist. (D) 

Quantification of ACh final responses, Kruskal-Wallis test non-significant between treatment groups. 

Data presented as mean ± S.E.M. N=4 rats, n=3-12 airways/rat.  
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Figure 5-12 Correlation between airways diameter and contraction to TRPV4  

PCLS were isolated from naïve rats and treated with the vehicle (0.1% DMSO) for 20 min and 

challenged with the TRPV4 agonist GSK1016790A (100 nM) for 40 min. ACh (1 mM) was applied at 

the end to assess viability and maximum contractility. Small airways contraction was assessed by light 

microscopy. The graph represents the correlation between airway diameter and maximum contraction 

to the TRPV4 agonist normalised to ACh response. N=4 rats, n=3-12 airways/rat. Spearman correlation 

coefficient rank r=-0.6240, p<0.05. 
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5.5.7 Effect of the Panx1 blocker on TRPV4 and ATP-induced small airways 

contraction 

To decipher the mechanism by which TRPV4 provoked small airways contraction, antagonist 

studies were performed on PCLS generated from naïve rats.  

The Panx1 blocker probenecid (1 mM) was used to test if TRPV4 activation contracted rat 

small airways via the release of ATP through Panx1 channels. In this experiment, the TRPV4 

agonist GSK1016790A (100 nM) provoked small airways contraction compared to its vehicle 

(0.1% DMSO) (8.0 ± 1.4 vs 35.5 ± 3.7 % airway closure) with a maximum corresponding to 

42% of ACh contraction. This contraction was significantly reduced in presence of the Panx1 

blocker probenecid (1 mM) (35.5 ± 3.7 vs 16.0 ± 2.4 % airway closure). At the end of the 

experiment, airways treated with the vehicles appeared to contract less to ACh (1 mM) than 

the other groups. The Panx1 blocker however did not seem to affect ACh response compared 

to its vehicle (Figure 5-13). 

To confirm the hypothesis that ATP can provoke rat small airways contraction, the effect of 

incubating PCLS with ATP was tested in another experiment. ATP (1 mM) induced an 

immediate and short-lasting contraction with a duration of approximately 5 min compared to 

the vehicle (1% H2O) (5.3 ± 1.8 vs 56.7 ± 3.8 % airway closure), with a maximum 

corresponding to 76% of ACh contraction. Final ACh (1 mM) responses were not different 

between treatment groups (Figure 5-14). 



152 
 

0 10 20 30 40 50 60 70

-25

0

25

50

75

100
%

 A
ir
w

a
y
 c

lo
s
u
re

Time (min)

Antagonist Agonist ACh

Veh/Veh

Veh/TRPV4 agonist

Panx1 blocker
/TRPV4 agonist

-25

0

25

50

75

100

%
 o

f 
A

C
h

c
o
n
tr

a
c
ti
o
n

#
*

-25

0

25

50

75

100

%
 A

ir
w

a
y
 c

lo
s
u
re

+  ACh

Veh/Veh

Veh/TRPV4 agonist

Panx1 blocker
/TRPV4 agonist

# #

A

B C

 

Figure 5-13 Effect of the Panx1 blocker on TRPV4-induced small airways contraction  

PCLS were isolated from naïve rats and treated with the vehicle (0.1% DMSO) or Panx1 blocker 

probenecid (1 mM) for 20 min and challenged with the vehicle (0.1% DMSO) or TRPV4 agonist 

GSK1016790A (100 nM) for 40 min. ACh (1 mM) was applied at the end to assess viability and 

maximum contractility. Small airways contraction was assessed by light microscopy. (A) Trace of small 

airways contraction over time. (B) Quantification of maximum contraction normalised to ACh response, 

Mann-Whitney test #p<0.05 Veh/Veh vs Veh/Agonist and *p<0.05 Veh/Agonist vs Antagonist/Agonist. 

(C) Quantification of ACh final responses, Kruskal-Wallis test significant between treatment groups, 

Mann-Whitney #p<0.05 vs Veh/Veh, non-significant between Veh/Agonist and Antagonist/Agonist. Data 

presented as mean ± S.E.M. N=5 rats, n=3-8 airways/rat.  
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Figure 5-14 Effect of ATP on small airways contraction  

PCLS were isolated from naïve rats and treated with the vehicle (1% H2O) for 10 min and challenged 

with the vehicle (1% H2O) or ATP (1 mM) for 10 min. ACh (1 mM) was applied at the end to assess 

viability and maximum contractility. Small airways contraction was assessed by light microscopy. (A) 

Trace of small airways contraction over time. (B) Quantification of maximum contraction normalised to 

ACh response, Mann-Whitney test *p<0.05. (C) Quantification of ACh final responses, Mann-Whitney 

test non-significant. Data presented as mean ± S.E.M. N=4 rats, n=3-7 airways/rat.  
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5.5.8 Effect of the P2X3 antagonist on TRPV4-induced small airways 

contraction  

Given previous results, it was hypothesised that TRPV4 activation provoked small airways 

contraction via the release of ATP through Panx1 channels and the activation of P2X 

receptors. To test this hypothesis, P2X antagonists were used, starting with the P2X3-P2X2/3 

antagonist AF-353.  

In this experiment, the TRPV4 agonist GSK1016790A (100 nM) induced rat small airways 

contraction compared to its vehicle (0.1% DMSO) (2.9 ± 3.9 vs 33.2 ± 2.0 % airway closure) 

with a maximum corresponding to 40% of ACh contraction. This contraction was not inhibited 

by the P2X3-P2X2/3 antagonist AF-353 (10 μM) (33.2 ± 2.0 vs 47.0 ± 5.8 % airway closure). 

Final ACh (1 mM) responses were similar between groups (Figure 5-15). 

5.5.9 Effect of the P2X4 antagonist on TRPV4 and ATP-induced small airways 

contraction 

In human and guinea pigs, TRPV4 activation induces large airways contraction via the release 

of ATP activating P2X4 receptors (McAlexander et al. 2014; Bonvini et al. 2020). Therefore, 

the P2X4 antagonist 5-BDBD was used to study if a similar mechanism was involved in rat 

small airways contraction.  

In this experiment, the TRPV4 agonist GSK1016790A (100 nM) induced rat small airways 

contraction compared to its vehicle (0.1% DMSO) (2.9 ± 2.3 vs 31.6 ± 2.7 % airway closure) 

with a maximum corresponding to 36% of ACh contraction. This contraction was inhibited by 

the P2X4 antagonist 5-BDBD (50 μM) (31.6 ± 2.7 vs 6.0 ± 4.3 % airway closure) (Figure 5-16). 

At the end of the experiment, airways treated with the P2X4 antagonist 5-BDBD displayed a 

significantly lower magnitude of ACh (1 mM) response compared to other groups, potentially 

indicating a non-specific or toxic effect. This difference was not due to unequal assignment of 

airways prior to the start of the experiment, as ACh responses on day 1 post-isolation were 

not different between groups (data not shown).  

As a positive control, the P2X4 antagonist 5-BDBD was tested against ATP-mediated 

contraction. In this experiment, ATP (1 mM) induced a short-lasting small airways contraction 

(2.4 ± 1.8 vs 55.7 ± 4.7 % airway closure) with a maximum corresponding to 72% of ACh 

contraction. This contraction was not blocked by the P2X4 antagonist 5-BDBD (50 μM) (55.7 

± 4.7 vs 57.6 ± 9.6 % airway closure) (Figure 5-17). 
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Figure 5-15 Effect the P2X3 antagonist on TRPV4-induced small airways contraction 

PCLS were isolated from naïve rats and treated with the vehicle (0.1% DMSO) or P2X3-P2X2/3 

antagonist AF-353 (10 μM) for 20 min and challenged with the vehicle (0.1% DMSO) or TRPV4 agonist 

GSK1016790A (100 nM) for 40 min. ACh (1 mM) was applied at the end to assess viability and 

maximum contractility. Small airways contraction was assessed by light microscopy. (A) Trace of small 

airways contraction over time. (B) Quantification of maximum contraction normalised to ACh response, 

Mann-Whitney test #p<0.05 Veh/Veh vs Veh/Agonist, non-significant Veh/Agonist vs 

Antagonist/Agonist. (C) Quantification of ACh final responses, Kruskal-Wallis non-significant. Data 

presented as mean ± S.E.M. N=3 rats, n=3-6 airways/rat.  
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Figure 5-16 Effect of the P2X4 antagonist on TRPV4-induced small airways contraction  

PCLS were isolated from naïve rats and treated with the vehicle (0.1% DMSO) or TRPV4 antagonist 5-

BDBD (50 µM) for 20 min and challenged with the vehicle (0.1% DMSO) or TRPV4 agonist 

GSK1016790A (100 nM) for 40 min. ACh (1 mM) was applied at the end to assess viability and 

maximum contractility. Small airways contraction was assessed by light microscopy. (A) Trace of small 

airways contraction over time. (B) Quantification of maximum contraction normalised to ACh response, 

Mann-Whitney test #p<0.05 Veh/Veh vs Veh/Agonist and *p<0.05 Veh/Agonist vs Antagonist/Agonist. 

(C) Quantification of ACh final responses, Kruskal-Wallis test significant between treatment groups, 

Mann-Whitney test *p<0.05 Veh/Agonist vs Antagonist/Agonist. Data presented as mean ± S.E.M. N=4 

rats, n=3-7 airways/rat.  
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Figure 5-17 Effect of the P2X4 antagonist on ATP-induced small airways contraction  

PCLS were isolated from naïve rats and treated with the vehicle (0.1% DMSO) or P2X4 antagonist 5-

BDBD (10 μM) for 10 min and challenged with the vehicle (1% H2O) or ATP (1 mM) for 10 min. ACh (1 

mM) was applied at the end to assess viability and maximum contractility. Small airways contraction 

was assessed by light microscopy. (A) Trace of small airways contraction over time. (B) Quantification 

of maximum contraction normalised to ACh response, Mann-Whitney test #p<0.05 Veh/Veh vs 

Veh/agonist, non-significant Veh/Agonist vs Antagonist/Agonist. (C) Quantification of ACh final 

responses, Kruskal-Wallis non-significant. Data presented as mean ± S.E.M. N=3 rats, n=3-7 

airways/rat.  
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5.5.10 Effect of mast cell mediator antagonists on TRPV4-induced Penh in 

naïve rats 

These results suggested that TRPV4 activation induced small airways contraction in naïve 

rats via the release of ATP activating P2X4 receptors. In human and guinea pigs, TRPV4 was 

reported to provoke the contraction of large airways by inducing the release of ATP activating 

P2X4 receptors on mast cells and provoking the release of CysLTs (McAlexander et al. 2014; 

Bonvini et al. 2020) as schematised in (Figure 5-19).  

CysLTs are one of the most potent bronchoconstrictors of human airways and are abundantly 

produced by human lung mast cells, along with histamine. In contrast, rodent airway smooth 

muscle appears less responsive to CysLTs whereas it contracts to 5-HT which is stored 

abundantly in rodent lung mast cells (Kushnir-Sukhov et al. 2007; Lulich and Paterson 1980; 

T. R. Martin et al. 1988; Muccitelli et al. 1987; Canning and Chou 2008; MacGlashan et al. 

1982; Held, Martin, and Uhlig 1999; Seehase et al. 2011). Therefore, to account for potential 

species differences, a combination of antagonists of the main bronchoconstrictors 5-HT, 

histamine and LTD4 derived from mast cells was tested against TRPV4-induced Penh in 

conscious naïve rats, namely methysergide (5-HTR antagonist), mepyramine (H1R 

antagonist) and montelukast (CysLT1R antagonist), to study if a similar mechanism was 

involved in rat small airways contraction. 

Aerosolising the TRPV4 agonist GSK1016790A (10 μg/ml or 15.25 μM) increased Penh AUC 

compared to the vehicle (1% EtOH) (689.7 ± 102.3 vs 4202 ± 893.5 Penh AUC). The 

combination of 5-HTR, H1R and CysLT1R antagonists methysergide (10 mg/kg, i.p.), 

mepyramine (10 mg/kg, i.p.) and montelukast (30 mg/kg, p.o.) did not prevent this increase 

compared to their vehicle (saline, i.p. and methylcellulose 0.5% Tween80 0.2%, p.o.) (4202 ± 

893.5 vs 7723 ± 1545 Penh AUC) (Figure 5-18).  

As a positive control, 5-HT (8 mg/ml) was aerosolised at the end of the experiment. The 

combination of methysergide, mepyramine and montelukast did not significantly reduce 5-HT 

induced Penh compared to their vehicle (Figure 5-18). This could be due to the confounding 

factor that animals were previously challenged with the TRPV4 agonist GSK1016790A. 
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Figure 5-18 Effect of methysergide, mepyramine and montelukast on TRPV4-induced Penh 

Conscious naïve rats were dosed with the combination (MMM) of 5-HTR antagonist methysergide (10 

mg/kg, i.p.), H1R antagonist mepyramine (10 mg/kg, i.p.) and CysLTR1 antagonist montelukast (30 

mg/kg, p.o.) or their vehicle (saline, i.p. and methylcellulose 0.5% Tween80 0.2%, p.o.) 30 min before 

challenge with the vehicle (1% EtOH) followed by the TRPV4 agonist GSK1016790A (10 μg/ml or 15.25 

μM) and by 5-HT (8 mg/ml) aerosolised for 10 min and Penh recorded for 20 min using FWBP. The 

graph represents the quantification of Penh AUC, N=8/group. Data presented as mean ± S.E.M. 

Wilcoxon test #p<0.05 agonist vs paired vehicle challenge; Mann-Whitney test non-significant between 

antagonist and vehicle treatments.  
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5.6 Discussion 

Chapter 3 demonstrated that TRPV4 activation depolarised rat vagal nerves via the ATP-

P2X3 axis and Chapter 4 that TRPV4 and P2X3 antagonists significantly inhibited the LAR, 

supporting the hypothesis of the TRPV4-P2X3 axis driving a nerve reflex leading to the LAR. 

However, finding that TRPV4 and P2X3 antagonists separately reduce the LAR does not 

ascertain whether TRPV4 and P2X3 receptors are part of the same pathway in the disease 

model, especially considering the ubiquitous nature and multiple sources of ATP available 

during inflammation. More importantly, it does not prove with certainty that activation of 

TRPV4-P2X3 is involved in the LAR by triggering a cholinergic reflex. To address these 

uncertainties, one possible approach consisted of testing whether challenging naïve rats with 

the TRPV4 agonist could mimic the bronchospasm seen in the LAR, and if it was mediated by 

P2X3 receptors and a cholinergic reflex. 

After determining a submaximal concentration in a concentration-response study, aerosolising 

a single dose of the TRPV4 agonist GSK1016790A (10 μg/ml or 15.25 μM) elicited a small 

magnitude and short-lasting increase in Penh in conscious naïve rats, blocked by the TRPV4 

antagonist GSK2193874. Surprisingly, neither the P2X3-P2X2/3 antagonist AF-353 nor the 

LAMA tiotropium blocked this Penh response. This refuted the hypothesis that TRPV4 induced 

bronchospasm in naïve rats by activating P2X3-P2X2/3 receptors on afferent nerves and 

triggering efferent cholinergic nerves to release ACh.  

These results were unexpected as TRPV4 activation elicited cough, another airway reflex, in 

guinea pigs using the same TRPV4 agonist at a similar concentration (30 μg/ml) and the effect 

was blocked by the same P2X3-P2X2/3 antagonist. In addition, nebulising this TRPV4 agonist 

provoked a sustained airway sensory Aδ-fibre firing in the anaesthetised rat (3.5.4), the same 

way it was shown to fire Aδ-fibres in guinea pigs (Bonvini et al. 2016). This discrepancy could 

be due to inter-species differences, with guinea pigs known to exhibit airway reactivity to 

nonspecific irritants and a cough reflex, whereas studies have failed to demonstrate the 

existence of a cough reflex in rodents (Canning and Chou 2008; Stevenson and Belvisi 2008; 

Zosky and Sly 2007).  

Instead, these Penh findings suggested that TRPV4 activation provoked local bronchospasm 

in naïve rats independently from a nerve reflex. This idea is not itself surprising given the wide 

expression of TRPV4 in the airways (White et al. 2016) and the fact that TRPV4 was shown 

to contract human and guinea pig large airways. However, this was unexpected in the rat 

species as TRPV4 agonists were shown to contract isolated human bronchi and guinea pig 

trachea via the release of CysLTs (McAlexander et al. 2014; Bonvini et al. 2020) as 
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schematised in (Figure 5-19) and rodent airway smooth muscle is less sensitive to CysLTs 

(Held, Martin, and Uhlig 1999; T. R. Martin et al. 1988; Lulich and Paterson 1980; Seehase et 

al. 2011; Canning and Chou 2008). Accordingly, TRPV4 agonists did not provoke the 

contraction of rat or murine isolated tracheas (McAlexander et al. 2014; J. Zhang et al. 2019).  

Before drawing the unexpected conclusion that TRPV4 provoked local bronchospasm in rats, 

it was important to confirm that this increase in Penh was synonym of bronchospasm. As 

previously explained in 2.3.2.2, the Penh parameter can also be altered upon nose obstruction 

or modulation of the respiratory rhythm (Lomask 2006; Nakaya et al. 2006). Since the TRPV4 

agonist GSK1016790A has been shown to alter respiratory frequency in rats and mice (Q. D. 

Gu et al. 2016; J. Zhang et al. 2019), it was especially necessary to confirm the effect of 

TRPV4 using a more direct measure of bronchospasm. This was assessed in the same single 

fibre preparation than used in 3.5.4.: a naïve rat was anaesthetised, paralysed and 

intratracheal pressure invasively recorded via a pressure transducer. Both vagi were cut at 

their central end, preventing reflex bronchospasm. In these conditions, aerosolising the 

TRPV4 agonist directly into the tracheal cannula and thereby bypassing upper airways 

resulted in an immediate and short-lasting rise in intratracheal pressure. This preliminary 

finding seemed to confirm that TRPV4 activation provoked local bronchospasm independently 

from a central reflex. However, an important limit of this work was that only N=1 rat was used, 

due to the labour-intensive nature of the preparation and limited availability of high-skilled 

experts performing this technique as explained in 3.6.  

To confirm this preliminary finding, further experiments were conducted in vitro on airways 

isolated from naïve rats. This allowed to directly study the contraction of airways without 

influences from mucus secretion, oedema, nerve reflexes or pharmacokinetics considerations. 

Replicating experiments from the literature (McAlexander et al. 2014), the TRPV4 agonist 

GSK1016790A did not provoke the contraction of tracheal nor main bronchi segments isolated 

from naïve rats.   

As the TRPV4 agonist increased Penh in vivo but did not contract rat isolated tracheas, it was 

hypothesised that TRPV4-induced bronchospasm was engaging intrapulmonary airways. To 

study this hypothesis, a preparation of rat PCLS was implemented. Airways selected for the 

experiments exhibited a diameter between 37 and 734 μm, with an average of 193 μm, 

corresponding to airways located below the 8th generation and therefore considered as small 

airways (Yeh, Schum, and Duggan 1979). As hypothesised, the TRPV4 agonist 

GSK1016790A elicited rat small airways contraction and this was inhibited by the TRPV4 

antagonist GSK2193874. Although the TRPV4 antagonist seemed to induce baseline 

relaxation, it did not influence ACh contraction at the end of the experiment, perhaps 
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suggesting constitutive activity of the TRPV4 channel rather than a non-specific effect on the 

preparation. Overall, these data implied for the first time that TRPV4 activation provoked small 

airways contraction in naïve rats. 

As previously outlined, studies from the laboratory have demonstrated that contraction of 

human bronchi induced by the TRPV4 agonist GSK1016790A was reduced by the P2X4 

antagonist 5-BDBD and CysLT1R antagonist montelukast. In culture, the TRPV4 agonist 

induced the release of ATP from isolated human airway smooth muscle cells and only 

provoked their contraction when co-cultured with human lung mast cells (Bonvini et al. 2020). 

Thus, it is believed that activation of TRPV4 on airway smooth muscle cells induces the 

release of ATP that activates P2X4 receptors on mast cells and provokes the secretion of 

CysLTs that contract the airway smooth muscle (Figure 5-19). Studies were performed to 

decipher whether TRPV4-mediated rat small airways contraction involved a similar 

mechanism. 

In PCLS from naïve rats, the TRPV4 agonist GSK1016790A-induced small airways 

contraction was inhibited by the Panx1 blocker probenecid, suggesting that ATP release 

through Panx1 channels could also mediate this effect, as it seems to be the case for many of 

TRPV4 actions (Belvisi and Birrell 2017). As a positive control, ATP also provoked rat small 

airways contraction, although with a sharp and transient peak as reported in the literature 

(Mounkaäila, Marthan, and Roux 2005; Bergner and Sanderson 2002b). The P2X3-P2X2/3 

antagonist AF-353 had no effect on TRPV4 agonist-induced contraction, corroborating 

previous Penh findings. In contrast, the contraction was reduced by the P2X4 antagonist 5-

BDBD, suggesting that TRPV4 activation contracted naïve rat small airways via the release of 

ATP activating P2X4 receptors, similar to demonstrated in human bronchi (Bonvini et al. 

2020). 

Conflicting with this hypothesis, the P2X4 antagonist 5-BDBD did not reduce the magnitude 

of ATP contraction. However, incubating PCLS with exogenous ATP at the concentration of 1 

mM may not exert the same effects than ATP released in situ upon TRPV4 activation. One 

compelling piece of evidence is that ATP contracts rat trachea (Mounkaäila, Marthan, and 

Roux 2005) while the TRPV4 agonist does not (McAlexander et al. 2014). ATP can activate a 

wide range of P2X receptors and is rapidly metabolised by ectonucleotidases (ATPases) into 

ADP, AMP and adenosine which can in turn activate a variety of P2Y and adenosine receptors 

(Burnstock 2018). Depending on its concentration, ATP preferentially activates different P2X 

receptors (North 2002) and its effect presumably depends on where it is released and which 

receptors are locally expressed. Perhaps due to these reasons and to the poor availability and 

selectivity of P2X and P2Y antagonists, a very sparse and conflicting literature exists on the 
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contraction elicited by ATP. Several mechanisms have been cited, with among them the 

activation of P2Y receptors, either with an epithelial-dependent prostanoid release or an 

epithelial-independent effect, or the activation of P2X receptors generating a Na+ influx and 

the opening of L-type calcium channels (Mounkaäila, Marthan, and Roux 2005; Flores-Soto 

et al. 2011; Gui et al. 2011; Bergner and Sanderson 2002b). P2X1 and P2X4 receptors have 

been cited as possible subtypes involved based on expression data and non-selective 

compounds (Nagaoka et al. 2009; Gui et al. 2011).  

 

 

Figure 5-19 Mechanism of TRPV4-P2X4 induced contraction of human bronchi 

Schematic of the hypothetic mechanism by which TRPV4 activation provokes human bronchi 

contraction demonstrated in (Bonvini et al. 2020). Activation of TRPV4 channel expressed on human 

airway smooth muscle cells provokes the release of ATP through Panx1 channels. The released ATP 

activates P2X4 receptors on human lung mast cells and triggers the release of CysLTs such as LTD4 

which bind to CysLTR1 receptors on airway smooth muscle cells and provoke contraction.  

 

This lack of selective compounds also limited the studies in this thesis. Probenecid is a non-

selective Panx1 blocker with a pIC50 of ~ 3.8 against Panx1 channels (Silverman, Locovei, 

and Dahl 2008) and while 5-BDBD preferentially inhibits rat P2X4 receptors, it was also shown 

to inhibit rat P2X1 and P2X3 receptors when used at 10 μM in HEK293 cells (Coddou et al. 

2019). The contribution of P2X3-P2X2/3 receptors in TRPV4-induced contraction was 

however ruled out using AF-353 that was shown to be selective for P2X3 and P2X2/3 at the 

concentration used (Gever et al. 2010). In human bronchi, TRPV4-induced contraction was 

not reduced in presence of the P2X1 antagonist Ip5I (10 μM) (Bonvini et al. 2020), yet it was 

not possible to test this antagonist in rat PCLS as Ip5I was no longer commercially available.  

Another limit of this work was the observation that both Panx1 blocker probenecid and P2X4 

antagonist 5-BDBD seemed to relax small airways at baseline, an effect which could skew the 
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results. This may indicate that the ATP-P2X4 axis is constitutively active in the preparation but 

could also reveal an unspecific and/or toxic effect, especially for 5-BDBD which reduced ACh 

contraction. Due to potential off-target effects and lack of solubility of probenecid and 5-BDBD 

compounds, these antagonists were not tested in vivo against TRPV4-induced Penh.  

Parallel work conducted during this thesis showed that mast cells extracted from Brown 

Norway rat lungs express P2x4 mRNA and degranulate to ATP stimulation but not to the 

TRPV4 agonist GSK1016790A (Flajolet et al. 2019). Given these results, it was plausible to 

consider that activation of the TRPV4-P2X4 axis provokes the contraction of rat small airways 

by inducing mast cell mediators release as for human bronchi. Knowing that rat mast cells 

predominantly store 5-HT rather than CysLTs and that rat airway smooth muscle seems less 

responsive to CysLTs compared to human (Kushnir-Sukhov et al. 2007; Lulich and Paterson 

1980; T. R. Martin et al. 1988; Muccitelli et al. 1987; Canning and Chou 2008; MacGlashan et 

al. 1982; Held, Martin, and Uhlig 1999; Seehase et al. 2011), a combination of antagonists 

targeting the main mast cells-derived bronchoconstrictors 5-HT, histamine and CysLTs (LTC4, 

LTD4) was used in vivo. The combination of these antagonists did not block the Penh increase 

caused by the TRPV4 agonist, suggesting that it is unlikely that the TRPV4-P2X4 axis causes 

rat small airways contraction via the release of mast cell mediators. In fact, these results were 

expected as rat mast cells density decreases alongside the airway tree contrary to human 

(Miller and Pemberton 2002; Bachelet, Bernaudin, and Fleury-Feith 1988) and rat tracheas do 

not contract to TRPV4 stimulation.  

Therefore, how the TRPV4-ATP-P2X4 axis contracts rat small airways remains unknown. It is 

unlikely that TRPV4 triggers small airways contraction in an autocrine manner by activating 

P2X4 receptors on airway smooth muscle cells, as rat tracheal airway smooth muscle cells 

were found to express Trpv4 and P2x4 (in-house data and (Gui et al. 2011)) but rat tracheas 

do not contract to TRPV4 stimulation, although it is possible that airway smooth muscle cells 

present in small airways are phenotypically different from that located in the trachea. 

It is intriguing that a calcium channel such as TRPV4 would require a secondary mediator to 

cause contraction while its activation directly elicits calcium influx in airway smooth muscle 

cells (Jia et al. 2004; Bonvini et al. 2020). However, studies have shown that calcium influx 

does not necessarily translate into contraction and can even provoke relaxation (Sanderson 

et al. 2008). Coincidentally, pre-contracted mouse tracheas relaxed to TRPV4 agonist 

GSK1016790A stimulation, an effect possibly mediated by activation of the IP3 pathway (J. 

Zhang et al. 2019). In fact, this indirect mechanism of action might help to explain differences 

observed between rat trachea and small airways. Indeed, ATP has been shown to differentially 

contract rat extrapulmonary and intrapulmonary airways, with a higher amplitude of 
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intrapulmonary contraction and different sensitivity to purinergic antagonists according to the 

airway location (Mounkaäila, Marthan, and Roux 2005). It may be that the TRPV4-ATP axis 

activates different types of receptors and/or types of cells along the airway tree, with the final 

effect depending on the summation of contractile and relaxing pathways.  

Overall, these findings suggest that TRPV4 activation contracts small airways in the naïve rat. 

This may have uncovered a novel mechanism by which TRPV4 provokes bronchospasm 

independently from CysLTs release. The relevance of these findings would need to be studied 

in human PCLS, as caution is needed when extrapolating rat small airways findings to human. 

Indeed, rodents exhibit a different branching pattern with fewer airway generations and 

different cell composition than human airways (Mercer et al. 1994; Meyerholz et al. 2018; J. 

H. T. Bates and Irvin 2003; Phalen and Oldham 1983). Furthermore, contraction to ATP seems 

to be species-dependent (Mounkaäila, Marthan, and Roux 2005; Flores-Soto et al. 2011).  

As for the relevance to the LAR, small airways disease is increasingly viewed as an important 

pathological process in asthma (Postma et al. 2019) and small airways obstruction has been 

involved in the LAR in asthmatics (Stenberg et al. 2017; van der Wiel et al. 2013). It is possible 

that activation of the TRPV4-P2X4 axis contributes to the bronchospasm seen in the LAR, 

either in bronchi via a CysLTs-driven mechanism in human and possibly via contracting small 

airways, but it is unknown whether this would be the predominant contribution of TRPV4 in 

the LAR. As previously explained, due to potential off-target effects and poor solubility of the 

P2X4 antagonist 5-BDBD, it was not possible to test the involvement of P2X4 receptors in the 

LAR in the rat OVA model. 

Most importantly, results from this chapter failed to support the hypothesis that TRPV4-P2X3 

activation elicits a cholinergic reflex bronchospasm in naïve rats. However, this may be the 

case in naïve rats but not necessarily in the context of allergic airway inflammation and the 

LAR. Parallels have been drawn between inflammation-induced hyperalgesia and the airway 

hyperresponsiveness seen in airway disease. In the context of inflammatory pain, a stimulus 

can provoke a heightened reflex response compared to the normal state, a phenomenon 

named hyperalgesia, and this can be paralleled to the excessive bronchospasm or 

“hyperreflexia” seen in allergic asthma (Adcock 1999). In the somatosensory and visceral 

systems, mechanical pressure has been shown to stimulate nerve afferents and to induce 

reflex responses such as a withdrawal reflex of the paw or visceromotor responses. In the 

context of inflammation, this reflex response is heightened (Alessandri-Haber et al. 2003; 

2006; Sipe et al. 2008). Interestingly, TRPV4 blockade reduced these efferent responses 

when the mechanical stimulus was applied in presence of inflammatory mediators, such as 

PGE2, 5-HT and a PAR2 agonist, but not at baseline, while it reduced afferent nerve firing both 
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at baseline and during inflammation. Authors concluded that TRPV4 is involved in mechanical-

induced hyperalgesia in the inflammatory state, but does not contribute to mechanical 

nociception in normal tissues (Alessandri-Haber et al. 2003; 2006; Sipe et al. 2008). A similar 

hypothesis could be drawn in the airways, that a TRPV4-P2X3 induced afferent nerve signal 

is not efficient to provoke an efferent response in the naïve state but could do so in allergic 

airway disease. 

Accordingly, the concept that an afferent nerve signal can elicit an efferent response in the 

inflammatory but not naïve state has gained attention in asthma. Allergen challenge is 

associated with an increased cough reflex sensitivity to capsaicin and increased spontaneous 

coughing in atopic asthmatics (Satia et al. 2019), illustrating an enhancement of airway 

reflexes in presence of allergic airway inflammation. Several mechanisms have been 

highlighted as potential causes of the hyperreflexia seen in asthma (Undem and Taylor-Clark 

2014; Undem and Carr 2002; Mazzone and Undem 2016), which could help to draw 

hypotheses on how a TRPV4-P2X3 nerve signal could trigger a reflex in the LAR but not in 

the naïve state, as illustrated in (Figure 5-20): 

- Firstly, inflammation has been shown to enhance airway sensory nerve activation, 

notably with inflammatory mediators increasing afferent nerves excitability (Undem 

and Taylor-Clark 2014). In asthma, the signal induced by TRPV4 could be enhanced 

by the downregulation of the main enzymes catabolising ATP (CD39 and CD73 

ectonucleotidases) which has been observed in asthmatic patients (Antonioli et al. 

2019; L. L. Wang et al. 2013; 2014). Airway inflammation may also alter or create new 

cellular interactions between TRPV4+ cells and airway sensory nerves (L. A. Laitinen 

et al. 1985) and upregulate P2X3 receptors on airway sensory nerves (Barrios et al. 

2017). 

 

- Secondly, inflammation has been shown to increase synaptic efficacy at the CNS level. 

As such, studies conducted in guinea pigs showed that stimulation of airway sensory 

C-fibres increased the cholinergic bronchospasm provoked by activation of Aδ-fibres. 

This synergy between Aδ- and C-fibres was blocked by administering tachykinin 

antagonists centrally, suggesting that C-fibres activation could release tachykinins in 

the CNS and enhance Aδ-fibres output on cholinergic centres (Canning, Reynolds, 

and Mazzone 2001; Mazzone and Canning 2002b). This finding is especially relevant 

for this thesis, as TRPV4 is thought to activate Aδ-fibres and many inflammatory 

mediators elevated after allergen challenge are known activators of C-fibres, such as 

bradykinin or the eicosanoid PGD2 (Christiansen et al. 1992; M. C. Liu et al. 1991; 

O’Sullivan et al. 1998; Fox et al. 1993; Maher et al. 2015).  
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- Thirdly, inflammation has been shown to increase efferent parasympathetic signalling 

(Undem and Taylor-Clark 2014). Among studied mechanisms, several reports have 

highlighted a downregulation of muscarinic M2 receptors in asthmatic patients and 

after allergen challenge in guinea pigs. M2 are inhibitory receptors situated on 

postganglionic cholinergic nerve terminals and their activation limits ACh release 

through a negative feedback loop (Minette et al. 1989; R. E. ten Berge et al. 1996; 

Fryer and Wills-Karp 1991). Therefore, downregulation of M2 receptors could enhance 

ACh release for a same afferent signal.  

 

 

Figure 5-20 Hypothetical mechanisms of how inflammation could modulate the TRPV4-P2X3 

nerve axis in allergic airway disease 

Hypothetical mechanisms that could explain how the TRPV4-P2X3 axis could trigger a cholinergic reflex 

bronchospasm in the context of allergic airway inflammation but not in naïve rats. (1) Inflammatory 

mediators could enhance the airway sensory Aδ-fibres signal elicited by the TRPV4-P2X3 axis. (2) 

Inflammatory mediators could enhance CNS synaptic efficacy by activating airway sensory C-fibres and 

increasing the output of Aδ-fibres on cholinergic centres. (3) Inflammatory mediators could enhance the 

release of ACh from parasympathetic cholinergic nerves, for instance by inhibiting autoinhibitory M2 

receptors. Schematics based upon concepts presented in the extensive review by (Undem and Taylor-

Clark 2014). CNS: Central Nervous System. PΣ: Parasympathetic nerves. 
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There is also a possibility that TRPV4 receptors are involved in enhancing the efferent arm of 

the reflex rather than being involved in the afferent arm, although this seems unlikely given 

the sustained airway sensory nerve firing elicited by the TRPV4 agonist in naïve rat and guinea 

pigs (Bonvini et al. 2016). In this chapter, neither ACh-induced Penh response nor ACh-

induced small airways contraction in PCLS was blocked by the TRPV4 antagonist 

GSK2193874, suggesting that TRPV4 is not involved downstream of ACh release. However, 

it was not studied whether TRPV4 activation could facilitate ACh release from cholinergic 

nerve terminals, which could be possible as rat parasympathetic tracheal ganglia express 

P2X2 receptors (B. Ma et al. 2005). 

To conclude this chapter, the TRPV4 agonist seemed to elicit bronchospasm in the naïve rat 

by inducing local small airways contraction via P2X4 receptors, independently from a P2X3-

mediated cholinergic reflex. It can be hypothesised that activation of the TRPV4-P2X3 nerve 

axis does not elicit a reflex in the naïve rat but may do so in presence of allergic airway 

inflammation. Studying possible mechanisms triggering the TRPV4-P2X3 axis could provide 

insights as to whether this axis is causing a cholinergic reflex in the LAR.  
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6 Investigation of PAR2 receptors as TRPV4 

activators  

6.1 Introduction 

Results from Chapters 3 and 4 suggested that TRPV4 and P2X3-P2X2/3 receptors were 

involved in driving the LAR in the rat OVA model, with allergen challenge resulting in the 

activation of TRPV4, leading to the release of ATP activating P2X3-P2X2/3 receptors on 

airway sensory nerves and a subsequent cholinergic reflex bronchospasm. According to 

results from Chapter 5, it was hypothesised that activation of this TRPV4-P2X3 afferent nerve 

signal may elicit reflex bronchospasm in presence of airway inflammation but not in the naïve 

state. However, it remains unknown how allergen challenge would result in the activation of 

the TRPV4-P2X3 axis, that would trigger a delayed and prolonged bronchospasm 

characteristic of the LAR. Therefore, the final aim of this thesis was to investigate potential 

activators of the TRPV4-P2X3 axis in the LAR.  

Many stimuli of different modalities have been associated with TRPV4 opening and yet it is 

still unclear which precise endogenous ligands stimulate this channel (White et al. 2016). 

Protease-activated receptors 2 (PAR2) have been increasingly linked to TRPV4 signalling 

(Cenac et al. 2015; Grant et al. 2007; Poole et al. 2013; Zhao et al. 2015; Sipe et al. 2008; 

Zhao et al. 2014; Grace et al. 2014). PAR2 receptors are GPCRs activated by proteolytic 

cleavage of their N-termini by proteases such as tryptase, revealing a ligand sequence on the 

receptor itself that binds back to an extracellular loop and trigger G-protein signalling (Adams 

et al. 2011). Relevant to this thesis, PAR2 receptors have been shown to activate and/or 

sensitise TRPV4 channels, leading to a signal in sensory neurons in the somatosensory and 

visceral systems (Cenac et al. 2015; Grant et al. 2007; Poole et al. 2013; Zhao et al. 2015; 

Sipe et al. 2008). More importantly, PAR2-mediated activation of TRPV4 seems to provoke 

mechanical hyperalgesia by causing afferent nerves firing and efferent responses (Cenac et 

al. 2015; Grant et al. 2007; Poole et al. 2013; Zhao et al. 2015; Sipe et al. 2008). These findings 

highlighted PAR2 as a promising candidate to trigger a TRPV4-mediated reflex in presence of 

inflammation. 

In addition, many studies have reported a role for PAR2 in allergic airway disease. PAR2 

receptors are widely expressed in the airways (Cocks and Moffatt 2001) and upregulated in 

the airways of asthmatic patients (Knight et al. 2001; Allard et al. 2014; Aubier et al. 2016). 

Agonists of PAR2 receptors such as tryptase, tissue factor and kallikrein 14 were also found 

upregulated (Aubier et al. 2016). In mouse models, PAR2 blockade was associated with 
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diminished allergic airway inflammation and AHR in OVA, HDM and cockroach extract driven 

models (Schmidlin et al. 2002; Davidson et al. 2013; de Boer et al. 2014; Asaduzzaman et al. 

2015, 2018). Although the involvement of PAR2 has never been studied in allergen-induced 

bronchospasm, allergen challenge is associated with mast cell degranulation and the release 

of the potent PAR2 agonist tryptase in the airways of asthmatic patients (S. E. Wenzel, Fowler, 

and Schwartz 1988; Sedgwick et al. 1991), with early studies showing that tryptase inhibitors 

reduced the LAR in human and allergic sheep models (Clark et al. 1995; Costanzo et al. 2003; 

Krishna et al. 2001). Therefore, it was hypothesised that PAR2 receptors could be promising 

candidates for activating a TRPV4-mediated nerve reflex in the LAR. 

6.2 Hypothesis 

Allergen challenge triggers the release of proteases such as tryptase from mast cells that 

activate PAR2 receptors and provoke a TRPV4-P2X3 afferent nerve signal causing reflex 

bronchospasm in the LAR (Figure 6-1). 

6.3 Aims 

- Study the expression of PAR2 agonists in the rat OVA model. 

- Investigate the effect of PAR2 activation on airway sensory nerves in vitro and in vivo 

and if it is mediated via the TRPV4-P2X3 axis. 

- Investigate if PAR2 activation can provoke bronchospasm in naïve rats and if it is 

mediated via a reflex or local airway smooth muscle contraction in vivo and in vitro. 

- Investigate if PAR2 receptors are involved in the LAR using PAR2 antagonists in the 

rat OVA model. 
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Figure 6-1 Hypothesis: PAR2 receptors activate the TRPV4-P2X3 axis in the LAR 

It is hypothesised that allergen challenge triggers the release of proteases such as tryptase from mast 

cells that activate PAR2 receptors, leading to a TRPV4-P2X3 afferent nerve signal and a reflex 

bronchospasm driving the LAR. CNS: Central Nervous System. PΣ: Parasympathetic. 
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6.4 Methods 

6.4.1 Time-course of tryptase-like activity in the rat OVA model 

To assess the regulation of PAR2 agonists in the rat OVA model, tryptase-like activity was 

measured in the time-course experiment described in 4.4.1. Male Brown Norway rats (200-

250 g) were sensitised on days D0, D14, D21 with OVA (in AlumTM diluted 1:1 in saline). On 

D28, rats were challenged either with OVA or the vehicle SAL (saline) aerosolised for 30 min. 

After challenge, rats were euthanised with an overdose of pentobarbitone (200 mg/kg, i.p.) at 

1, 2, 6 and 24 h post-challenge to harvest BAL samples as described in 2.3.3, with N=6 

rats/group per timepoint as represented in 4.4.1. 

Tryptase-like activity was measured by incubating BAL samples with the tryptase substrate 

tosyl-gly-pro-lys-pNA and measuring the product pNA which absorbs at 405 nm as described 

in 2.4.2. 

Data were expressed as the absorbance at 405 nm minus appropriate blanks representing 

levels of tryptase-like activity in the BAL samples. Non-parametric Mann Whitney tests 

compared absorbance levels between SAL and OVA challenge for each timepoint. 

6.4.2 Effect of PAR2 agonists on isolated vagus depolarisation 

The effect of PAR2 activation was tested on the depolarisation of vagal nerves using the 

isolated vagus preparation detailed in 2.2.1 generated from naive rats and Par2-/-and Par2+/+ 

mice. 

6.4.2.1 Effect of PAR2 agonists on rat vagus depolarisation 

Concentration-responses of a range of PAR2 agonists were conducted on vagal nerves 

isolated from naïve rats. Each segment was incubated with the vehicle (0.1% DMSO or 0.1% 

H2O) followed by increasing concentrations of either: trypsin (30 – 1’000 U/ml or ~ 500 nM - 

16 μM), 2f-LIGRLO-NH2 (1 – 1’000 nM), SLIGKV-NH2 (10 – 10’000 nM) or AC55541 (10 – 

10’000 nM). Each drug concentration was applied for 2 min and washed for 10 min before the 

next application. Nerve viability was assessed at the beginning and end of experiment by 

incubating the nerve with the TRPV1 agonist capsaicin (1 μM).  

6.4.2.2 Effect of the PAR2 agonist on vagal nerves from Par2-/- mice 

The selectivity of the PAR2 agonist 2f-LIGRLO-NH2 was tested in vagal nerves isolated from 

naïve Par2-/- and littermate Par2+/+ mice. Each segment was successively incubated with the 
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vehicle (0.1% DMSO), PAR2 agonist 2f-LIGRLO-NH2 (100 nM), TRPV4 agonist 

GSK1016790A (300 nM) and TRPV1 agonist capsaicin (1 μM). Each drug was applied for 2 

min and washed for 10 min before the next application. The genotype of Par2+/+ and Par2-/- 

mice was confirmed according to the protocol described in 2.5. 

6.4.2.3 Effect of PAR2, TRPV4 and P2X3-P2X2/3 antagonists on rat PAR2-

mediated vagus depolarisation 

Vagal nerves were isolated from naïve rats. Each segment was incubated with a submaximal 

concentration of the PAR2 agonist 2f-LIGRLO-NH2 (100 nM) for 2 min. This was repeated 

after a wash to ensure reproducibility of the response. The nerve was subsequently incubated 

with the antagonist for 10 min, either the PAR2 antagonist P2pal-18S (10 μM), control 

Scrambled peptide (10 μM), TRPV4 antagonist GSK2193874 (10 μM), P2X3-P2X2/3 

antagonist AF-353 (10 μM) or vehicle (0.1% DMSO). The PAR2 agonist was then reapplied 

for 2 min in presence of the antagonist. After washing, the nerve was re-incubated with the 

PAR2 agonist to establish viability and recovery of the response. 

6.4.2.4 Selection of PAR2 antagonist P2pal-18S concentration for in vitro use 

The PAR2 antagonist P2pal-18S was shown to be selective for PAR2 receptors (Sevigny et 

al. 2011). Because it was custom-made in a limited quantity, only a single concentration of the 

antagonist could be tested. The concentration of 10 μM was chosen as it blocked PAR2 

signalling in vitro (Bagher et al. 2018; Lin et al. 2015) and corresponded to approximately 100 

times its reported IC50 (0.14 – 0.2 μM) (Sevigny et al. 2011). 

6.4.2.5 Vagus data analysis 

Vagus data were expressed as mean ± S.E.M. depolarisation (mV) and percentage inhibition 

calculated for each antagonist. Statistical analysis was performed on the depolarisation (mV) 

data. Parametric paired t-tests compared the depolarisation elicited by the agonist in absence 

and presence of the antagonist. Unpaired t-tests compared the depolarisation elicited by the 

agonist in Par2+/+ compared to Par2-/- mice. One-way ANOVA followed by Dunnett’s multiple 

comparisons test compared the depolarisation elicited by increasing concentrations of an 

agonist versus the vehicle control. 
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6.4.3 Effect of a PAR2 agonist on airway sensory Aδ-fibre firing and 

intratracheal pressure in anaesthetised rats 

The ability of PAR2 activation to provoke airway sensory Aδ-fibre firing and to elicit local 

bronchospasm independently from a nerve reflex was tested in vivo using the single fibre 

preparation in anaesthetised naïve rats. Both vagi were disconnected from their central end 

(bilateral cervical vagotomy) to avoid central reflexes. Airway sensory Aδ-fibre action potential 

firing was measured as detailed in 2.2.3. Local bronchospasm was monitored by measuring 

intratracheal pressure as detailed in 2.6.2. 

6.4.3.1 Effect of the PAR2 agonist concentration-response 

After identification of an airway sensory Aδ-fibre and establishing baseline activity, the vehicle 

(0.1% DMSO) followed by increasing concentrations of the PAR2 agonist 2f-LIGRLO-NH2 (1 

– 1’000 nM) were aerosolised via a tracheal cannula. Each concentration was aerosolised for 

1 min and the effect on Aδ-fibre action potential firing and intratracheal pressure observed for 

10 min before the next concentration was applied. At the end of the experiment, citric acid (0.3 

M) was aerosolised for 1 min to ensure viability of the preparation. 

6.4.3.2 Effect of PAR2 antagonist on PAR2-induced Aδ-fibre firing 

After identification of an airway sensory Aδ-fibre and establishing baseline activity, the PAR2 

agonist 2f-LIGRLO-NH2 (1 μM) was aerosolised for 1 min via a tracheal cannula and the effect 

on Aδ-fibre firing and intratracheal pressure observed. This was repeated after 10 min to 

ensure reproducibility of the response. The PAR2 antagonist P2pal-18S (10 mg/kg in 5% 

DMSO in saline, s.c.) was then administered subcutaneously. After 30 min, the PAR2 agonist 

2f-LIGRLO-NH2 (1 μM) was aerosolised for 1 min. At the end of the experiment, citric acid 

(0.3 M) was aerosolised for 1 min to ensure viability of the preparation. 

6.4.3.3 Selection of the PAR2 antagonist P2pal-18S dose for in vivo use 

Due to the limited availability of the PAR2 antagonist P2pal-18S, only a single dose of the 

PAR2 antagonist could be tested. The dose of 10 mg/kg, s.c. was chosen as it was shown to 

elicit plasma levels of approximately 10 μM within the first 4 h in mice, with distribution found 

in the lungs (Shearer et al. 2016) and to inhibit PAR2 responses in vivo (Sevigny et al. 2011). 

The compound was dissolved in a high concentration of DMSO (5% in saline) due to its low 

solubility conferred by the palmitate residue (Lin et al. 2015).  
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6.4.3.4 Single fibre data analysis 

Data were analysed as the frequency of action potential firing events of Aδ-fibres 

(impulses/sec) and changes in intratracheal pressure (cm H2O) over time. Statistical analysis 

was not performed as only N=1 experiment was conducted for each study. 

6.4.4 Effect of a PAR2 agonist on isolated trachea contraction 

The ability of PAR2 to contract extrapulmonary airways was tested in vitro using organ bath 

preparations of tracheas isolated from naïve rats as described in 2.6.3. 

Tracheas were generated from naïve rats and incubated with ACh (1 mM) to determine 

maximal contraction. After several washes and return to baseline tension, tissues were 

incubated with a single concentration of the vehicle (0.1% DMSO) or PAR2 agonist 2f-

LIGRLO-NH2 (10 – 1’000 nM). Changes in isometric tension (mg) were monitored using a 

force transducer to assess tissue contraction. After 40 min, tissues were washed and ACh (1 

mM) was reapplied to ensure tissue viability was not affected by drug treatment. The 

experiment was conducted in presence of the COX inhibitor indomethacin (10 μM). 

Data were expressed as the maximum tension (mg) elicited by a compound during the 40-min 

incubation. For statistical analysis, data were normalised to the maximal contraction elicited 

by ACh for each tissue segment and analysed using non-parametric Kruskal-Wallis test 

comparing the effect of different agonist concentrations with the vehicle control. 

6.4.5 Effect of a PAR2 agonist on small airways contraction using PCLS 

The ability of PAR2 to contract intrapulmonary airways was tested in vitro using PCLS 

generated from naïve rats as described in 2.6.4. 

On day 1 post-isolation, PCLS were incubated with ACh (1 mM) to select viable airways 

contracting more than 50% to ACh. Airways with a similar range of diameters and ACh 

responses were distributed among treatment groups. On day 2 post-isolation, 

pharmacological experiments were performed. Airway contraction was monitored using light 

microscopy.  

Baseline images were taken of each identified airway. Slices were incubated with a single 

concentration of either the vehicle (0.1% DMSO) or PAR2 agonist 2f-LIGRLO-NH2 (1 - 1’000 

nM) for 30 min. Images were taken every 5 min. Without washing, ACh (1 mM) was added for 

10 min to assess airway viability and maximum contractility at the end of the experiment. 
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Contraction was plotted over time by measuring airway lumen area and calculating the 

percentage closure from baseline at each timepoint. To analyse the contraction elicited by an 

agonist, the percentage closure was calculated from the baseline area captured right before 

agonist incubation. For statistical analysis, the maximum percentage closure elicited during 

agonist incubation was normalised to the contraction elicited by final incubation with ACh (1 

mM) and Mann-Whitney tests were used to compare between specified groups. 

6.4.6 Effect of a PAR2 agonist on Penh in conscious naïve rats 

The ability of PAR2 activation to induce reflex bronchospasm was tested in conscious naïve 

rats by recording Penh using FWBP as described in 2.6.1. 

Conscious naïve rats were placed in FWBP chambers. After establishing a 5-min baseline, 

rats were challenged with increasing concentrations of the PAR2 agonist 2f-LIGRLO-NH2 (10 

nM - 10 μM) or corresponding dilutions of the vehicle (DMSO in saline) as shown in (Figure 

6-2). Each concentration was aerosolised for 10 min and Penh recorded for 20 min, and a 5-

min recovery period was set between each challenge. 

N Challenge 1 Challenge 2 Challenge 3 Challenge 4 Challenge 5 

6 Veh (0.00001%) Veh (0.0001%) Veh (0.001%) Veh (0.01%) Veh (0.1%) 

6 Veh (0.00001%) PAR2 agonist  

10 nM 

PAR2 agonist  

100 nM 

PAR2 agonist  

1 μM 

PAR2 agonist  

10 μM 

Figure 6-2 Protocol of PAR2 agonist concentration-response Penh study 

Veh: DMSO in saline with the corresponding DMSO dilution (%) 

PAR2 agonist: 2f-LIGRLO-NH2 

 

Penh data were averaged every min and plotted over time to calculate Penh AUC. Statistical 

analysis was performed on Penh AUCs. Mann-Whitney tests were used to compare data 

between agonist and time-matched vehicle challenge. 
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6.4.7 PAR2 antagonists in the rat OVA model 

6.4.7.1 PAR2 antagonist P2pal-18S 

The PAR2 antagonist P2pal-18S was tested against the LAR in the rat OVA model. Male 

Brown Norway rats were sensitised on days D0, D14, D21 with OVA (AlumTM diluted 1:1 in 

saline) as described in 2.3.1. On D28, rats were challenged with SAL or OVA aerosol for 30 

min. One hour before and 30 min after challenge, rats were dosed with the PAR2 antagonist 

P2pal-18S (10 mg/kg, s.c.), control Scrambled peptide (10 mg/kg, s.c.) or vehicle (5% DMSO 

in saline, s.c.) with N=8 rats/group (Figure 6-3). One hour after challenge, rats were placed in 

FWBP chambers to assess Penh from 1 to 6 h post-challenge as described in 2.3.2. BAL cells 

were harvested 24 h post-challenge to perform inflammatory cells differential counts as 

described in 2.3.3. 

 

N Sensitisation Challenge Treatment s.c. 

8 OVA SAL Veh 5% DMSO 

8 OVA SAL Scrambled 

8 OVA SAL PAR2 antagonist 

8 OVA OVA Veh 5% DMSO 

8 OVA OVA Scrambled 

8 OVA OVA PAR2 antagonist 

Figure 6-3 Protocol of PAR2 antagonist P2pal-18S study in the rat OVA model 

6.4.7.2 Selection of PAR2 antagonist P2pal-18S dose for the rat OVA model 

The dose of PAR2 antagonist was validated to block PAR2 agonist 2f-LIGRLO-NH2 induced 

Aδ-fibre firing in the anaesthetised rat. In mice, P2pal-18S exhibited a plasma elimination half-

life of 3.1 h (Shearer et al. 2016). The compound was dosed 1 h before and 30 min after 

challenge to ensure sufficient exposure throughout the duration of the LAR and inflammatory 

cell recruitment. 
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6.4.7.3 Anti-PAR2 monoclonal antibody MEDI2344 

The anti-PAR2 monoclonal antibody (mAb) MEDI2344 was tested against the LAR in the rat 

OVA model. Male Brown Norway rats were sensitised on days D0, D14, D21 with OVA 

(AlumTM diluted 1:1 in saline) as described in 2.3.1. One day before challenge, rats were dosed 

with the anti-PAR2 monoclonal antibody MEDI2344 (10 mg/kg, s.c.), isotype IgG control (10 

mg/kg, s.c.) or vehicle (25 mM Histidine, 205 mM sucrose in saline or “His-sucrose”, s.c.) with 

N=8 rats/group (Figure 6-4). On D28, rats were challenged with SAL or OVA aerosol for 30 

min., One hour after challenge, rats were placed in FWBP chambers to assess Penh from 1 

to 6 h post-challenge as described in 2.3.2. BAL cells were harvested 24 h post-challenge to 

perform inflammatory cells differential counts as described in 2.3.3. 

 

N Sensitisation Challenge Treatment s.c. 

8 OVA SAL Veh  

8 OVA SAL Isotype IgG 

8 OVA SAL PAR2 Ab 

8 OVA OVA Veh  

8 OVA OVA Isotype IgG 

8 OVA OVA PAR2 mAb 

Figure 6-4 Protocol of anti-PAR2 mAb MEDI2344 study in the rat OVA model 

6.4.7.4 Selection of PAR2 monoclonal antibody MEDI2344 dose for the rat OVA 

model 

The dose of anti-PAR2 monoclonal antibody MEDI2344 was shown to inhibit PAR2-induced 

pain responses in rats. Based on pharmacokinetic studies conducted in the rat, the antibody 

was dosed 1 day before challenge to ensure sufficient exposure throughout the duration of 

the LAR and inflammatory cell recruitment. 
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6.4.7.5 Penh data analysis 

To analyse the LAR, average Penh was calculated every 10 min and plotted over time. 

Statistical analyses were performed on Penh AUCs data. Non-parametric Mann-Whitney tests 

compared data between specified groups. 

To analyse airway inflammation, statistical analyses were performed on BAL inflammatory cell 

counts expressed as (103 cells/ml). Non-parametric Mann-Whitney tests compared data 

between specified groups. 
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6.5 Results 

6.5.1 PAR2 agonists levels in the rat OVA model 

The first aim of this chapter was to study whether PAR2 agonists were upregulated in the rat 

OVA model.  

The regulation of PAR2 agonists was assessed in the rat OVA model in the same time-course 

experiment where ATP levels were evaluated (4.5.1). The level of tryptase-like proteases was 

assessed by measuring the cleavage of the substrate tosyl-gly-pro-lys-pNA. Tryptase-like 

activity was upregulated in the BAL of OVA-sensitised rats at 2, 6 and 24 h after OVA 

challenge compared to SAL challenge (Figure 6-5).  

These results suggested an upregulation of PAR2 signalling in the rat OVA model, validating 

the use of this model to study the role of PAR2 receptors.  
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Figure 6-5 Tryptase-like activity in BAL samples in the rat OVA model 

Rats were sensitised to OVA and challenged with OVA or SAL aerosol. BAL fluids were harvested 1, 

2, 6 and 24 h post-challenge to assess tryptase-like activity levels by cleavage of the substrate tosyl-

gly-pro-lys-pNA into pNA absorbing at 405 nm. Data is expressed as mean ± S.E.M., N=6 rats per group 

per timepoint. Mann-Whitney test *p<0.05 comparing between SAL and OVA challenge at the same 

timepoint.  
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6.5.2 Effect of PAR2 agonists on isolated rat vagus depolarisation  

As it was hypothesised that PAR2 receptors could activate the TRPV4-P2X3 axis, leading to 

a nerve reflex leading the LAR, the second aim of this chapter was to test whether PAR2 

activation can stimulate airway sensory nerves in naïve rats and if it is mediated via the 

TRPV4-P2X3 axis.  

Since it was the first time that PAR2 was investigated in the laboratory, concentration-

responses of several PAR2 agonists were conducted on the depolarisation of vagal nerves 

isolated from naïve rats, with the endogenous agonist trypsin and synthetic agonists 2f-

LIGRLO-NH2, SLIGKV-NH2 and AC55541. The TRPV1 agonist capsaicin (1 μM) was applied 

at the end of each experiment to serve as a reference stimulus and to assess nerve viability.  

All PAR2 agonists induced the depolarisation of rat vagal nerves compared to the vehicle 

(0.1% DMSO or 0.1% H2O), with the following depolarisations at the highest tested 

concentrations: trypsin (1000 U/ml or ~16 μM): 0.20 ± 0.03 mV; 2f-LIGRLO-NH2 (1 μM): 0.09 

± 0.02 mV; SLIGKV-NH2 (10 μM): 0.07 ± 0.02 mV and AC55541 (10 μM): 0.05 ± 0.01 mV 

(Figure 6-6).  

The most potent and selective PAR2 agonist was taken forward to pharmacology studies. The 

endogenous agonist trypsin was not selected as it has been reported to target PAR1 receptors 

(Heuberger and Schuepbach 2019). The synthetic agonists 2f-LIGRLO-NH2, SLIGKV-NH2 

and AC55541 have been shown to be selective to PAR2 over PAR1 (Hollenberg et al. 1997; 

McGuire et al. 2004; Kawabata et al. 2004; Gardell et al. 2008), however 2f-LIGRLO-NH2 was 

preferred as the PAR2 agonist of choice as it seemed to be the most potent in eliciting vagus 

depolarisation. The concentration of 100 nM 2f-LIGRLO-NH2 that elicited submaximal vagus 

depolarisation amongst tested concentrations was taken forward to antagonist studies (Figure 

6-6). 
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Figure 6-6 Effect of PAR2 agonists on vagus depolarisation  

Rat isolated vagal nerves were stimulated with the vehicle (0.1% H2O or 0.1% DMSO) followed by 

increasing concentrations of the PAR2 agonist trypsin, 2f-LIGRLO-NH2, SLIGKV-NH2 or AC55541, 

with each concentration applied for 2 min. Trypsin (30 - 1000 U/ml) corresponded to ~ (500 nM - 16 

μM). The TRPV1 agonist capsaicin (1 μM) was applied at the end of each experiment as a reference 

stimulus and to assess nerve viability. (A) Representative trace of 2f-LIGRLO-NH2 (100 nM) induced 

depolarisation of rat isolated vagus nerve. (B, C, D, E) Quantification of the depolarisation (mV) induced 

by the PAR2 agonists and by the reference stimulus capsaicin. Data expressed as mean ± S.E.M., N=4-

8 rats. One-way ANOVA followed by Dunnett’s multiple comparisons #p<0.05 vs vehicle response.  

  

2min 

0.05 mV 

2f-LIGRLO-NH2 applications  
(100 nM) (2 min) 

A 



184 
 

6.5.3 Effect of the PAR2 agonist 2f-LIGRLO-NH2 on Par2-/- mouse vagus 

depolarisation  

To confirm that 2f-LIGRLO-NH2 was depolarising rat vagal nerves via activation of PAR2 

receptors, its effect was studied on vagal nerves isolated from Par2-/- mice. The genotypes of 

Par2-/- and Par2+/+ mice were confirmed by PCR as represented in (Figure 6-7). 

Incubation with 2f-LIGRLO-NH2 (100 nM) depolarised vagal nerves isolated from Par2+/+ mice 

(0.03 ± 0.01 mV vs 0.17 ± 0.04 mV) and the effect was lost in Par2-/- mice (0.02 ± 0.01 mV vs 

0.02 ± 0.01 mV) compared to the vehicle (0.1% DMSO). As a positive control, TRPV4 agonist 

GSK1016790A (300 nM) and TRPV1 agonist capsaicin (1 μM) responses were unchanged in 

nerves isolated from Par2-/- versus Par2+/+ mice (Figure 6-7). 

6.5.4 Effect of the PAR2 antagonist P2pal-18S on PAR2-induced rat vagus 

depolarisation  

P2pal-18S was selected as a PAR2 antagonist to confirm that 2f-LIGRLO-NH2-induced rat 

vagus depolarisation was mediated via PAR2. At the same time, this enabled to validate 

P2pal-18S as a suitable antagonist for blocking PAR2 nerve responses in the rat species. 

P2pal-18S is a pepducin lipopeptide that comprises a peptide sequence mimicking PAR2 

intracellular loops and a palmitate lipid that renders the compound cell permeable. After 

translocation across the cell membrane, the pepducin binds to PAR2 intracellular domains 

and prevents interactions with G proteins (M. K. Yau, Liu, and Fairlie 2013; M. S. Lee and 

Lerner 2019).To account for non-specific effects, a Scrambled pepducin comprising the same 

aminoacids but in a randomised order was custom-made and tested alongside. 

P2pal-18S (10 μM) significantly inhibited the depolarisation induced by the PAR2 agonist 2f-

LIGRLO-NH2 (100 nM) by 83% (0.06 ± 0.01 mV vs 0.01 ± 0.01 mV) whereas the Scrambled 

peptide and vehicle (0.1% DMSO) had no effect (Figure 6-8).  
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Figure 6-7 Effect of the PAR2 agonist on vagus depolarisation in Par2-/- mice  

(A) Representative picture of Par2 genotyping of the mice used in vagus experiments. PCR products 

from mouse tail DNA were separated by agarose gel electrophoresis. Expected amplicon size is 345-

bp for Par2+/+ gene and 198-bp for Par2-/- gene. MW: DNA Ladder. Bp: base pairs. Ctrl: No DNA 

template control. (B) Vagal nerves were isolated from Par2-/- and littermate Par2+/+ controls. Nerves 

were successively stimulated with the vehicle (0.1% DMSO), PAR2 agonist 2f-LIGRLO-NH2 (100 nM), 

TRPV4 agonist GSK1016790A (300 nM) and TRPV1 agonist capsaicin (1 μM) applied for 2 min. The 

graph represents the quantification of the depolarisation (mV). Data expressed as mean ± S.E.M., N=6 

mice per group. Unpaired t-test *p<0.05 Par2-/- vs Par2+/+ responses.  

  

345 

MW Par2+/+ Par2-/- ctrl 



186 
 

PAR2
agonist

PAR2
agonist

+
Veh

PAR2
agonist

0.00

0.02

0.04

0.06

0.08

D
e
p
o
la

ri
s
a
ti
o
n
 (

m
V

)

PAR2
agonist

PAR2
agonist

+
Scrambled

PAR2
agonist

0.00

0.05

0.10

0.15
D

e
p
o
la

ri
s
a
ti
o
n
 (

m
V

)

PAR2
agonist

PAR2
agonist

+
PAR2

antagonist

PAR2
agonist

0.00

0.02

0.04

0.06

0.08

D
e
p
o
la

ri
s
a
ti
o
n
 (

m
V

)

*

Veh Scrambled PAR2
antagonist

0

20

40

60

80

100

%
 I

n
h
ib

it
io

n
 o

f

P
A

R
2
 d

e
p
o
la

ri
s
a
ti
o
n

B C

D E

Scrambled

PAR2

agonist

PAR2

agonist

PAR2

agonist

+ PAR2

antagonist

PAR2

agonist

PAR2

agonist

PAR2

agonist

PAR2

agonist

+ Scrambled

PAR2

agonist

PAR2 antagonist

A

2 min

0
.0

5
 m

V

 

Figure 6-8 Effect of the PAR2 antagonist P2pal-18S on PAR2-induced vagus depolarisation  

Rat isolated vagal nerves were stimulated with the PAR2 agonist 2f-LIGRLO-NH2 (100 nM) and the 

depolarisation of the nerve assessed in absence or presence of the PAR2 antagonist P2pal-18S (10 

μM), control Scrambled peptide (10 μM) or vehicle (0.1% DMSO). (A) Representative traces. (B, C) 

Quantification of the depolarisation (mV) induced by the PAR2 agonist (left bar), in presence of the 

vehicle, control peptide or antagonist (middle bar). Recovery of the agonist response was assessed at 

the end of each experiment (right bar). (E) Percentage inhibition of PAR2 agonist-induced 

depolarisation. Data expressed as mean ± S.E.M., N=4 rats. Paired t-test *p<0.05 comparing the 

agonist response before and after antagonist treatment.  
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6.5.5 Effect of the PAR2 agonist on Aδ-fibre firing and intratracheal pressure 

in anaesthetised naïve rats 

The ability of PAR2 to specifically activate airway sensory nerve terminals was tested in vivo 

using the single fibre preparation in anaesthetised naïve rats. The interrogated fibres 

presented spontaneous activity in rhythm with the breathing pattern and responded to an 

aerosol of citric acid (0.3 M) and to lung hyperinflation/deflation. The fibres were therefore 

identified as airway sensory Aδ-fibres (RARs).  

In a naïve rat, nebulising increasing concentrations of the PAR2 agonist 2f-LIGRLO-NH2 

directly into the rat trachea provoked an increase in action potential firing of the studied Aδ-

fibre at the concentration of 1 μM compared to the vehicle (0.1% DMSO) (N=1) (Figure 6-9). 

The PAR2 agonist did not provoke a rise in intratracheal pressure at any of the concentrations 

tested. The steady increase in intratracheal pressure over time was attributed to a rise in 

baseline pressure potentially due to an accumulation of fluids in the animal. 

To ensure that Aδ-fibre firing was due to PAR2 activation, the single concentration of 1 μM 2f-

LIGRLO-NH2 was tested against the PAR2 antagonist P2pal-18S (10 mg/kg, s.c.) in another 

naïve rat. In this experiment, the PAR2 agonist 2f-LIGRLO-NH2 (1 μM) seemed to provoke 

Aδ-fibre firing in a reproducible manner, without increasing intratracheal pressure. Dosing the 

rat with P2pal-18S (10 mg/kg, s.c.) appeared to inhibit the response to 2f-LIGRLO-NH2 (1 μM) 

while it did not affect the response to the reference stimulus citric acid (0.3 M) (N=1) (Figure 

6-10). 

This preliminary experiment validated the use of P2pal-18S as a suitable antagonist at the 

concentration of 10 mg/kg, s.c. for blocking PAR2-afferent nerve firing in vivo. 
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Figure 6-9 Effect of the PAR2 agonist on Aδ-fibre firing and local bronchospasm 

A rat was anaesthetised, paralysed and both vagi disconnected from their central end. An airway 

sensory Aδ-fibre was identified and its electrical activity recorded over time. Intratracheal pressure was 

monitored via a pressure transducer. The vehicle (0.1% DMSO) followed by increasing concentrations 

of the PAR2 agonist 2f-LIGRLO-NH2 were nebulised for 1 min into the rat airways via a tracheal 

cannula. At the end of the experiment, the reference stimulus citric acid (CA) (0.3 M) was nebulised for 

1 min to assess nerve viability. (A) Frequency of action potential firing events above baseline activity 

(impulses/sec) of the Aδ-fibre over time. (B) Intratracheal pressure (cm H2O) over time. N=1 rat. 
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Figure 6-10 Effect of the PAR2 antagonist on PAR2-mediated Aδ-fibre firing and local 

bronchospasm 

A rat was anaesthetised, paralysed and both vagi disconnected from their central end. An airway 

sensory Aδ-fibre was identified and its electrical activity recorded over time. Intratracheal pressure was 

monitored via a pressure transducer. The PAR2 agonist 2f-LIGRLO-NH2 (1 μM) was nebulised for 1 

min. This was repeated to ensure reproducibility of the response. The rat was then dosed with the PAR2 

antagonist P2pal-18S (10 mg/kg, s.c.). After 30 min, the PAR2 agonist was nebulised for 1 min.  At the 

end of the experiment, the reference stimulus citric acid (CA) (0.3 M) was nebulised for 1 min to assess 

nerve viability. (A) Frequency of action potential firing events above baseline activity (impulses/sec) of 

the Aδ-fibre over time. (B) Intratracheal pressure (cm H2O) over time. N=1 rat.  
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6.5.6 Effect of TRPV4 and P2X3 antagonists on PAR2-induced rat vagus 

depolarisation 

To study whether PAR2 induced the depolarisation of rat vagal nerves via the TRPV4-P2X3 

axis, the TRPV4 and P2X3-P2X2/3 antagonists were tested in the vagus preparation 

generated from naïve rats. The TRPV4 antagonist GSK2193874 (10 μM) significantly inhibited 

the depolarisation induced by the PAR2 agonist 2f-LIGRLO-NH2 (100 nM) by 95% (0.04 ± 

0.01 mV vs 0.01 ± 0.01 mV). The P2X3-P2X2/3 antagonist AF-353 (10 μM) also significantly 

reduced the depolarisation by 58% (0.06 ± 0.01 mV vs 0.03 ± 0.01 mV). The vehicle (0.1% 

DMSO) had no effect (Figure 6-11). 
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Figure 6-11 Effect of TRPV4 and P2X3 antagonists on PAR2-induced vagus depolarisation 

Rat isolated vagal nerves were stimulated with the PAR2 agonist 2f-LIGRLO-NH2 (100 nM) and the 

depolarisation of the nerve assessed in absence or presence of the TRPV4 antagonist GSK2193874 

(10 μM), P2X3-P2X2/3 antagonist AF-353 (10 μM) or vehicle (0.1% DMSO). (A, B, C) Quantification of 

the depolarisation (mV) induced by the PAR2 agonist (left bar), in presence of the antagonist (middle 

bar). Recovery of the agonist response was assessed at the end of each experiment (right bar). (D) 

Percentage inhibition of PAR2 agonist-induced depolarisation. Data expressed as mean ± S.E.M., N=4 

rats. Paired t-test *p<0.05 comparing the agonist response before and after antagonist treatment.  
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6.5.7 Effect of the PAR2 agonist on isolated trachea contraction  

The third aim of this chapter was to investigate if PAR2 activation can provoke bronchospasm 

in naïve rats and if it is mediated via a reflex and/or local bronchospasm.  

Preliminary results from the single fibre preparation suggested that PAR2 activation did not 

trigger local bronchospasm independently from a nerve reflex (6.5.5). To confirm this finding, 

the effect of the PAR2 agonist was tested in vitro on the contraction of rat isolated airways. 

To test the effect of PAR2 activation on extrapulmonary airways contraction, a non-cumulative 

concentration-response of the PAR2 agonist 2f-LIGRLO-NH2 was conducted on tracheas 

isolated from naïve rats.  

None of the concentrations tested of the PAR2 agonist 2f-LIGRLO-NH2 (10 nM to 1μM) 

contracted rat tracheas compared to the vehicle (0.1% DMSO) (Figure 6-12).  

6.5.8  Effect of the PAR2 agonist on small airways contraction in PCLS  

To test the effect of PAR2 activation on intrapulmonary airways contraction, a non-cumulative 

concentration-response of the PAR2 agonist 2f-LIGRLO-NH2 was conducted on small airways 

using PCLS generated from naïve rats.  

None of the concentrations tested of the PAR2 agonist 2f-LIGRLO-NH2 (10 nM to 1μM) 

contracted rat small airways compared to the vehicle (0.1% DMSO) (Figure 6-13).  
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Figure 6-12 Effect of the PAR2 agonist on isolated trachea contraction 

Rat isolated trachea segments were incubated with ACh (1 mM) to determine viability and maximum 

contractility. After washing, segments were incubated with the vehicle (0.1% DMSO) or a single 

concentration of the PAR2 agonist 2f-LIGRLO-NH2 and contraction followed for 40 min. Experiment 

conducted in presence of indomethacin (10 μM). The graph represents the maximum contraction (mg 

tension) elicited by the drug. N=3 rats. Data expressed as mean ± S.E.M. Kruskal-Wallis test non-

significant between vehicle and agonist responses on data normalised to ACh response. 
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Figure 6-13 Effect of the PAR2 agonist on small airways contraction  

PCLS were isolated from naïve rats and treated with the vehicle (0.1% DMSO) or a single concentration 

of the PAR2 agonist 2f-LIGRLO-NH2 for 30 min. ACh (1 mM) was applied at the end to assess viability 

and maximum contractility. Small airways contraction was assessed by light microscopy. The graph 

represents the trace of small airways contraction over time. Data expressed as mean ± S.E.M. N=4 

rats, n=3-5 airways/rat. Kruskal-Wallis test non-significant between vehicle and agonist responses on 

data normalised to ACh response.  
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6.5.9 Effect of the PAR2 agonist on Penh in conscious naïve rats 

The ability of PAR2 activation to provoke reflex bronchospasm was tested in conscious naïve 

rats using FWBP. Given the absence of effect on isolated airways, it was hypothesised that if 

PAR2 activation elicited a Penh response, it would reflect a reflex bronchospasm.  

This hypothesis was tested by aerosolising increasing concentrations of the PAR2 agonist 2f-

LIGRLO-NH2 (0.01 – 10 μM) into the airways of conscious naïve rats. To reduce the number 

of animals, this was tested in a cumulative manner in the same rats. To account for a possible 

effect of solvent accumulation and rise in humidity, a second group of animals received time-

matched vehicles (0.00001% - 0.1% DMSO). 

Aerosolising increasing concentrations of the PAR2 agonist 2f-LIGRLO-NH2 did not increase 

Penh AUC compared to time-matched vehicles (Figure 6-14). 
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Figure 6-14 Effect of the PAR2 agonist on Penh in conscious naive rats 

Conscious naïve rats were challenged with increasing concentrations of either the vehicle (0.00001% - 

0.1% DMSO) or PAR2 agonist 2f-LIGRLO-NH2 (0.01 – 10 μM) with each concentration aerosolised for 

10 min and Penh recorded for 20 min using FWBP. The graph represents the quantification of Penh 

AUC, N=6/group. Data expressed as mean ± S.E.M. Mann-Whitney test non-significant between 

agonist and time-matched vehicle challenges.  
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6.5.10 Effect of the PAR2 antagonist P2pal-18S on the LAR in the rat OVA model 

The final aim of this chapter was to test whether PAR2 receptors were involved in driving the 

LAR in the rat OVA model, using the pepducin PAR2 antagonist P2pal-18S. 

The PAR2 antagonist P2pal-18S was tested against the LAR in the rat OVA model. The 

Scrambled peptide was tested alongside to account for non-specific effects of the antagonist, 

as well as the solvent (5% DMSO) itself.  

OVA challenge increased Penh AUC compared to SAL challenge in OVA-sensitised rats 

(24177 ± 1279 vs 143423 ± 31008 Penh AUC). The PAR2 antagonist P2pal-18S (10 mg/kg, 

s.c.) did not prevent this Penh increase compared to the vehicle (143423 ± 31008 vs 185184 

± 43059 Penh AUC). However, the control Scrambled peptide (10 mg/kg, s.c.) seemed to 

prevent the increase in Penh caused by OVA challenge compared to the vehicle (143423 ± 

31008 vs 63176 ± 30044 Penh AUC) although this was not statistically significant (Figure 

6-15). 

6.5.11 Effect of the PAR2 antagonist P2pal-18S on airway inflammation in the 

rat OVA model 

In addition to bronchospasm, OVA challenge provoked airway inflammation compared to SAL 

challenge in OVA-sensitised rats, with an increase in total leukocytes (162.5 ± 19 vs 646.9 ± 

207 .103 cells/ml), eosinophils (5.3 ± 1.9 vs 52.4 ± 9.9 .103 cells/ml) and neutrophils (15.0 ± 

3.4 vs 461.5 ± 183 .103 cells/ml) numbers in BAL fluid at 24 h post-challenge. The PAR2 

antagonist P2pal-18S did not significantly reduce airway inflammation, nor did the control 

Scrambled peptide (Figure 6-16). 
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Figure 6-15 Effect of the PAR2 antagonist P2pal-18S on the LAR in the rat OVA model 

Rats were sensitised with OVA and challenged with OVA or SAL aerosol. Rats were dosed with the 

PAR2 antagonist P2pal-18S (10 mg/kg, s.c.), control Scrambled (Scr) peptide (10 mg/kg, s.c.) or vehicle 

(5% DMSO, s.c.) 1 h before and 30 min after challenge. Penh was assessed 1 to 6 h post-challenge 

via FWBP. (A) Penh average over time. (B) Quantification of Penh AUC over the 5 h-recording period. 

Data expressed as mean ± S.E.M., N=8 rats per group. Mann-Whitney test #p<0.05 OVA challenge vs 

respective SAL challenge, and non-significant vs OVA/OVA/Veh.  
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Figure 6-16 Effect of the PAR2 antagonist P2pal-18S on airway inflammation in the rat OVA 

model 

Rats were sensitised with OVA and challenged with OVA or SAL aerosol. Rats were dosed with the 

PAR2 antagonist P2pal-18S (10 mg/kg, s.c.), control Scrambled (Scr) peptide (10 mg/kg, s.c.) or vehicle 

(5% DMSO, s.c.) 1 h before and 30 min after challenge. Airway inflammation was assessed in BAL at 

24 h post-challenge by differential cell count: (A) Total leukocytes, (B) Eosinophils, (C) Neutrophils and 

(D) Monocytes/Macrophages. Data expressed as mean ± S.E.M., N=8 rats per group. Mann-Whitney 

test #p<0.05 OVA challenge vs respective SAL challenge, and non-significant vs OVA/OVA/Veh. 

Legend in box above the graphs. 
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6.5.12 Validation of the compounds used in the rat OVA model  

Due to the unexpected nature of the results, drug solutions used in the study were carefully 

examined. Solutions were sent for chemical analysis and peptide sequencing revealed that 

P2pal-18S and Scrambled-labelled solutions contained peptides with the appropriate 

sequence. In addition, solutions were tested in the laboratory for their biological activity against 

PAR2-induced rat vagus depolarisation at the appropriate dilution (10 μM). As shown in 

(Figure 6-17), the P2pal-18S-labelled solution inhibited the depolarisation provoked by the 

PAR2 agonist 2f-LIGRLO-NH2 (100 nM) while the Scrambled peptide-labelled solution did 

not. These assays confirmed that drugs solutions used in the study were not switched. 
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Figure 6-17 Activity of the drug solutions against PAR2-induced vagus depolarisation  

Vagal nerves were isolated from naïve rats and incubated with the PAR2 agonist 2f-LIGRLO-NH2 (100 

nM) to induce nerve depolarisation. Nerves were incubated with (A) the Scrambled peptide-labelled 

solution and (B) the P2pal-18S-labelled solution, at adjusted dilutions to obtain a final concentration of 

10 μM. Graphs represent the quantification of the depolarisation (mV) induced by the PAR2 agonist 

(left bar), in presence of the peptide solution (middle bar). Recovery of the agonist response was 

assessed at the end of each experiment (right bar). Data expressed as mean with each line representing 

an experiment in one animal. N=6 rats. Paired t-test *p<0.05 comparing the agonist response before 

and after peptide incubation. 
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6.5.13 Repetition of the PAR2 antagonist P2pal-18S study in the rat OVA model 

As drug solutions made for the study contained the correct peptides, the study was repeated 

to confirm these findings. As a positive control, the TRPV4 antagonist GSK2193874 was 

included alongside in the rat OVA model. A new batch of P2pal-18S and Scrambled peptide 

were synthesised, sequenced and tested against PAR2 agonist-induced depolarisation of rat 

vagal nerves. P2pal-18S (10 μM) inhibited the depolarisation induced by 2f-LIGRLO-NH2 (100 

nM) (data not shown).  

In this study, OVA challenge resulted in an increase in Penh in OVA-sensitised rats. The 

positive control TRPV4 antagonist GSK2193874 (300 mg/kg, i.p.) diminished this increase in 

Penh. The PAR2 antagonist P2pal-18S (10 mg/kg, s.c.) had no effect on OVA-induced Penh 

increase, however the Scrambled peptide (10 mg/kg, s.c.) significantly reduced it compared 

to the vehicle, corroborating findings from the first study (Figure 6-18).  
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Figure 6-18 Repeat: effect of the PAR2 antagonist P2pal-18S on the LAR in the rat OVA model 

Rats were sensitised with OVA or SAL and challenged with OVA aerosol. Rats were dosed with the 

PAR2 antagonist P2pal-18S (10 mg/kg, s.c.), control Scrambled (Scr) peptide (10 mg/kg, s.c.), TRPV4 

antagonist GSK2193874 (300 mg/kg, i.p.) or vehicle (5% DMSO, s.c. and 6% HP-β-cyclodextrin, i.p.) 1 

h before and 30 min after challenge. Penh was assessed 1 to 6 h post-challenge via FWBP. The graph 

represents the quantification of Penh AUC over the 5 h-recording period. Data expressed as mean ± 

S.E.M., N=7-8 rats per group. Mann-Whitney test #p<0.05 OVA challenge vs respective SAL challenge 

and *p<0.05 vs OVA/OVA/Veh. 
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6.5.14 Effect of the anti-PAR2 monoclonal antibody MEDI2344 on the LAR in the 

rat OVA model 

Seeing these results, another approach was used to block PAR2 signalling in the rat OVA 

model, by testing the anti-PAR2 monoclonal antibody (mAb) MEDI2344. By binding to PAR2 

receptors, this monoclonal IgG antibody prevents the proteolytic cleavage that unmasks the 

tethered ligand and therefore inhibits subsequent PAR2 signalling. To account for non-specific 

effects of the antibody, the isotype control IgG R347 was used alongside, as well as the solvent 

itself (25 mM histidine, 205 mM sucrose or “His-sucrose”).  

In this study, OVA challenge increased Penh AUC compared to SAL challenge in OVA-

sensitised rats (25448 ± 758 vs 116081 ± 33986 Penh AUC). The anti-PAR2 monoclonal 

antibody MEDI2344 (10 mg/kg, s.c.) did not prevent this Penh increase compared to the 

isotype control (194686 ± 48896 vs 191823 ± 43730 Penh AUC) (Figure 6-19). 

6.5.15 Effect of the anti-PAR2 monoclonal antibody MEDI2344 on airway 

inflammation in the rat OVA model 

In addition to bronchospasm, OVA challenge provoked airway inflammation compared to SAL 

challenge in OVA-sensitised rats, with an increase in total leukocytes (170.8 ± 23.6 vs 460.7 

± 75.8 .103 cells/ml), eosinophils (0.2 ± 0.2 vs 51.8 ± 12.3 .103 cells/ml) and neutrophils (0.0 ± 

0.0 vs 272.4 ± 71.1 .103 cells/ml) numbers in BAL fluid at 24 h post-challenge. The anti-PAR2 

antagonist P2pal-18S did not significantly reduce airway inflammation compared to the isotype 

control IgG (Figure 6-20).  

  



200 
 

0 60 120 180 240 300 360
0

5

10

15

20

25

Time (min)

P
e

n
h

 a
v
e

ra
g

e
OVA/SAL/Veh

OVA/SAL/Isotype IgG

OVA/SAL/PAR2 mAb

OVA/OVA/Veh

OVA/OVA/Isotype IgG

OVA/OVA/PAR2 mAb

Veh IgG mAb Veh IgG mAb
0

100000

200000

300000

400000

500000

P
e
n
h
 A

U
C

SAL OVA

#

OVA/SAL/Veh

OVA/SAL/Isotype IgG

OVA/OVA/Veh

OVA/OVA/Isotype IgG

OVA/OVA/PAR2 mAb

OVA/SAL/PAR2 mAb

# #

A

B

 

Figure 6-19 Effect of the anti-PAR2 mAb MEDI2344 on the LAR in the rat OVA model 

Rats were sensitised with OVA and challenged with OVA or SAL aerosol. Rats were dosed with the 

anti-PAR2 mAb MEDI2344 (mAb) (10 mg/kg, s.c.), isotype IgG control (R347) (10 mg/kg, s.c.) or vehicle 

(His-sucrose, s.c.) one day before challenge. Penh was assessed 1 to 6 h post-challenge via FWBP. 

(A) Penh average over time. (B) Quantification of Penh AUC over the 5 h-recording period. Data 

expressed as mean ± S.E.M., N=8 rats per group. Mann-Whitney test #p<0.05 OVA challenge vs 

respective SAL challenge, and non-significant vs OVA/OVA/Veh.  
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Figure 6-20 Effect of the anti-PAR2 mAb MEDI2344 on airway inflammation in the rat OVA model 

Rats were sensitised with OVA and challenged with OVA or SAL aerosol. Rats were dosed with the 

anti-PAR2 mAb MEDI2344 (mAb) (10 mg/kg, s.c.), isotype IgG control (R347) (10 mg/kg, s.c.) or vehicle 

(His-sucrose, s.c.) one day before challenge. Airway inflammation was assessed in BAL at 24 h post-

challenge by differential cell count: (A) Total leukocytes, (B) Eosinophils, (C) Neutrophils and (D) 

Monocytes/Macrophages. Data expressed as mean ± S.E.M., N=5-8 rats per group. Mann-Whitney test 

#p<0.05 OVA challenge vs respective SAL challenge, and non-significant vs OVA/OVA/Veh. Legend in 

box above the graphs. 
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6.6 Discussion 

In Chapter 5, the TRPV4 agonist did not seem to provoke reflex bronchospasm in naïve rats. 

Given the sustained afferent nerve firing provoked by TRPV4 activation in the rat (Chapter 3) 

and guinea pig (Bonvini et al. 2016) and the important blockade of the LAR by the TRPV4 and 

P2X3-P2X2/3 antagonists in the rat OVA model (Chapter 4), it was hypothesised that a 

TRPV4-P2X3 afferent nerve signal could elicit a reflex in the context of allergic airway 

inflammation but not in the naïve state. To study this hypothesis, this chapter investigated how 

the TRPV4-P2X3 nerve axis could be activated in the LAR. PAR2 receptors were considered 

as promising candidates for three main reasons:  

- 1) PAR2 receptors have been shown to activate and/or sensitise TRPV4 channels, 

eliciting a signal in spinal sensory neurons and an efferent response in the context of 

hyperalgesia in the somatosensory and visceral systems (Cenac et al. 2015; Grant et 

al. 2007; Poole et al. 2013; Sipe et al. 2008; Zhao et al. 2014; 2015), highlighting PAR2 

receptors as possible activators of a TRPV4-nerve reflex in presence of inflammation. 

 

- 2) PAR2 receptors have been involved in allergic airway disease: PAR2 receptors and 

several PAR2 agonists were found upregulated in the airways of asthmatic patients at 

baseline (Aubier et al. 2016; Allard et al. 2014; Knight et al. 2001; Jarjour et al. 1991; 

M. J. Alvarez et al. 2000; S. E. Wenzel, Fowler, and Schwartz 1988) and several mouse 

models have showed that PAR2 blockade or deletion reduces allergic airway 

inflammation and AHR (Schmidlin et al. 2002; Davidson et al. 2013; de Boer et al. 

2014; Asaduzzaman et al. 2015, 2018). 

 

- 3) Allergen challenge is associated with the release of the potent PAR2 agonist 

tryptase in the BAL fluid of asthmatic patients (S. E. Wenzel, Fowler, and Schwartz 

1988) and tryptase inhibitors have reduced the LAR in human and animal models 

(Krishna et al. 2001; Costanzo et al. 2003; Clark et al. 1995), highlighting a potential 

role for PAR2 receptors in the LAR.   

Before testing this hypothesis, it was important to evaluate whether the rat OVA model 

replicated the upregulation of PAR2 agonists seen in asthmatic patients (Knight et al. 2001; 

Aubier et al. 2016; S. E. Wenzel, Fowler, and Schwartz 1988). To evaluate levels of PAR2 

agonists, an enzymatic assay measured the levels of tryptase-like activity in BAL samples 

after OVA challenge. Unlike classical GPCRs, PAR2 receptors are activated by proteases 

which cleave their N-terminus, thereby revealing a ligand on the receptor itself (Adams et al. 

2011). Many proteases have been shown to cleave PAR2 receptors, including tryptase, trypsin 
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and coagulation factors which cleave the receptor at the same canonical site and trigger G 

protein signalling (Gq, Gi, G12/13). Other proteases such as cathepsin G, S or neutrophil 

elastase have been shown to cleave PAR2 at other sites, triggering different G protein 

signalling or disarming the receptor to further activation by other proteases, a phenomenon 

known as “biased signalling” (Heuberger and Schuepbach 2019; Hollenberg et al. 2014; 

Adams et al. 2011). In this thesis, tryptase was considered as a relevant PAR2 agonist for 

activating a nerve reflex given that tryptase inhibitors alleviated the LAR in human and animal 

studies (Clark et al. 1995; Costanzo et al. 2003; Krishna et al. 2001). Furthermore, tryptase is 

presumably released by mast cells upon allergen challenge (S. E. Wenzel, Fowler, and 

Schwartz 1988; Sedgwick et al. 1991; Bradding and Arthur 2016) and many reports have 

highlighted a cross-talk between mast cells and sensory nerves in allergic airway disease 

(Undem and Taylor-Clark 2014).  

Due to this interest in tryptase and proteases that could trigger similar PAR2 signalling, 

tryptase-like activity was evaluated in BAL samples in the rat model by measuring the 

cleavage of the substrate tosyl-gly-pro-lys-pNA (Schwartz et al. 1987). Tryptase-like activity 

was upregulated after OVA challenge from 2 to 24 h in the BAL of OVA-sensitised rats, 

suggesting that tryptase-like proteases are elevated after allergen challenge and could 

potentially activate PAR2 receptors, although it is possible that this enzymatic assay also 

captured non tryptase-like mechanisms as the substrate is not specific. In human, tryptase 

has been found elevated in BAL fluid immediately after allergen challenge in asthmatic 

patients (S. E. Wenzel, Fowler, and Schwartz 1988), however, data lacks on further 

timepoints. It is usually cited that tryptase levels decrease during the LAR but this assumption 

is mostly based on a study measuring tryptase in BAL at 48 h after allergen challenge in 

allergic rhinitis patients (Sedgwick et al. 1991). 

These indications of an upregulation of PAR2 signalling after OVA challenge validated the use 

of the rat OVA model to study PAR2 in the LAR. Therefore, the second aim of this chapter 

addressed whether PAR2 receptors can stimulate airway sensory nerves in naïve rats. As it 

was the first time that PAR2 was investigated in the laboratory, concentration-responses of a 

range of PAR2 agonists were conducted on the depolarisation of rat isolated vagal nerves, a 

preparation allowing to perform pharmacology studies without the confounding factors of 

bronchoconstriction, mucus secretion, vascular effect or change in breathing that can 

indirectly stimulate airway nerves (Bergren 1997; Bonham et al. 1996; Kappagoda and Ravi 

1989; Widdicombe 2003; Kollarik et al. 2003). As previously explained, PAR2 activation can 

result in different effects depending on the type of protease activating the receptor (Hollenberg 

et al. 2014). Although tryptase was considered as a relevant endogenous PAR2 agonist for 

eliciting a nerve reflex, it was not possible to test it due to cost issues. Trypsin was tested as 
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a surrogate, for the reason that both proteases cleave PAR2 at the same canonical site and 

reveal the same tethered ligand sequence SLIGRL on rodent and SLIGKV on human PAR2 

receptors (Adams et al. 2011). As such, trypsin provoked the depolarisation of rat vagal nerves 

in a concentration-dependent manner, indicating that an endogenous PAR2 agonist can 

induce a signal in rat vagal nerves.  

Because trypsin is not specific to PAR2 and can also stimulate PAR1 receptors that have also 

been found to activate airway nerves (Heuberger and Schuepbach 2019; Kwong et al. 2010), 

it was important to confirm these findings with selective PAR2 agonists. Two synthetic 

peptides mimicking the tethered ligand sequence revealed by tryptase cleavage, SLIGKV-

NH2 and 2f-LIGRLO-NH2, were shown to be selective to PAR2 in the literature (Hollenberg et 

al. 1997; McGuire et al. 2004; Kawabata et al. 2004). These two peptides induced the 

depolarisation of rat isolated vagal nerves, albeit with a much smaller amplitude than trypsin, 

perhaps reflecting the involvement of PAR1 receptors in trypsin-induced depolarisation 

(Kwong et al. 2010). This difference in depolarisation could also be due to a difference in 

potency between the activation elicited by a protease and a mimetic peptide ligand (M. K. Yau, 

Liu, and Fairlie 2013).  

To gain insights on whether non tryptase-like mechanisms of PAR2 activation could also 

depolarise rat vagal nerves, the small molecule AC55541 was tested as it has been suggested 

to be an allosteric PAR2 agonist, although this remains to be proven experimentally (J. N. Ma 

and Burstein 2013; Gardell et al. 2008). AC55541 also induced the depolarisation of rat vagal 

nerves, suggesting that non tryptase-like mechanisms of PAR2 activation could also stimulate 

rat vagal nerves. 

Overall, 2f-LIGRLO-NH2 seemed to be the most potent of the PAR2 selective agonists tested 

to elicit rat vagus depolarisation, which is in accordance with the literature in the rat species 

(McGuire et al. 2004; M. K. Yau, Liu, and Fairlie 2013; Abey et al. 2006; Hollenberg et al. 

2008). Although it is a peptide, its furoylated moiety confers increased stability to proteolytic 

degradation by aminopeptidases and is therefore amenable to in vivo studies (Kawabata et 

al. 2004; M. K. Yau, Liu, and Fairlie 2013). For these reasons, 2f-LIGRLO-NH2 was taken 

forward as the PAR2 agonist of choice, at the concentration eliciting submaximal 

depolarisation amongst the concentrations tested. 

Further experiments confirmed that 2f-LIGRLO-NH2 was inducing a signal on vagal nerves 

via activation of PAR2 receptors. As such, the agonist induced the depolarisation of vagal 

nerves isolated from Par2+/+ mice but not from littermate Par2-/- mice. As a control, vagal 

nerves from Par2-/- mice responded in the same way to TRPV4 and TRPV1 stimulation than 

Par2+/+ mice, indicating that it was not due to a nonspecific effect of genetic disruption. To 
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confirm this finding in the rat species, the PAR2 antagonist P2pal-18S was tested against 2f-

LIGRLO-NH2, at the same time validating this antagonist as an appropriate tool for blocking 

a PAR2-nerve signal. 

Due to the fact that PAR2 are irreversibly activated by cleavage at different sites by different 

proteases and resulting in different signalling, developing PAR2 antagonists has proven to be 

difficult (Adams et al. 2011; Hollenberg et al. 2014). So far, small molecules have not been 

potent or shown to be biased agonists (M. S. Lee and Lerner 2019; M.-K. Yau et al. 2016; 

Suen et al. 2014). Commercially available PAR2 blocking antibodies such as SAM11 have 

also been used, however their selectivity has been questioned (Adams et al. 2012; M. K. Yau, 

Liu, and Fairlie 2013). In this thesis, P2pal-18S was chosen as a PAR2 antagonist because it 

was shown to be selective for PAR2 over PAR1 (Sevigny et al. 2011) and was developed as 

an allosteric antagonist. Therefore, it was hypothesised that it could theoretically inhibit PAR2 

receptors independently from their mechanism of activation, although this has not been 

demonstrated experimentally (M. K. Yau, Liu, and Fairlie 2013; M. S. Lee and Lerner 2019; 

Sevigny et al. 2011; Covic et al. 2002).  

P2pal-18S is a pepducin lipopeptide, meaning that it comprises a peptide sequence mimicking 

PAR2 intracellular loops and thereby providing receptor selectivity, and a palmitate lipid that 

renders the compound cell permeable. After translocation across the cell membrane, the 

pepducin binds to PAR2 intracellular domains and prevents interactions with G proteins (M. 

K. Yau, Liu, and Fairlie 2013; M. S. Lee and Lerner 2019). To control for non-specific protein 

interactions or cell permeation effects, a control Scrambled pepducin was custom-made for 

this thesis, containing the same aminoacids but assembled in a randomised sequence 

determined in silico as to not interact with PAR2 receptors. As compounds were made in 

limited quantities, it was not possible to perform a concentration-response and the single 

concentration of 10 μM was chosen, given that it was approximately 100 times its reported 

IC50 and was shown to block PAR2 signalling in vitro (Bagher et al. 2018; Lin et al. 2015; 

Sevigny et al. 2011). At this concentration, P2pal-18S inhibited the depolarisation induced by 

the PAR2 agonist 2f-LIGRLO-NH2 while the Scrambled peptide had no effect, further 

suggesting that PAR2 receptors activation depolarises rat vagal nerves and validating P2pal-

18S as a suitable antagonist for blocking PAR2-nerve responses in vitro. 

As explained in 2.2.1, the vagus preparation does not specifically assess the effect of 

compounds on the terminals of airway sensory nerve fibres comprised within the vagus nerve 

and in vitro depolarisation is not synonym of in vivo nerve activation. Therefore, it was 

important to verify that PAR2 activation could in fact activate airway sensory nerve fibres, that 

is eliciting a depolarisation sufficient to provoke action potential firing. The single fibre 
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preparation was used in anaesthetised naïve rats, with both vagi disconnected from the CNS 

to prevent central reflexes. Because this thesis was interested in PAR2 as a TRPV4 activator 

and TRPV4 was shown to stimulate Aδ-fibres (Bonvini et al. 2016), only Aδ-fibres were 

studied. The PAR2 agonist 2f-LIGRLO-NH2 provoked a short-lasting increase in airway 

sensory Aδ-fibre firing at the maximum concentration tested (1 μM) and this signal was 

blocked by the PAR2 antagonist P2pal-18S. In addition, this increase in airway sensory fibre 

activity was not associated with a rise in intratracheal pressure, suggesting that it was due to 

a direct rather than indirect stimulation of airway nerves by airway smooth muscle contraction. 

These preliminary results seemed to indicate that stimulating PAR2 receptors can activate rat 

airway sensory Aδ-fibres. However, caution needs to be taken as only N=2 rats were used 

and the control Scrambled peptide could not be tested, for the reasons previously mentioned 

in 3.6 that performing this experiment required highly trained experts with limited availability. 

The hypothesis that PAR2 was eliciting a nerve signal via activating TRPV4-P2X3 receptors 

was pursued using the rat vagus preparation that is more amenable to pharmacology 

experiments. Interestingly, both TRPV4 and P2X3-P2X2/3 antagonists GSK2193874 and AF-

353 reduced PAR2 agonist 2f-LIGRLO-NH2-induced depolarisation, supporting the 

hypothesis that PAR2 activation depolarises rat vagal nerves via the TRPV4-P2X3 axis.  

Before testing the role of PAR2 in the LAR, the ability of PAR2 receptors to provoke reflex 

and/or local bronchospasm was tested in naïve rats. Interestingly, the PAR2 agonist 2f-

LIGRLO-NH2 did not seem to provoke a bronchospasm in anaesthetised and vagotomised 

rats in the single fibre preparation (N=2), suggesting that PAR2 activation did not cause local 

bronchospasm independently from a nerve reflex. This preliminary finding was confirmed in 

vitro as the PAR2 agonist 2f-LIGRLO-NH2 did not contract isolated tracheas nor small airways 

from naïve rats, in accordance with several studies showing that activation of PAR2 by 

SLIGRL-NH2 does not contract rat extra- or intrapulmonary airways (Chow, Moffatt, and 

Cocks 2000; Ricciardolo et al. 2000; Cocks et al. 1999). In conscious naïve rats, the PAR2 

agonist 2f-LIGRLO-NH2 also did not provoke a Penh response. This finding confirmed that 

PAR2 activation does not provoke local bronchospasm but also suggested that it does not 

cause reflex bronchospasm in naïve rats. It is intriguing that PAR2 activation does not elicit 

small airways contraction while TRPV4 was suggested to do so (5.4.4), which contrasts with 

previous data suggesting that PAR2 signals through TRPV4 to stimulate airway nerves. This 

could however be due to a difference in PAR2 and TRPV4 receptors distribution between 

airway neurons and airway smooth muscle cells alongside the airway tree.  

In the rat OVA model, the PAR2 antagonist P2pal-18S did not attenuate the LAR 

bronchospasm. However, the control Scrambled peptide seemed to inhibit the LAR. This could 
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not have been the result of mistakenly switching the P2pal-18S and Scrambled peptides, as 

the solutions were analysed and peptide sequences and biological activity proved to be 

correct. In addition, this study was repeated using new batches of compounds with confirmed 

sequences and bioactivity. Therefore, the effect of the Scrambled Peptide seemed to be a 

genuine effect of the compound, seemingly independent from targeting PAR2 receptors on rat 

vagal nerves, while the PAR2 antagonist P2pal-18S failed to show efficacy on the LAR. Given 

the half-life and wide distribution of P2pal-18S (Shearer et al. 2016), this lack of effect is 

unlikely due to pharmacokinetics considerations. In addition, the dose and route used (10 

mg/kg, s.c.) seemed to inhibit airway sensory Aδ-fibre firing provoked by the PAR2 agonist 2f-

LIGRLO-NH2 in the anaesthetised rat, although this needs confirmation (N=1). 

Given these unexpected results, another PAR2 antagonist with a distinct mechanism of action 

was tested in the rat OVA model. The anti-PAR2 monoclonal antibody (mAb) MEDI2344 was 

used as it was demonstrated to possess a high affinity for PAR2 receptors and to reduce pain 

in rats. In contrast to P2pal-18S, this anti-PAR2 mAb binds to the extracellular N-terminus of 

PAR2 receptors and inhibits the proteolytic cleavage that unmasks the tethered ligand, thereby 

inhibiting subsequent signalling. However, the anti-PAR2 antibody MEDI2344 did not reduce 

the LAR in the rat OVA model. Therefore, these data were not in favour of a role for PAR2 

receptors in driving the LAR in this model.  

The small amplitude of the vagus signal elicited by PAR2 agonists and the absence of effect 

of two distinct PAR2 antagonists in the LAR may concur with the view that PAR2 receptors 

contribute to sensitise receptors such as TRPV4 on sensory nerves, rather than eliciting a 

nerve signal themselves (Mazzone and Undem 2016). Even in guinea pigs, the PAR2 agonists 

SLIGRL-NH2 or trypsin did not provoke cough but exaggerated cough to other stimuli (Gatti 

et al. 2006) whereas the TRPV4 agonist GSK1016790A was capable of provoking cough 

(Bonvini et al. 2016). So far, the effect of PAR2 receptors has been mostly studied on the 

activation of C-fibres and this remains controversial. In pain, only one group has reported that 

tryptase and SLIGRL-NH2 induce a calcium signal in rat sensory neurons isolated from dorsal 

root ganglia (DRG) (Steinhoff et al. 2000; Amadesi et al. 2004) while another group failed to 

show a current in mouse DRG neurons (Dai et al. 2004; 2007). In the airways, SLIGRL-NH2 

did not appear to elicit significant calcium signal nor a current in capsaicin-sensitive rat vagal 

airway sensory neurons in vitro (Q. Gu and Lee 2006; 2009; 2010; Moss et al. 2015). Ex vivo, 

neither trypsin nor SLIGRL-NH2 were associated with capsaicin-sensitive C-fibre firing in 

guinea pigs and mice (Carr, Schechter, and Undem 2000; Kwong et al. 2010). Instead, studies 

showed that the PAR2 agonist SLIGRL-NH2 enhanced the excitability of rat vagal airway 

sensory neurons to other stimuli such as capsaicin in vitro and in vivo (Q. Gu and Lee 2006; 

2009; 2010; Moss et al. 2015). Based on these data, PAR2 receptors are believed to sensitise 
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nociceptive neurons to other stimuli rather than being direct activators (Mazzone and Undem 

2016). This has been a paradigm for many inflammatory mediators activating GPCRs on C-

fibres, with the hypothesis that GPCR signalling needs to engage an ion channel such as TRP 

channels to generate nerve firing (Grace et al. 2013; Mazzone and Undem 2016), yet less 

data is available with Aδ-fibres.  

It is also unclear how PAR2 induces TRPV4 signalling, this being likely due to the use of 

different compounds with variable degrees of selectivity and different cell types in the literature 

(Grant et al. 2007; Poole et al. 2013; Grace et al. 2014; Zhao et al. 2014; 2015; Cenac et al. 

2015). It has been suggested that PAR2 activation opens TRPV4 channels via receptor 

operated gating, either by tyrosine kinase phosphorylation, PLA2-dependent generation of 

arachidonic acid metabolites or PKA-dependent pathways (Grace et al. 2014; Poole et al. 

2013; Cenac et al. 2015; Zhao et al. 2014; 2015). On the other hand, studies have shown that 

PAR2 receptors sensitise TRPV4 channels via PLA2, PKA, PKC or PKD pathways (Grant et 

al. 2007; Poole et al. 2013). In this thesis, the experiments did not assess whether PAR2 

agonists enhance the vagus response to TRPV4 stimulation and therefore no conclusion can 

be drawn on the sensitisation of TRPV4 by PAR2 receptors.  

It is also unknown which cells expressing PAR2 would provoke a TRPV4-mediated nerve 

signal. PAR2 expression was scarcely found in murine capsaicin-sensitive vagal neurons by 

single-cell RT-PCR (Kwong et al. 2010) but this has not been investigated in capsaicin-

insensitive neurons which may be those involved in TRPV4 signalling. It is possible that PAR2 

and TRPV4 are expressed on the same non-neuronal cells surrounding airway neurons and 

interact via intracellular phosphorylation or secretion of secondary mediators. In pain, one 

study has suggested that a combination of inflammatory mediators known to trigger PKA or 

PKC pathways (5-HT, histamine, PGE2, bradykinin, substance P) was engaging TRPV4 

channels to provoke mechanical hyperalgesia, while each mediator tested alone did not 

activate TRPV4. The authors concluded that TRPV4 was activated when a subthreshold level 

of the secondary mediator intracellular cAMP was reached (Alessandri-Haber et al. 2006). 

Therefore, it could be speculated that TRPV4 channels are activated by a combination of 

several factors including PAR2, and that PAR2 blockade alone may not be sufficient to inhibit 

the involvement of TRPV4 in the LAR.  

The difference between the effects of PAR2 and TRPV4 antagonists on the LAR may also 

reflect the fact that PAR2 receptors likely exert effects independently from TRPV4. As such, 

the PAR2 agonist 2f-LIGRLO-NH2 did not contract small airways contrary to the TRPV4 

agonist. In fact, several studies have found that PAR2 activation with SLIGRL-NH2 provoked 

the relaxation of pre-contracted airways in vitro (Chow, Moffatt, and Cocks 2000; Ricciardolo 
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et al. 2000; Cocks et al. 1999) and even reduced the bronchospasm caused by 5-HT or 

histamine in rats and guinea pigs (Cocks et al. 1999; Cicala et al. 2001) or AHR to MCh in a 

mouse OVA model, with the authors concluding of a bronchoprotective role of PAR2 (De 

Campo and Henry 2005). Inhibiting this effect could therefore be deleterious in the LAR. 

Nonetheless, this bronchoprotective role has been contested, with several mouse OVA and 

HDM models showing a reduction in AHR upon PAR2 deletion or pharmacological blockade 

(Davidson et al. 2013; Asaduzzaman et al. 2018; 2015).  

The PAR2 antagonist P2pal-18S and anti-PAR2 mAb MEDI2344 also did not inhibit the influx 

of eosinophils or neutrophils in rat airways after allergen challenge. In contrast, P2pal-18S has 

been associated with a reduction in eosinophilic inflammation in a mouse OVA model 

(Asaduzzaman et al. 2015) and PAR2 deletion or PAR2 blocking antibodies B5 and SAM11 

reduced allergic airway inflammation in mouse OVA, HDM and cockroach models (Schmidlin 

et al. 2002; Davidson et al. 2013; de Boer et al. 2014; Asaduzzaman et al. 2015, 2018). 

However, the finding that PAR2 exerts pro-inflammatory effects has also been questioned, as 

the PAR2 agonist SLIGRL-NH2 inhibited allergic airway inflammation in a mouse OVA model 

(De Campo and Henry 2005). 

Overall, this conflicted literature have led scientists to hypothesise that PAR2 receptors may 

be protective or detrimental depending on the stimuli present in the environment that activate 

or inactivate PAR2, likely depending on the animal model and pharmacological compounds 

used (M.-K. Yau et al. 2016; Nichols et al. 2012). In this thesis, only a tryptase-like mechanism 

of PAR2 activation was thoroughly studied on vagus nerve depolarisation, but other proteases 

released in the airways might have different effects or prevent this effect by disarming PAR2 

receptors (Heuberger and Schuepbach 2019). P2pal-18S has been shown to inhibit trypsin-

like induced calcium signalling but it did not seem to prevent PAR2-β-arrestin interactions in 

vitro and its effect on other PAR2 signalling pathways has not been characterised (Hollenberg 

et al. 2014). It remains unclear which PAR2 effects were inhibited or possibly enhanced by 

P2pal-18S and by the anti-PAR2 mAb MEDI2344 in the rat OVA model. Interestingly, the 

absence of effect of P2pal-18S or anti-PAR2 mAb contrasts with early studies showing a 

reduction in the LAR by tryptase inhibitors in human and animal studies (Krishna et al. 2001; 

Costanzo et al. 2003; Clark et al. 1995). This could however reflect the lack of selectivity of 

these early tryptase inhibitors (Pejler 2019). Testing more pathway-selective antagonists 

might provide new insights as to whether PAR2 receptors are involved in the LAR and which 

effects are beneficial or detrimental.  

Nonetheless, a surprising and unexpected observation was the effect of the Scrambled 

peptide on the LAR. The Scrambled peptide was especially made for this thesis and no study 
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investigating P2pal-18S had so far reported the use of a control peptide. This control has been 

designed in silico with a sequence that should not bind to PAR2 receptors, however, its 

biological activity was not predicted against other targets. As the peptide is constituted of 18 

aminoacids, it is highly possible that it interacts with unknown targets, especially as it is 

complexed to a palmitoyl moiety which renders it cell permeable and potentially increases its 

interaction with cell membrane proteins and distribution in the body (Covic et al. 2002; M. K. 

Yau, Liu, and Fairlie 2013). Using BLAST (Basic Local Alignment Search Tool) on the National 

Center for Biotechnology Information (NCBI) website, the Scrambled peptide sequence did 

not align with identified or known proteins involved in asthma pathophysiology. Interestingly, 

the reduction of the LAR was not associated with a reduction in airway inflammation, 

potentially indicative of an effect on the nervous system or bronchodilator properties. 

Therefore, these findings were extremely exciting as the Scrambled peptide may have 

potentially uncovered new targets in the LAR and asthma. With luck, this may be an example 

of drug discovery by serendipity. Thorough investigation is currently conducted to unravel the 

mechanism of action of this Scrambled peptide.  
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7 Summary and future directions 

7.1 Summary of findings 

When exposed to specific allergens, atopic asthmatics experience symptoms due to airflow 

limitation and despite available therapies, many patients remain uncontrolled. In the 

laboratory, inhalation of a high dose of allergen by atopic asthmatics recreates a prolonged 

episode of airway narrowing known as the LAR, associated with airway inflammation and 

AHR. An effect on the LAR harbours important predictive value of efficacy on airflow limitation 

in the clinic. Because the LAR and associated inflammation are reduced by corticosteroids, 

the LAR has been seen as the result of eosinophils and/or basophils recruitment, releasing 

mediators such as CysLTs causing bronchoconstriction, mucus secretion and oedema 

(Gauvreau, El-Gammal, and O’Byrne 2015). However, the failure of an anti-IL-5 therapy 

against the LAR has led to question the link between eosinophils and airflow limitation (Leckie 

et al. 2000) and not all patients respond to LTRAs (Szefler et al. 2005). Therefore, investigating 

alternative pathways driving the LAR could help to develop new therapies for atopic asthma.  

The LAMA tiotropium has demonstrated efficacy on improving symptoms and baseline lung 

function in asthmatics, suggesting the existence of an enhanced cholinergic tone in asthma 

(Kerstjens et al. 2015; Peters et al. 2010; Paggiaro et al. 2016). While tiotropium has not been 

tested in allergen challenge studies in human, it reduced the LAR in rat and guinea pig OVA 

models (Raemdonck et al. 2012; Smit et al. 2014). The LAR was also blocked by anaesthesia 

in the rat OVA model, confirming the involvement of a central nerve reflex (Raemdonck et al. 

2012). Therefore, the LAR could be due to allergen challenge resulting in the activation of 

airway sensory nerves and, after integration in the CNS, provoking a cholinergic reflex 

bronchospasm. The aim of this thesis was to investigate how airway sensory nerves could be 

activated and drive a cholinergic reflex in the LAR.  

The TRPV4 channel activates airway sensory neurons in guinea pigs in vivo and depolarises 

human vagal nerves in vitro (Bonvini et al. 2016), showing translational potential. This effect 

seems to be indirect, with the release of ATP through Panx1 channels activating P2X3-P2X2/3 

receptors on airway sensory neurons. This TRPV4-P2X3 axis has already been shown to 

provoke cough in guinea pigs, another airway reflex (Bonvini et al. 2016). Interestingly, ATP 

levels and PAR2 activating proteases, which are potential TRPV4 activators, are found 

upregulated in the airways of asthmatic patients (Idzko et al. 2007; Grant et al. 2007; Grace 

et al. 2014; Aubier et al. 2016; Sedgwick et al. 1991; S. E. Wenzel, Fowler, and Schwartz 

1988). It was therefore hypothesised that TRPV4 could be one of the drivers of the LAR, by 
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activating airway sensory nerves via P2X3-P2X2/3 receptors and triggering an efferent 

cholinergic reflex.  

To model the LAR, an OVA model set-up in Brown Norway rats was chosen for this thesis, as 

this model exhibits an EAR, LAR and airway eosinophilic inflammation responsive to gold 

standard therapies (Raemdonck et al. 2012; Hele et al. 2001). Importantly, this model was 

used to demonstrate the existence of a central cholinergic reflex in the LAR (Raemdonck et 

al. 2012).  

Before testing this hypothesis, it was necessary to confirm whether the TRPV4-P2X3 axis can 

activate airway sensory nerves in the Brown Norway rat, as this has not been characterised 

before (Bonvini et al. 2016). At a concentration that elicited submaximal depolarisation of 

guinea pig vagal nerves, the synthetic TRPV4 agonist GSK1016790A depolarised rat isolated 

vagal nerves and this effect was inhibited by the TRPV4 antagonist GSK2193874. The 

depolarisation was also blocked by the P2X3-P2X2/3 antagonist AF-353 and Panx1 blocker 

probenecid, suggesting that TRPV4 activation depolarises rat vagal nerves via the release of 

ATP activating P2X3-P2X2/3 receptors, replicating findings from guinea pigs, mice and human 

vagal nerve preparations (Bonvini et al. 2016).  

Because the vagus nerve contains fibres originating from other locations than the airways and 

that depolarisation is not synonym of nerve activation, the TRPV4 agonist was taken forward 

to more complex electrophysiology techniques. In a rat tracheal nerve preparation, the same 

concentration of TRPV4 agonist GSK1016790A elicited compound action potential firing of 

the RLN nerve attached to the trachea and this was blocked by the TRPV4 antagonist 

GSK2193874, suggesting that TRPV4 stimulation activates the terminals of airway fibres 

innervating rat large airways. In addition, TRPV4 activation does not contract rat trachea 

(McAlexander et al. 2014), suggesting that it directly activates airway neurons rather than an 

indirect activation caused by airway smooth muscle contraction. To study the in vivo 

translation of this effect and to confirm that TRPV4 can specifically activate airway sensory 

fibres, the single fibre preparation was used. In an anesthetised rat with both vagi 

disconnected from the CNS, aerosolising the TRPV4 agonist provoked a sustained action 

potential firing of an airway sensory Aδ-fibre, at a concentration that elicited submaximal Aδ-

fibres firing in guinea pigs (Bonvini et al. 2016). It was not possible to test the P2X3 antagonist 

in this preparation, however the combination of these data suggested that TRPV4 activation 

can stimulate airway sensory nerves in the Brown Norway rat, via the release of ATP acting 

on P2X3-P2X2/3 receptors. This validated the use of Brown Norway rats for studying the 

TRPV4-P2X3 nerve axis in the LAR.  
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When investigated in the Brown Norway rat OVA model, both the TRPV4 antagonist 

GSK2193874 (300 mg/kg, i.p.) and P2X3-P2X2/3 antagonist AF-353 (30 mg/kg, i.p.) 

prevented the LAR. Although it is a high dose of TRPV4 antagonist, this dose was chosen for 

its inhibition of TRPV4-induced cough and airway sensory Aδ-fibre firing in guinea pigs 

(Bonvini et al. 2016). Furthermore, this dose did not inhibit capsaicin-induced cough nor 

capsaicin-induced airway sensory fibre firing in guinea pigs (Bonvini et al. 2016). Given that 

capsaicin is a TRPV1 agonist and that TRPV1 is the closest homolog of TRPV4, this 

suggested that the TRPV4 antagonist GSK2193874 was selective at this dose, although it was 

not tested against other TRP agonists. Overall, these findings supported the hypothesis that 

a TRPV4-P2X3 nerve axis could be involved in driving the LAR.  

Interestingly, the TRPV4 antagonist GSK2193874 also significantly inhibited eosinophil and 

neutrophil influx in the airways at 24 h post OVA challenge. Because TRPV4 seems to exert 

its actions via the release of ATP, it is possible that TRPV4 activation stimulates other 

purinergic receptors such as P2X4 and P2X7 that have been involved in allergic airway 

inflammation (Idzko et al. 2007; Müller et al. 2011; Zech et al. 2016). However, the P2X3-

P2X2/3 antagonist AF-353 also surprisingly reduced airway inflammation in the rat OVA 

model. In the literature, P2X3 expression seems restricted to sensory neurons at baseline 

(Burnstock 2007). Therefore, these data could suggest that airway nerves actively contribute 

to driving airway inflammation as a positive feedback loop. In line with this hypothesis, the 

LAMA tiotropium demonstrated a signal on reducing exacerbations in asthmatic patients, 

although with a mild effect (Vrijlandt et al. 2018; Kerstjens et al. 2012). 

Overall, these first chapters suggested that a TRPV4 agonist seemed to stimulate airway 

sensory nerves in naïve rats via the ATP-P2X2/3-P2X3 axis and that both a TRPV4 and P2X3-

P2X2/3 antagonist reduced the LAR in the rat OVA model. These data made a strong case 

for a role of the TRPV4-P2X3 axis in activating afferent nerves and triggering a cholinergic 

reflex bronchospasm in the LAR. However, these experiments did not ascertain whether it was 

involved in the LAR via triggering a cholinergic reflex. In addition, the separate blockade of 

TRPV4 and P2X3-P2X2/3 did not ascertain the link between TRPV4 and P2X3-P2X2/3 

receptors in the LAR. To further test this hypothesis, a pharmacological approach was 

conducted in naïve rats, with the aim of testing whether activation of the TRPV4-P2X3 axis 

could provoke LAR-like responses in naïve rats. Aerosolising the TRPV4 agonist 

GSK1016790A (10 μg/ml) elicited an increase in Penh in conscious naïve rats, an effect 

inhibited by the TRPV4 antagonist GSK2193874. However, this increase in Penh was not 

blocked by the LAMA tiotropium nor by the P2X3-P2X2/3 antagonist AF-353, suggesting that 

airway sensory nerves firing induced by the TRPV4-P2X3 axis does not transduce into a 

cholinergic reflex in naïve rats. However, this may not necessarily be the case in the rat OVA 
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model, as several studies have highlighted that allergen-induced inflammation enhances 

airway sensory nerves activity and is associated with more permissive central and efferent 

synapse transmissions (Undem and Taylor-Clark 2014). It is therefore possible that an afferent 

TRPV4-P2X3-induced signal could trigger an efferent reflex in presence of airway 

inflammation in the rat OVA model but not in naïve rats.  

Nonetheless, TRPV4 activation did provoke an increase in Penh in naïve rats, suggesting that 

TRPV4 provoked local bronchospasm independently from a nerve reflex. This finding was 

unexpected in the rat species, given that TRPV4 agonists were not shown to contract rat 

trachea (McAlexander et al. 2014). In light of these unexpected results, it was necessary to 

confirm if this increase in Penh was indicative of a bronchospasm rather than nose obstruction 

or alteration in breathing. Aerosolising the TRPV4 agonist GSK1016790A (100 ng/ml) 

provoked a short-lasting increase in intratracheal pressure in an anaesthetised and 

vagotomised rat, suggesting that TRPV4 activation can indeed provoke local bronchospasm 

independently from a nerve reflex. Further in vitro studies on airways isolated from naïve rats 

investigated the mechanism where, as expected, the TRPV4 agonist GSK1016790A did not 

contract isolated rat tracheas, confirming findings from the literature (McAlexander et al. 2014). 

In contrast, it provoked the contraction of rat small airways, demonstrated using PCLS, an 

effect blocked by the TRPV4 antagonist GSK2193874. This contraction was also inhibited by 

the Panx1 blocker probenecid, suggesting the involvement of ATP release. In addition, 

TRPV4-induced contraction was not inhibited by the P2X3-P2X2/3 antagonist AF-353 

confirming in vivo Penh findings, but was inhibited by the P2X4 antagonist 5-BDBD, implying 

that TRPV4 activation contracted naïve rat small airways via the ATP-P2X4 axis.  

In human and guinea pig large airways, TRPV4 activation induces airway smooth muscle 

contraction by stimulating P2X4 receptors on mast cells and provoking the release of CysLTs. 

It is unlikely that TRPV4-induced rat small airways contraction involves mast cells, given that 

rat mast cells are preferentially located in large airways (Miller and Pemberton 2002) and rat 

trachea does not contract to TRPV4 agonists (McAlexander et al. 2014). Accordingly, TRPV4-

induced Penh was not blocked by a combination of antagonists targeting receptors of the mast 

cell mediators 5-HT, histamine and LTD4 in conscious naïve rats. The relevance of this rat 

small airways contraction is uncertain given the disparities in airway smooth muscle and mast 

cell biology between rat and human (Zosky and Sly 2007; Stevenson and Belvisi 2008; Aun 

et al. 2018). Regarding the LAR, the relevance of this finding is also unknown. It is plausible 

that TRPV4 induces both a P2X3-mediated reflex bronchospasm and a P2X4-mediated local 

bronchospasm, depending on the location of TRPV4+ cells and types of P2X receptors 

expressed in the vicinity. It is however unclear whether the TRPV4-P2X4 axis would contribute 

meaningfully to the LAR compared to the TRPV4-P2X3 axis in the rat OVA model and this 



215 
 

could not be tested due to a lack of selective P2X4 antagonists suitable for in vivo use. 

Interestingly, the contraction induced by the TRPV4-P2X4 axis was observed in naïve rat and 

guinea pig tissues as well as in control human airway tissue, in an allergen and IgE-

independent manner (Bonvini et al. 2020). Therefore, the TRPV4-P2X4 axis may be more 

relevant in provoking nonspecific bronchospasm, including in nonatopic asthma.  

So far, presented data suggested that TRPV4 and P2X3-P2X2/3 receptors were involved in 

driving the LAR in the rat OVA model. However, it remained unknown how allergen challenge 

would result in the activation of the TRPV4-P2X3 axis, that would trigger a delayed and 

prolonged bronchospasm characteristic of the LAR. Therefore, the final aim of this thesis was 

to investigate potential activators of the TRPV4-P2X3 axis in the LAR. It has been 

hypothesised that mediators released by mast cells during the EAR could initiate a cascade 

of events leading to the LAR (Bradding and Arthur 2016). Among these mediators, the PAR2 

activating protease tryptase is found elevated in the airways of atopic patients after allergen 

challenge (Sedgwick et al. 1991; S. E. Wenzel, Fowler, and Schwartz 1988) and a tryptase 

inhibitor reduced the LAR but not the EAR in atopic asthmatics (Krishna et al. 2001). 

Interestingly, studies have shown that PAR2 activation induces a signal in spinal sensory 

neurons that transduces into an efferent pain response by activating and/or sensitising TRPV4 

channels (Grant et al. 2007; Poole et al. 2013; Sipe et al. 2008; Cenac et al. 2015). Therefore, 

it was hypothesised that PAR2 receptors could be promising candidates for activating a 

TRPV4-P2X3 nerve reflex in the LAR.  

The first step consisted in testing the effect of PAR2 activation on airway sensory nerves in 

naive rats. The PAR2 agonist 2f-LIGRLO-NH2 induced the depolarisation of rat isolated vagal 

nerves, an effect blocked by the PAR2 antagonist P2pal-18S but not by the Scrambled version 

of the antagonist. This depolarisation was also inhibited by the TRPV4 antagonist 

GSK2193874 and P2X3-P2X2/3 antagonist AF-353. Furthermore, the PAR2 agonist induced 

airway sensory Aδ-fibre firing in anaesthetised rats, a signal inhibited by the PAR2 antagonist 

P2pal-18S. Overall, these preliminary data implied that stimulating PAR2 receptors can 

activate rat airway sensory nerves via the TRPV4-P2X3 axis. Curiously, the PAR2 agonist did 

not seem to provoke local bronchospasm contrary to TRPV4 stimulation.  

When tested in the rat OVA model, the PAR2 antagonist P2pal-18S did not prevent the LAR 

nor did it reduce airway inflammation. A second approach was used to block PAR2 receptors, 

however the anti-PAR2 monoclonal antibody MEDI2344 also failed to reduce the LAR and 

associated airway inflammation. These findings do not support the hypothesis that PAR2 

receptors are involved in the LAR in this model. Importantly, these findings also do not seem 

to support the hypothesis that PAR2 receptors are activators of a TRPV4-P2X3 reflex in the 
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LAR. Given the polymodal nature of TRPV4, it is however possible that TRPV4 is activated by 

a combination of inflammatory mediators including PAR2 (Alessandri-Haber et al. 2006) and 

that blockade of a single mediator is not effective in inhibiting TRPV4-effects in the LAR. In 

fact, many distinct physical and chemical modalities such as hypotonicity, shear stress or 

arachidonic acid metabolites have been reported to stimulate TRPV4 and it is still unclear 

whether these stimuli or endogenous mediators directly affect the channel. In addition, 

inflammatory mediators such as histamine or 5-HT have also been reported to indirectly 

stimulate TRPV4 channels via protein kinases or tyrosine kinases phosphorylation (White et 

al. 2016). Therefore, further studies are needed to investigate other activators of TRPV4 in 

the LAR, to better understand how TRPV4 channels can be activated following allergen 

challenge.  

More surprisingly, the control Scrambled peptide inhibited the LAR. Thorough validation work 

confirmed that it was not due to compounds being switched. This Scrambled peptide sequence 

was constructed in silico with the requirement of not binding to PAR2 receptors, but given its 

18-aminoacids length, it is highly possible that it binds to other proteins or lipid compounds in 

the body. As the Scrambled peptide did not significantly reduce airway inflammation 

associated with the LAR, this compound may have bronchodilator properties. Studying its 

mechanism of action holds promise to identify new targets effective in reducing airflow 

limitation in atopic asthma.  

Overall, the main findings from this thesis suggested that activation of the TRPV4-P2X3 axis 

stimulates airway sensory nerves in naïve rats and that TRPV4 and P2X3-P2X2/3 receptors 

are involved in driving the LAR in the rat OVA model, supporting this thesis hypothesis that a 

TRPV4-P2X3 nerve reflex could drive the LAR. However, because TRPV4 activation did not 

seem to provoke a P2X3-cholinergic bronchospasm in naïve rats, further studies are needed 

to confirm this hypothesis. TRPV4-P2X3 nerve activation may elicit a reflex bronchospasm in 

the context of allergic airway inflammation but not in the naïve state.  

Further sections will outline the limits of this work and possible future studies to continue this 

project, along with the potential clinical relevance of these findings.  
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7.2 Thesis limitations  

There are a number of limitations to the methods used within this thesis, some of which have 

been previously outlined. This section summarises the main limitations. 

Airway sensory nerve activation was mostly studied using the isolated vagus nerve 

preparation, as it allows relatively high throughput pharmacology studies with a reduced 

number of animals. However, this technique does not specifically evaluate the effect of 

compounds on the terminals of airway sensory fibres present within the vagus nerve, nor is 

depolarisation synonym of action potential firing. Where possible, this technique was 

complemented by the tracheal nerve and single fibre preparations but only a limited number 

of experiments could be performed due to the limited availability of the high-skilled operators 

running these labour-intensive techniques.  

The choice of an OVA-driven model has been highly criticised in the asthma field, for the main 

reasons that OVA is not a clinically relevant allergen and that systemic sensitisation with an 

adjuvant and the development of tolerance to repeated OVA challenges does not reflect the 

course of asthma disease (Stevenson and Birrell 2011). However, it was not possible to use 

an alternative since the LAR has not been successfully modelled using more clinically relevant 

allergens such as HDM.  

The use of Penh measured by whole body plethysmography to assess bronchospasm has 

also been controverted, for the main reason that Penh is not a direct measure of airway 

resistance and can be influenced by upper airways obstruction, alteration in breathing and 

environmental factors (Lundblad et al. 2007; J. Bates et al. 2004; J. H. T. Bates and Irvin 

2003). Because this thesis investigated airway reflexes and that anaesthesia abolished the 

LAR in the rat OVA model, it was not possible to measure airway resistance (Raemdonck et 

al. 2012). In addition, it was also not ethically acceptable to restrain animals for the duration 

of the LAR, ruling out alternative techniques such as double-chamber plethysmography. 

The choice of the rat species to investigate airway reflexes and bronchospasm can also be 

criticised. Indeed, the rat species exhibits several differences in airway innervation compared 

to human. The rat airway smooth muscle is also less responsive to bronchoconstrictors, with 

different mediators released from mast cells compared to human (Stevenson and Belvisi 2008; 

Canning and Chou 2008). In this thesis, the TRPV4-P2X3 axis seemed to depolarise rat vagal 

nerves in the same way than human vagal nerves (Bonvini et al. 2016), suggesting translation 

of the afferent signal. However, efferent reflexes seem to differ between rat and human. As 

such, rats do not present evidence of a cough reflex. In contrast, guinea pigs exhibit a cough 

reflex and have been the preferred species for studying airway reflexes (Stevenson and Belvisi 
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2008; Canning and Chou 2008). However, guinea pigs are also very sensitive to nonspecific 

AHR, with baseline levels of eosinophil-like cells in their airways. In addition, guinea pig 

models of the LAR have been inconsistent (Stevenson and Belvisi 2008). Therefore, the rat 

species was preferred for studying allergic specific mechanisms of the LAR in this thesis.  

Another important limit of this work is the use of a single TRPV4 antagonist GSK2193874 and 

P2X3-P2X2/3 antagonist AF-353 to study the involvement of TRPV4 and P2X3-P2X2/3 

receptors in the LAR in the rat OVA model. In addition, both antagonists were only used at a 

single dose in the rat OVA model. It is therefore possible that other receptors were targeted 

by these antagonists and were responsible for the observed effects. This is also true for each 

antagonist used in vitro in this thesis. This will be further discussed in the next section, along 

with possible future studies to circumvent these caveats.  
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7.3 Future directions 

7.3.1 Validate the role of TRPV4 in the LAR  

The assumption that TRPV4 is involved in the LAR is based on the testing of a single dose 

(300 mg/kg, i.p.) of the TRPV4 antagonist GSK2193874 in the rat OVA model. While this 

antagonist has proven selective in vivo against TRPV1-induced airway fibre firing in guinea 

pigs (Bonvini et al. 2016) and in vitro against TRPV1-induced depolarisation of rat vagal 

nerves in this thesis, it is possible that it targeted other receptors in the rat OVA model. It is 

therefore necessary to confirm these findings, potentially by performing a concentration-

response of the TRPV4 antagonist GSK2193874 and by testing structurally distinct TRPV4 

antagonists in the rat OVA model.  

It is intriguing that a TRPA1 antagonist prevented the LAR in the same rat OVA model 

(Raemdonck et al. 2012). TRPA1 characteristically activates airway C-fibres (Adcock et al. 

2014), while TRPV4 seems to preferentially activate Aδ-fibres (Bonvini et al. 2016). Studies 

have suggested that activation of C-fibres can enhance Aδ-fibres induced signal (Kesler and 

Canning 1999; Canning, Reynolds, and Mazzone 2001; Mazzone and Canning 2002b). It is 

possible that TRPA1 and TRPV4 pathways interact to provoke an efferent reflex in the LAR. 

To test the interaction of TRPA1 and TRPV4 pathways on airway sensory nerves, TRPV4 and 

P2X3 antagonists could be tested against TRPA1-induced nerve signal and vice-versa, in vitro 

on isolated vagal nerves and in vivo on airway sensory fibre firing. As TRPV4 and TRPA1 are 

potentially stimulated by different endogenous and exogenous compounds, studying this 

crosstalk might provide information on how different stimuli could lead to similar symptoms 

due to airflow limitation. 

Importantly, these findings could however suggest an off-target effect of the TRPV4 antagonist 

GSK2193874 on TRPA1 receptors. In vitro, GSK2193874 demonstrated an IC50 of >25000 nM 

for TRPA1 compared to 40 nM for TRPV4 in human cell assays, suggesting that it is not due 

to an off-target effect (Thorneloe et al. 2012) but this may not relate to in vivo exposure with 

GSK2193874 (300 mg/kg, i.p.). This emphasizes the importance of validating the role of 

TRPV4 in the LAR using distinct TRPV4 antagonists such as the clinical compound 

GSK2798745 and/or performing a concentration-response of GSK2193874.  
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7.3.2 Determine whether P2X3 or P2X2/3 receptors are involved in TRPV4-

induced nerve signal and the LAR 

As for the TRPV4 antagonist GSK2193874, the assumption that P2X3-P3X2/3 receptors 

mediate TRPV4-induced vagus depolarisation and are involved in the LAR in the rat OVA 

model is based on a single antagonist AF-353, at a single dose in vitro and in vivo. In the 

literature, AF-353 has proven selective to recombinant human P2X3-P2X2/3 receptors against 

P2X1, P2X2, P2X4, P2X5, and P2X7 in cell lines at the concentration used in vitro (10 μM) 

(Gever et al. 2010). However, this has not been tested in the rat species nor in vivo. It is 

therefore necessary to confirm these findings, potentially by performing a concentration-

response of the P2X3-P2X2/3 antagonist AF-353 and by testing distinct antagonists in the rat 

OVA model. 

Furthermore, additional studies could determine whether P2X2/3 heterotrimers and/or P2X3 

homomers are involved in TRPV4-induced nerve signalling and the LAR. Circumstantial 

evidence obtained in guinea pigs suggest that TRPV4 stimulates airway sensory neurons via 

the release of ATP that preferentially stimulates P2X2/3 heterotrimers compared to P2X3 

homomers (Bonvini et al. 2016), however this has not been confirmed. New compounds such 

as BLU-5937, BAY1817080 and S-600918 that exhibit greater selectivity for P2X3 compared 

to P2X2/3 receptors could be tested against TRPV4-induced nerve signal and against the LAR 

in the rat OVA model.   

7.3.3 Investigate if the TRPV4-P2X3 axis triggers reflex bronchospasm in 

presence of allergic airway inflammation 

The TRPV4-P2X3 axis stimulated rat vagal nerves and the TRPV4 and P2X3-P2X2/3 

antagonists prevented the LAR in the rat OVA model, suggesting that activation of the TRPV4-

P2X3 afferent axis triggers a cholinergic reflex driving the LAR. However, a TRPV4 agonist 

did not seem to provoke a P2X3-mediated cholinergic reflex in naïve rats. It was hypothesised 

that a TRPV4-P2X3 afferent nerve signal may trigger an efferent cholinergic reflex in the 

presence of allergic airway inflammation but not in naïve rats. This notion of a disease-specific 

effect would be particularly advantageous for an asthma therapy and merits further 

investigation. 

Firstly, it is important to confirm that TRPV4 stimulation activates airway sensory nerves in 

Brown Norway rats by activating P2X3-P2X2/3 receptors. In this thesis, this was mostly 

investigated using the isolated vagus preparation and only N=1 experiment assessed the 

effect of the TRPV4 agonist on Aδ-fibre firing. This single fibre experiment needs to be 

repeated and TRPV4 agonist-induced Aδ-fibre firing tested against TRPV4 and P2X3-P2X2/3 
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antagonists. It would also be interesting to test if the direct activation of P2X3-P2X2/3 

receptors by αβ-MeATP can provoke a cholinergic bronchospasm in naïve rats.  

If it is confirmed that TRPV4 elicits Aδ-fibre firing via P2X3-P2X2/3 receptors, further studies 

could investigate whether TRPV4 activation elicits a cholinergic reflex in the presence of 

allergic airway inflammation but not in the naïve state. 

A small in-house study found that TRPV4-induced Penh response was not different between 

OVA-sensitised and SAL-sensitised rats, in the absence of any OVA challenge (Figure 7-1), 

suggesting that sensitisation does not influence TRPV4-P2X3 efferent output. In addition, the 

magnitude of the depolarisation induced by the TRPV4 agonist GSK1016790A and P2X3 

agonist αβ-MeATP were not statistically different between OVA-sensitised and SAL-sensitised 

rats, suggesting that sensitisation does not upregulate TRPV4-P2X3 vagal nerve signalling 

(Figure 7-2). These results were expected as systemic sensitisation to OVA does not provoke 

airway inflammation itself. It is hypothesised that airway inflammation triggered by OVA 

challenge in OVA-sensitised animals would be required for the TRPV4-P2X3 axis to trigger 

reflex bronchospasm.  

To test this hypothesis, the effect of aerosolising the TRPV4 agonist GSK1016790A could be 

tested in conscious OVA-sensitised rats 24 h after OVA-challenge compared to SAL-

challenge, timepoint at which rats have recovered from the LAR but still exhibit significant 

airway inflammation (S. L. Underwood et al. 2002). The LAMA tiotropium and P2X3-P2X2/3 

antagonist AF-353 could be tested against this TRPV4-induced bronchospasm, to attest if it 

involves a P2X3-cholinergic reflex in presence of OVA-induced inflammation contrary to the 

naïve state. 

In a pilot study, isolated vagus responses were compared one day after OVA challenge in SAL 

versus OVA-sensitised rats. Although preliminary, the magnitude of the depolarisation induced 

by the TRPV4 agonist GSK1016790A and P2X3 agonist αβ-MeATP did not appear different 

between OVA-sensitised and SAL-sensitised rats (N=2), which could imply that airway 

inflammation does not upregulate TRPV4-P2X3 signalling on the vagus nerve itself (Figure 

7-3). Nonetheless, as for previously presented data, isolated vagal trunks may not reflect a 

local upregulation of P2X3-P2X2/3 receptors on airway sensory terminals nor of TRPV4 on 

surrounding cells.  
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Figure 7-1 Effect of OVA sensitisation on TRPV4-induced Penh response  

Male Brown Norway rats were sensitised with OVA or the vehicle SAL (AlumTM in saline) on day D0, 

D14 and D21. On day D28, conscious rats were challenged with the vehicle (1% EtOH), followed by 

the TRPV4 agonist GSK1016790A (10 μg/ml). Drugs were aerosolised for 10 min and Penh recorded 

for 20 min using FWBP. N=8/group. Wilcoxon-test #p<0.05 comparing TRPV4 agonist response to its 

paired vehicle. Mann-Witney test non-significant comparing TRPV4 agonist responses between SAL 

and OVA-sensitised rats. 
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Figure 7-2 Effect of OVA sensitisation on TRPV4-induced vagus depolarisation 

Male Brown Norway rats were sensitised with OVA or the vehicle SAL (AlumTM in saline) on day D0, 

D14 and D21. On day D28, rats were euthanised and their vagal nerves isolated and successively 

stimulated with the TRPV4 agonist GSK1016790A (300 nM), αβ-MeATP (100 μM) and reference 

stimulus TRPV1 agonist capsaicin (1 μM) and the depolarisation of the nerve assessed. Data expressed 

as mean ± S.E.M., N=4 rats, Mann-Whitney test non-significant between SAL and OVA-sensitised rats.   
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Figure 7-3 Effect of OVA challenge on TRPV4-induced vagus depolarisation 

Male Brown Norway rats were sensitised with OVA or the vehicle SAL (AlumTM in saline) on day D0, 

D14 and D21. On day D28, rats were challenged with OVA aerosol. One day after challenge, rats were 

euthanised and their vagal nerves isolated and successively stimulated with the TRPV4 agonist 

GSK1016790A (300 nM), αβ-MeATP (100 μM) and reference stimulus TRPV1 agonist capsaicin (1 μM) 

and the depolarisation of the nerve assessed. N=2 rats. 
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7.3.4 Investigate the role of TRPV4 and P2X3 in allergic airway inflammation 

Both the TRPV4 and P2X3-P2X2/3 antagonists reduced cellular inflammation in the rat OVA 

model. This observation could corroborate the paradigm that eosinophilic recruitment drives 

the LAR. In this model, previous studies have suggested that eosinophilic recruitment peaks 

later than the LAR (S. L. Underwood et al. 2002) and repeated OVA challenges were 

associated with reduced eosinophilic inflammation but a similar magnitude of the LAR after 

each challenge (Flajolet et al. 2018), suggesting that airway eosinophilia does not drive the 

LAR in this model. However, the inflammatory events driving the LAR in this model have not 

been extensively characterised. It would be important to investigate if airway eosinophilia 

drives the LAR in this model, for instance by using an anti-IL-5 antibody, to validate the 

relevance of the model compared to human. 

The fact that P2X3-P2X2/3 blockade attenuated airway eosinophilia could suggest that airway 

nerves contribute to the development of airway inflammation as a positive feedback loop. 

P2X3 receptors have been mostly studied in the context of neuropathic pain and cough, but 

their role in airway inflammation has received less attention. Their role in driving allergic airway 

inflammation could be studied in mouse models using relevant allergens such as HDM, using 

P2x3-/- mice and the P2X3-P2X2/3 antagonist AF-353. At the difference of investigating the 

contribution of airway nerves using LAMAs such as tiotropium, studying P2X3-P2X2/3 

receptors might be more specific and indicative of a role for airway nerves in allergic airway 

inflammation. The role of P2X3-P2X2/3 could also be studied on AHR in these models. 

Aside from a nerve reflex mediated by P2X3-P2X2/3 receptors, TRPV4 could also participate 

in driving allergic airway inflammation by releasing ATP activating purinergic receptors such 

as P2X1, P2X4 and P2X7 on immune cells (Idzko et al. 2007; Müller et al. 2011; Zech et al. 

2016; Junger 2011). So far, the role of TRPV4 in driving allergic airway inflammation remains 

elusive, with only one published report (Palaniyandi et al. 2019). This could be studied in 

mouse HDM models using Trpv4-/- mice and the TRPV4 antagonist GSK2193874. The role of 

TRPV4 could also be studied on the development of AHR in these models. Depending on the 

outcome, further studies could decipher on which cells TRPV4 is important for driving allergic 

airway inflammation. To determine if TRPV4 is needed on hematopoietic cells or structural 

cells, bone marrow chimeric mice could be used. Further studies could investigate if TRPV4 

is needed on T cells to drive inflammation, by deleting TRPV4 receptors on CD4+ T cells and 

performing adoptive transfers of wild-type or Trpv4-/- HDM-specific CD4+ T cells in a mouse 

HDM model. Translational data could be obtained by studying the expression and functionality 

of TRPV4 channels on human immune cells. 



225 
 

7.3.5 Investigate the role of TRPV4 in efferent parasympathetic nerves 

TRPV4 activation may also play a role in the activation of efferent cholinergic nerves, their 

release of ACh or in the modulation of muscarinic receptors response. Rat paratracheal 

ganglia neurons were found to be immunoreactive for P2X2 and to respond to ATP (B. Ma et 

al. 2005), therefore a TRPV4-P2X2 axis could be involved in modulating parasympathetic 

output. This could be tested using an organ bath preparation of isolated rat and human 

tracheas, which contain parasympathetic ganglia in the vicinity of the smooth muscle. 

Electrical field stimulation (EFS) of these tracheas induces the release of endogenous ACh 

contained in cholinergic nerve terminals, triggering airway smooth muscle contraction. The 

TRPV4 antagonist could be tested against EFS-induced contraction to determine if TRPV4 is 

needed in this cholinergic pathway. To test if TRPV4 is involved in enhancing this cholinergic 

pathway, the TRPV4 agonist could be tested on EFS-induced contraction. These responses 

could be compared to exogenous ACh, to test if TRPV4 modulates the response to ACh on 

muscarinic receptors. A preliminary experiment found no effect of the TRPV4 antagonist 

GSK2193874 on EFS-induced contraction (N=1) (Figure 7-4), which may suggest that TRPV4 

is not involved in the release of ACh from cholinergic nerves and/or muscarinic receptors 

signalling.   
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Figure 7-4 Effect of the TRPV4 antagonist on EFS-induced tracheal contraction 

Tracheal segments were isolated from a naïve Brown Norway rat (N=1) and incubated in an organ bath. 

Electrical Field Stimulation (EFS) was applied to stimulate the release of ACh from cholinergic nerves 

(EFS: 40 V, 0.5 msec, 32 Hz for 15 sec). Tissues were incubated for 30 min with a single antagonist. 

The graph represents the percentage inhibition of EFS-induced contraction for each antagonist. TRPV4 

antagonist: GSK2193874; P2X3 antagonist: AF-353; Atropine: non-selective muscarinic antagonist, 

positive control that ACh release induces the contraction; TTX:  Tetrodotoxin non-selective Nav1.1-9 

blocker, positive control that nerve activation induces the contraction.  
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7.3.6 Investigate the role of TRPV4 and P2X4 in local bronchospasm 

TRPV4 has been shown to contract human and guinea pig large airways via activating P2X4 

receptors and inducing the release of CysLTs from mast cells, independently from a nerve 

reflex (Bonvini et al. 2020). In this thesis, TRPV4 induced rat small airways contraction also 

via activating P2X4 receptors, but it seemed to involve a different mechanism than mast cell 

mediators release. It would be interesting to study if TRPV4 activation can also contract human 

small airways independently from mast cells, using human PCLS. This could reflect another 

mechanism by which TRPV4 could provoke local bronchospasm. A CysLTs-independent 

mechanism would be particularly interesting in the clinic given that an important number 

patients do not respond to LTRAs (Szefler et al. 2005).  

7.3.7 Validate the role of PAR2 in the LAR and investigate other activators of 

the TRPV4-P2X3 axis 

While results from this thesis suggested that PAR2 activation induces a TRPV4-P2X3 vagal 

nerve signal in vitro, the PAR2 antagonist P2pal-18S and anti-PAR2 antibody MEDI2344 did 

not inhibit the LAR in the rat OVA model. However, it is unclear which PAR2 signalling 

pathways were blocked by these two antagonists and because of PAR2 biased signalling, 

distinct PAR2 pathways may lead to deleterious or beneficial effects. Therefore, testing distinct 

antagonists that specifically target certain PAR2 signalling pathways could provide more 

information on the role of PAR2 in the LAR.  

Nevertheless, data from this thesis did not favour PAR2 receptors as important activators of 

the TRPV4-P2X3 axis in the rat OVA model. Therefore, further studies are needed to 

investigate how allergen challenge could lead to the delayed and prolonged activation of the 

TRPV4-P2X3 axis leading to the LAR. 

7.3.8 Investigate the mechanism of action of the Scrambled peptide 

A surprising finding was the efficacy of the Scrambled peptide on the LAR in the rat OVA 

model. This Scrambled peptide was designed as a randomised sequence of the PAR2 

antagonist P2pal-18S and in vitro bioassays suggested that it does not block PAR2-induced 

nerve signalling. However, this compound was not tested in vivo against PAR2-nerve signal. 

It is therefore important to confirm that it does not inhibit PAR2 agonist-induced airway sensory 

Aδ-fibre firing in anaesthetised rats.  

Future studies could investigate the mechanism of action of the Scrambled peptide, as it may 

help to discover new targets for reducing airflow limitation in asthma. The fact that it did not 

significantly reduce airway inflammation could reflect bronchodilator properties. This could be 
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tested by performing a concentration-response of the Scrambled peptide on rat and human 

pre-contracted isolated airways using the organ bath preparation. To decipher potential 

targets, the Scrambled peptide activity could be screened against a library of receptors in vitro.  

7.3.9 Clinical studies and perspective 

This thesis was based on the hypothesis that airway nerves play an important role in triggering 

the LAR, ultimately with the aim to decipher new mechanisms leading to airflow limitation in 

atopic asthma. The observation that inhibiting TRPV4 and P2X3-P2X2/3 receptors prevented 

the LAR in the rat OVA model, in association with the findings that anaesthesia and a LAMA 

blocked this reaction (Raemdonck et al. 2012), indeed suggests that airway nerves could play 

a role in driving the LAR. To investigate if this translates to human, TRPV4 and P2X3-P2X2/3 

antagonists as well as LAMAs could be tested in allergen challenge studies in atopic 

asthmatics. TRPV4 and P2X3-P2X2/3 antagonists have already been developed for clinical 

use (Abdulqawi et al. 2015; Ludbrook et al. 2019) and, while the commercially available 

tiotropium has proven effective on baseline lung function in asthmatic patients (Kerstjens et 

al. 2015; Peters et al. 2010; Paggiaro et al. 2016), it has never been tested in allergen 

challenge studies. 

Testing a P2X3-P2X2/3 antagonist in allergen challenge studies could perhaps be a more 

specific indication that airway nerves are involved in asthma pathophysiology than a LAMA or 

TRPV4 antagonist, given that ACh is released by non-neuronal sources and TRPV4 exerts its 

actions via ATP release. In fact, targeting P2X3-P2X2/3 receptors seems particularly 

promising for inhibiting airway reflexes in human, as the P2X3-P2X2/3 antagonist AF-219 was 

associated with a 75% reduction in refractory chronic cough in a proof-of-concept study 

(Abdulqawi et al. 2015). Testing a P2X3-P2X2/3 antagonist could also give the opportunity to 

test the contribution of airway nerves in driving inflammation in asthma. Given the blockade of 

airway inflammation by the P2X3-P2X2/3 antagonist in the rat OVA model, targeting airway 

nerves may have additional effects than solely reducing symptoms due to airflow limitation. 

As such, tiotropium was associated with a reduction in asthma exacerbations (Buhl and 

Hamelmann 2019).  

It may be important to target the right patients that would respond to TRPV4 and P2X3 

therapies in these allergen challenge studies. While the P2X3-P2X2/3 antagonist AF-219 

demonstrated efficacy on refractory chronic cough, the TRPV4 antagonist GSK2798745 did 

not reduce refractory chronic cough in a study that enrolled 17 patients (Ludbrook et al. 2019). 

This could indicate that TRPV4 is not important in chronic cough and airway reflexes, but this 

could also be due to a lack of selection of TRPV4-responsive patients as the study did not 
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show target engagement. As ATP can be released by numerous processes, P2X3-pathways 

may be involved in a greater number of patients than TRPV4. 

This also raises the question of which of the TRPV4 channel or P2X3-P2X2/3 receptors would 

be a better target in airway disease involving the TRPV4-P2X3 axis. Targeting TRPV4 could 

potentially have a broader spectrum of action than P2X3-P2X2/3, by inducing nerve reflexes 

via P2X3-P2X2/3 receptors, local bronchoconstriction via P2X4 and potentially airway 

inflammation via P2X1, P2X4, P2X7 (Figure 7-5). Side effects should also be considered. 

Blockade of P2X3-P2X2/3 receptors with AF-219 (gefapixant) administered orally was 

associated with a loss of taste in patients (Abdulqawi et al. 2015; Smith et al. 2020). Preclinical 

studies have suggested that P2X2/3 heterotrimers preferentially mediate taste sensation 

compared to P2X3 homomers, however it is unclear whether it is the case in human 

(Dicpinigaitis, McGarvey, and Canning 2020; Smith et al. 2020; Garceau and Chauret 2019). 

Although the TRPV4 antagonist GSK2798745 did not show efficacy on refractory chronic 

cough, no effect on taste was mentioned in the report (Ludbrook et al. 2019).  

Interestingly, animal studies have implied that TRPV4 is involved in mediating sensations in 

the context of pain but not at baseline (Sipe et al. 2008). In this thesis, TRPV4 did not produce 

a reflex bronchospasm in naïve animals. If future experiments confirm that TRPV4 is involved 

in triggering reflexes via P2X3 in the context of airway inflammation but not in the naïve state, 

TRPV4 blockade might target more disease-specific processes than P2X3 blockade in 

endotypes that involve the TRPV4-P2X3 axis.  

In addition of TRPV4, the blockade of TRPA1 also prevented the LAR in the rat OVA model 

(Raemdonck et al. 2012). As for inflammatory pathways, there might be different 

“neuroendotypes” in airway disease (Belvisi et al. 2016). This raises the question of how to 

identify these neuroendotypes and associated neurophenotypes. ATP could theoretically be 

used as a biomarker of TRPV4 activation, however with the caveat that it is not specific to 

TRPV4 and difficult to measure due to its extreme lability (Burnstock 2007).  

Overall, investigating airway nerves in asthma may help to develop new therapies with 

alternative mechanisms than targeting type-2 immune pathways, which could be involved in 

patients that do not respond to current therapies. While this thesis has focused on atopic 

asthma associated with eosinophilic inflammation, airway nerves could also be involved in 

triggering symptoms in patients presenting low grade inflammation, in atopic as well as 

nonatopic asthma (Belvisi and Birrell 2017). 
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Figure 7-5 Hypothesis of how TRPV4 channels could be involved in asthma 

Hypothetical mechanisms by which TRPV4 could be involved in asthma, by inducing the release of ATP 

which stimulates purinergic receptors and potentially triggers a wide range of effect, with the activation 

of P2X3-P2X2/3 receptors on airway sensory nerves provoking reflex bronchospasm; the activation of 

P2X4 receptors provoking local airway smooth muscle contraction; and the activation of P2X1, P2X4 

and P2X7 receptors on inflammatory cells provoking airway inflammation.  
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7.4 Concluding remarks 

Data presented in this thesis suggest that TRPV4 activates airway sensory nerves via the 

release of ATP activating P2X3-P2X2/3 receptors in naïve rats. As TRPV4 and P2X3-P2X2/3 

blockade prevented the LAR in a rat OVA model, the TRPV4-P2X3 nerve axis could be a 

driver of the LAR by activating airway sensory nerves and triggering a cholinergic reflex 

bronchospasm. However, the TRPV4-P2X3 nerve axis did not seem to elicit reflex 

bronchospasm in naïve rats. Therefore, further studies are needed to confirm the role of the 

TRPV4-P2X3 axis in the LAR. Nonetheless, this could suggest that activation of the TRPV4-

P2X3 axis provokes a reflex bronchospasm in presence of allergic airway inflammation but 

not in the naïve state. PAR2 was tested as a potential activator of the TRPV4-P2X3 nerve 

axis, however two distinct PAR2 antagonists did not inhibit the LAR in the rat OVA model.  

The aim of this research was to investigate the role of airway nerves in the LAR, in order to 

decipher potential mechanisms causing airflow limitation in atopic asthma. The finding that 

TRPV4 and P2X3-P2X2/3 blockade inhibited the LAR in the rat model supports the hypothesis 

that airway nerves could play an important role in triggering the LAR, and by extent airflow 

limitation in atopic asthma. Furthermore, TRPV4 and P2X3-P2X2/3 blockade also reduced 

allergic airway inflammation, emphasizing that airway nerves could also actively contribute in 

driving inflammatory processes in asthma. Therefore, this thesis highlights TRPV4 and P2X3-

P2X2/3 receptors as potential targets for atopic asthma therapies. Investigating airway nerves 

could help to develop new asthma therapies targeting alternative pathways than type-2 

inflammation to which an important number of patients do not respond. 
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Appendix 

The table below outlines reagents used in this thesis. 

Reagent Source Vehicle (where applicable) 

αβ-MeATP Sigma-Aldrich, USA 0.1% H2O in KH in vitro 

2f-LIGRLO-NH2 Tocris, UK 
0.1% DMSO in KH/ECS in vitro 

0.1% DMSO in saline in vivo 

5-BDBD Tocris, UK 0.1% DMSO in ECS in vitro 

AC55541 Tocris, UK  

ACh Sigma-Aldrich, USA 
KH/ECS in vitro 

Saline in vivo 

AF-353 Sigma-Aldrich, USA 
0.1% DMSO in KH/ECS in vitro 

10% PEG400 in saline in vivo 

Amphotericin B Sigma-Aldrich, USA  

ATP Sigma-Aldrich, USA 1% H2O in ECS in vitro 

BSA Sigma-Aldrich, USA  

CaCl2 VWR, USA  

Capsaicin Sigma-Aldrich, USA 0.1% DMSO in KH in vitro 

Carbachol Sigma-Aldrich, USA KH/ECS in vitro 

HP-β-cyclodextrin Sigma-Aldrich, USA  

Citric acid Sigma-Aldrich, USA Saline 

DMEM high glucose ThermoFisher Scientific, USA  

DMSO Sigma-Aldrich, USA  

Ethanol VWR, USA  

FBS ThermoFisher Scientific, USA  

Glucose Sigma-Aldrich, USA  

GSK1016790A Sigma-Aldrich, USA 
0.1% DMSO in KH/ECS in vitro 

1% EtOH in saline in vivo 

GSK2193874 Sigma-Aldrich, USA 

0.1% DMSO in KH/ECS in vitro 

6% HP-β-cyclodextrin in saline 

in vivo 

HBSS Sigma-Aldrich, USA  

HEPES Sigma-Aldrich, USA  

Imject AlumTM ThermoFisher Scientific, USA  

Indomethacin Sigma-Aldrich, USA 0.1 mM Na2CO3 in KH in vitro 

Isoflurane Abbott laboratories, USA  

KCl VWR, USA  

L-Glutamine Sigma-Aldrich, USA  

MEM Non-Essential Amino 

Acid Solution 
Sigma-Aldrich, USA  

Mepyramine maleate Sigma-Aldrich, USA Saline 

Methylcellulose Sigma-Aldrich, USA  

Methysergide maleate Sigma-Aldrich, USA Saline 

MgSO4 VWR, USA  

Montelukast (sodium salt) Cayman Chemical, USA 
Methylcellulose 0.5% Tween80 

0.2% in saline in vivo 

NaCl VWR, USA  

NaH2PO4 VWR, USA  
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NaHCO3 Sigma-Aldrich, USA  

Nuclease free water Promega, USA  

Ovalbumin from chicken egg 

white (OVA) 
Sigma-Aldrich, USA 1:1 AlumTM:saline 

P2pal-18S AstraZeneca, Sweden 
0.1% DMSO in KH in vitro  

5% DMSO in saline in vivo 

Pancuronium bromide Sigma-Aldrich, USA  

PEG400 Sigma-Aldrich, USA  

Penicillin Sigma-Aldrich, USA  

Probenecid water soluble ThermoFisher Scientific, USA 0.1% DMSO in KH/ECS in vitro 

RPMI 1640 Glutamax ThermoFisher Scientific, USA  

Saline (0.9% NaCl) Fresenius Kabi, Germany  

Scrambled P2pal-18S AstraZeneca, Sweden 
0.1% DMSO in KH in vitro 

5% DMSO in saline in vivo 

SLIGKV-NH2 Tocris, UK  

Sodium pentobarbitone Marial Animal Health, France  

Streptomycin Sigma-Aldrich, USA  

Tiotropium bromide Sigma-Aldrich, USA 0.5% EtOH in saline in vivo 

Trypsin Sigma-Aldrich, USA 0.1% H2O in KH in vitro 

Tween80 Sigma-Aldrich, USA  

Urethane Sigma-Aldrich, USA  

 

 


