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Abstract

Airway microvascular leak (MVL) is the extravasation of plasma and plasma proteins
from post-capillary venules into surrounding tissue. MVL is thought of as a cardinal
sign of inflammation and is an important aspect in the pathogenesis of airway
inflammatory diseases, including allergic asthma. Prostaglandin E, (PGE;) is a
product of cyclooxygenase mediated metabolism of arachidonic acid and acts via the
activation of 4 different receptor subtypes, termed EP14. PGE;, has demonstrated a
wide variety of effects within the airway, such as on inflammation, sensory nerve
activation and airway tone. However, its effects on airway MVL have not been
extensively studied. This formed the basis of the thesis hypothesis; PGE, acts

through specific EP receptor(s) to induce microvascular leak within the airways.

Using Evans Blue dye as a marker of leak, PGE; significantly induced airway MVL in
mice. | have shown, for the first time that this response is mediated via the activation
of the EP, and the EP4 receptors. This was confirmed using selective EP receptor
agonists and antagonists, as well as EP receptor deficient mice. Importantly, this
airway MVL was not just exclusive to the mouse; PGE; significantly increased airway
MVL in guinea pigs. To investigate MVL in a disease setting, the ovalbumin model
of allergic asthma was employed to study the role of EP receptors in mediating OVA
induced MVL. OVA-induced Evans Blue leak was almost completely absent in the
airways of EP, and EP,4 receptor knock-out mice. Finally, preliminary work
investigating four other prostanoid ligands (PGD,, PGF,, U46619 and lloprost)
indicates that they too cause airway MVL to some extent and appear to do so via

activation of their own receptor subtype (DP4, FP, TP and IP, respectively).

Therefore, the findings outlined in this thesis suggest that PGE; activates the EP,
and EP4 receptors to induce airway microvascular leak and may also be responsible
for the MVL observed in the OVA model.
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1. Introduction

1.1. Airway Inflammatory Diseases

Asthma and Chronic Obstructive Pulmonary Disease (COPD) are two chronic lung
diseases which are associated with significant morbidity and mortality worldwide
(Edwards et al, 2009). Both are characterised by airway obstruction that is variable
and reversible in asthma but irreversible and progressive in COPD. Additionally,
chronic inflammation of the respiratory tract is apparent in both diseases. Asthma
and COPD represent an increasing burden on health services as their incidence
increases worldwide. Currently they stand as the fourth leading cause of death in
the world, and it has been predicted by the World Health Organisation that the death
toll from smoking related diseases, such as COPD, could reach 8 million by 2030
(Minino et al, 2007; The World Health Organisation, 2011). Furthermore, it has been
estimated that approximately 300 million people globally are affected by asthma and
it has been predicted that this will continue to rise with a further 100 million people
affected by 2025 (Masoli et al. 2004).

Microvascular leak, the exudation of plasma and plasma proteins, is a key feature in
airway inflammatory diseases. Increased levels of albumin and other plasma
proteins have been measured in the airways of asthma (Meerschaert et al, 1999;
Svensson et al, 1995; Van Rensen et al, 2002) and COPD patients (Hill et al, 1999;
Minikata et al, 2005; Bessa et al, 2012). Airway microvascular leak is thought to play
an important role in the thickening of bronchial mucosa, airway hyperresponsiveness
and exacerbations seen in asthmatic patients (Van de Graaf et al, 1991; Khor et al,
2009; Paredi & Barnes, 2009). Similarly, in COPD this increase in plasma exudation
and thickening of airway mucosa is thought to influence the obstructive processes of
this disease (Bosken et al, 1990; Kuwano et al, 1993). Additionally the exuded
plasma will be abundant in pro-inflammatory mediators that possess the ability to
induce various events, such as inflammatory cell recruitment, compromised epithelial

integrity and cilia function, as well as the activation of sensory neural pathways.
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1.1.1. Asthma

Bronchial asthma is usually defined as a chronic inflammatory pathology
characterised by reversible airflow obstruction resulting from bronchoconstriction,
inflammation and airway hyperresponsiveness (AHR). This leads to recurrent
episodes of wheezing, dyspnoea, coughing, and chest tightness, associated with a
decrease in lung function (James & Wenzel, 2007). A wide range of endogenous
and environmental stimuli have been shown to induce an asthma attack. These
triggers can include allergic stimuli, such as pollen, animal dander and dust mite
faeces, or non-allergic stimuli, such as exercise and cold air (Holgate, 2008a,b;
McKenzie & Boulet, 2008; Passalacqua & Ciprandi, 2008). Allergic or ‘atopic’
asthma represents the largest overall phenotype among patients, while few are

defined as non-atopic (or intrinsic) (Wenzel, 2006).

1.1.1.1. Allergic Sensitisation and Responses

The immune response in allergic asthma involves two phases; the sensitisation
phase following allergen exposure, and then the challenge or allergic response
phase. During the sensitisation phase allergens are detected by antigen presenting
cells (APCs), primarily dendritic cells in the airways, where they are internalised and
processed onto a major histocompatibility complex class || molecules (MHC-II) which
they express on their cell surface. This then enables the allergen to be ‘presented’
to naive CD4" T cells and a complex to be formed between the MHC-Il/allergen
molecule and T cells that express the specific T cell receptor (TCR). Accordingly, the
antigen must be presented to the relevant T cell that expresses the right TCR.
However, it has been recognised that each TCR can in fact recognise a number of
different antigenic peptides (Wooldridge et al, 2012). This complex formation and
additional co-stimulatory signals subsequently leads to T cell proliferation and
differentiation; predominantly Th1 or Th2 effector cells. In asthma, the Th2
phenotype is a key immunological feature and factor in the pathogenesis of the
disease where it dominates the allergic immune response and is most likely to be
responsible for on-going chronic inflammation. It is the Th2 cells that then release

interleukin (IL)-4 and IL-13 which in turn stimulates B cells to produce and release
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allergen specific IgE (Grunig et al, 1998; McKenzie et al, 1999). These IgE
molecules bind to high affinity Fce receptors (FceR1) expressed on mast cells and

basophils thus priming them for future allergen exposure (Figure 1.1).

IgE
FceRI
B cell
Plasma cell
Allergen Mast cell Hlstamlpe :
: Leukotrienes Allergic
* IL-4 Basophil i —_—|
* Prostaglandins asthma
13 Cytokines

Basic proteins & enzymes

1

Antigen-presenting Th2 Eosinophil
cell cell

Figure 1.1. Schematic representation of the inflammatory cascade in allergic asthma.
(Adapted from Bradding et al, 2006).

1.1.1.1.1. EAR and LAR

Subsequent allergen exposure results in an allergic response, activating sensitised
mast cells by crosslinking surface bound IgE molecules to release several
bronchoconstrictor mediators, including histamine, cysteinyl leukotrienes and
prostaglandin D, (PGD;) (Barnes 2008). This reaction is termed the early asthmatic
response (EAR) and is characterised by rapid bronchoconstriction, oedema and
plasma extravasation, and mucus secretion which all contribute to airflow
obstruction.  Approximately 4-8 hours after initial allergen challenge the late
asthmatic response (LAR) occurs in about 50% of patients (Booij-Noord et al 1971,
1972). This is usually characterised by bronchoconstriction and an influx of
inflammatory cells, such as eosinophils, mast cells, neutrophils and T cells (Hogan et
al 1998).
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1.1.1.1.2. Airway Hyperresponsiveness

One of the defining physiological characteristics of asthma is AHR. AHR is defined
as an increased narrowing of the airways of asthmatic patients in response to stimuli
which do not usually cause bronchoconstriction in healthy individuals. Such stimuli
include pollution, allergens, cold air and spasmogens such as methacholine and
histamine (Spina & Page, 2002). This response leads to excessive
bronchoconstriction and airflow limitation, which results in shortness of breath and
chest tightness. Several mechanisms are thought to contribute to AHR including
hypertrophy and hyperplasia of airway smooth muscle (Ebina et al, 1993; Lambert et
al, 1993) and airway wall oedema (Van de Graaf et al, 1991; Kimura et al, 1992;
Chung et al, 1999). It has also been suggested that inflammation and inflammatory
mediators are driving AHR, which is supported by the fact that inhaled and oral
corticosteroids are able to attenuate AHR in asthmatic patients (Djukanovi¢ et al,
1992, 1997; Laitinen et al, 1992; Chalmers et al, 2002; Clearie et al, 2012).
Increases in cytokines (IL-4, IL-5 and IL-13), eosinophils and IgE can also lead to
hyperresponsiveness (Grinig et al, 1998; Walter et al, 2001; Taube et al, 2002), with
eosinophilic inflammation correlating with asthma severity and AHR (Bousquet et al,
1990).

1.1.1.2. Treatments

Current management of asthma involves the use of short and long acting B»-
adrenergic receptor agonists and inhaled corticosteroids (ICS). B.-agonists act as
bronchodilators for symptomatic relief as they are able to relax airway smooth
muscle, reversing airflow obstruction. Short acting B2-agonists, such as salbutamol,
are commonly prescribed to those with mild intermittent asthma symptoms.
However, for moderate to severe cases the most common, and highly effective,
strategy is regular ICS with long-acting B.-agonists (LABAs) in combination inhalers.
LABAs most frequently used include salmeterol and formoterol. Briefly, B2-agonists

exert their effects through the activation of the B, adrenoceptor on airway smooth
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muscle, which leads to an increase in cyclic adenosine monophosphate (cCAMP) and
protein kinase A (PKA) or PKG activity. This induces a relaxation of the airway
smooth muscle thus causing bronchodilation. In addition, there is evidence to
suggest that anti-spasmogenic effects of these compounds may be mediated via
PKA/PKG-independent mechanisms (Torphy et al, 1982; Torphy, 1994; Spicuzza et
al, 2001).

ICS, such as budesonide or fluticasone, have become a mainstay of asthma
management and are recommended as a first-line therapy for patients of all ages
with persistent asthma (Bateman et al, 2008). Furthermore, they are extremely
effective at controlling varying degrees of asthma severity. ICS are potent anti-
inflammatories that act at glucocorticoid receptors (GR) to activate various anti-
inflammatory genes as well as suppressing pro-inflammatory genes (Barnes, 2011).
The main action is the switching off of multiple activated inflammatory genes,
encoding for cytokines, chemokines, adhesion molecules and inflammatory
receptors. Furthermore, there have been concerns over the safety of LABAs when
administered alone but there has been no evidence of this risk when administered in
combination with ICS (Jaeschke et al, 2008; Sears, 2009; Weatherall et al, 2010).

Although combination therapy with inhaled ICS and LABAs is highly effective,
approximately 5 to 10% of patients are not well controlled even with maximum doses
of inhaled therapies (Heaney & Robinson, 2005; Wenzel 2005). Although this
percentage appears small, it accounts for a huge amount of health care spending,

highlighting an urgent need for new treatments.

1.1.1.3. In vivo models of Asthma

Although there are both allergic and non-allergic variants of asthma, the majority of
in vivo models are based on the allergic form. This section will therefore outline two
of the most commonly used experimental models of allergic asthma; the ovalbumin
(OVA) and house dust mite (HDM) models. It is important to note that these in vivo
models are not exact recreations of human disease but they allow us to investigate

the mechanistic, pathophysiological and physiological characteristics of asthma. In
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addition, most laboratory animals do not spontaneously develop an allergic response
so this must be artificially induced (Slauson & Hahn, 1980; Kurucz & Szelenyi, 2006).

1.1.1.3.1. Ovalbumin Model

Ovalbumin (OVA) is a protein allergen that is found in chicken egg white, which has
been used for decades to induce an allergic response in rodents. To produce an
allergic response to OVA, the model requires an initial sensitisation phase followed
by a challenge phase. Typically, animals are sensitised systemically (by
intraperitoneal or subcutaneous administration) with OVA, in combination with an
adjuvant. The adjuvant, such as Alum or aluminium hydroxide, acts by priming the
immune system towards a Th2 phenotype. Sensitisation to OVA usually requires
two systemic doses, separated by at least one week. This phase is then followed by
allergen exposure to the airways one to two weeks later. The exact protocols in
terms of timings, doses and routes of administration can vary between different
research groups. The OVA model has proved effective in replicating some of the
major features of allergic asthma, including IgE production, mucus secretion, EAR
and LAR, non-specific AHR and oedema (as reviewed in Stevenson & Belvisi, 2008).
In addition, these responses to OVA can be modulated by glucocorticoids and [32-
agonists (Birrell et al, 2003; Eum et al, 2003; Wyss et al, 2007). The OVA model has
been utilised in guinea pigs, rats and mice, with the brown-Norway rat and BALB/C
mouse being the most commonly used strains (Trifilieff et al, 2000; Hylkema et al,
2002). The C57/BL6 mice are also regularly used, as there are a number of

genetically modified mice created using this strain.

However, this model is not without any shortcomings. Firstly, the use of OVA is not a
clinically relevant antigen as it is rarely associated with triggering asthma in humans.
Secondly, the route of sensitisation and use of an adjuvant does not replicate what
would occur in man, where airborne allergens are probably more relevant. Finally,
there is evidence to suggest that tolerance occurs in chronic OVA models (Swirski et
al, 2002; Van Hove et al, 2007), with suppression of eosinophilia, AHR and OVA-
specific IgE having been demonstrated (Sakai et al, 2001). In contrast some groups

have demonstrated airway remodelling (e.g. goblet cell hyperplasia and airway
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fibrosis) following chronic OVA-exposure (Temelkovski et al, 1998; McMillan & Lloyd,
2004; Van Hove et al, 2009).

1.1.1.3.2. House Dust Mite Model

The house dust mite (HDM) model of allergic asthma was developed as an
alternative to the OVA model, using a more clinically relevant allergen. House dust
mite has been shown to induce a positive skin prick test in approximately 80% of
asthmatic patients (Smith et al, 1969) and is associated with a number of other
allergic disorders, including allergic rhinitis and atopic dermatitis (Platt-Mills, 1995).
The two commonly used house dust mite allergens are Dermatophagoides
pteronyssinus (Der p) and Dermatophagoides farina (Der f), which can produce
proteins and macromolecules that induce IgE antibodies in allergic individuals
(Chapman & Platts-Mills, 1980). Typical protocols using HDM involves multiple
topical instillations over several weeks, rather than separate sensitisation and
challenge phases. Modelling allergic asthma using HDM has several advantages
over the OVA model. Firstly, no adjuvant or systemic sensitisation is required as
animals can be sensitised to HDM via the respiratory mucosa. Secondly,
eosinophilic inflammation is sustained following chronic exposure in addition to
structural remodelling (Johnson et al, 2004; Southam et al, 2007). However, unlike
the OVA model, very little is known about the HDM model and the role played by
immune cell populations and inflammatory mediators involved. In addition, it has
been shown that a single topical dose of HDM in the rat was able to induce asthma-
like airway inflammation, suggesting that initial inflammation in this model is innate in
nature (De Alba et al, 2010).
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1.1.2. Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is a term that encompasses a group
of respiratory diseases including emphysema, chronic bronchitis and small airways
disease (Stockley et al, 2009). It is characterised by progressive and irreversible
airflow obstruction caused by chronic inflammation of the small airways and lung
parenchyma. This aberrant inflammatory response is associated with various
different stimuli, including cigarette smoke, pollution and viral or bacterial infections.
COPD is a major public health problem, which the World Health Organisation (2008)
has estimated to become the third leading cause of death worldwide in 2030.
Unfortunately there are no effective treatments that halt the progression of this
disease, with current therapies only alleviating symptoms and acute exacerbations.
Classical symptoms of COPD include cough, sputum production and dyspnoea,
eventually leading to a loss in lung function. Additionally, there are several extra-
pulmonary comorbidities that affect COPD patients, including skeletal muscle
dysfunction, cardiovascular disease, metabolic diseases, depression and
osteoporosis (Gan et al, 2004; Agusti, 2005; Sin et al, 2006; Barnes & Celli, 2009;
Barr et al, 2010). These comorbidities probably stem from the systemic inflammation
observed in COPD (Gan et al, 2004; Agusti, 2005; Barnes, 2010).

As described above COPD describes a group of diseases, often divided into chronic
bronchitis, small airways disease and emphysema. Chronic bronchitis involves
persistent inflammation of the epithelium, characterised by mucus hypersecretion,
goblet cell hypertrophy and hyperplasia and epithelial barrier disruption (Hogg,
2004). Small airways disease (or bronchiolitis) describes inflammation and
remodelling specific to conducting airways less than 2mm in diameter, which are the
major site of airflow obstruction (Hogg, 2004). Finally, emphysema refers to the
destruction of structural lung tissue, reducing the maximum expiratory airflow and

lung elastic recoil (Mead et al, 1967).

Cigarette smoking accounts for the majority of COPD cases in high income
countries, while in lower-income countries other risk factors are important, such as
indoor air pollution from biomass fuels (Salvi & Barnes, 2009). The harmful effects

of cigarette smoke are thought to arise from the toxic constituents that it is composed
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of (including acrolein, benzene and formaldehyde) as well as an increase in reactive
oxygen species (Owen, 2008; Bodnar et al, 2012). a1-antitrypsin deficiency is one of
the only known genetic causes of COPD and is involved in approximately 1-3% of
cases (Stoller & Aboussouan, 2012). Despite tobacco smoke being a primary risk
factor (about 80-90% of COPD patients) (Stevensen et al, 2006), only about 25% of
smokers develop the disease (Lokke et al, 2006). This suggests that there may be

genetic, epigenetic or environmental factors that determine susceptibility.

The Global Initiative for Chronic Obstructive Lung Disease (GOLD) has outlined a
classification system of airflow limitation which is divided into four grades (GOLD 1,
mild; GOLD 2, moderate; GOLD 3, severe; and GOLD 4, very severe). These
grades are based upon the fixed ratio, post-bronchodilator FEV/FVC (Forced
Expiratory Volume in 1 second and Forced Vital Capacity, respectively) less than
0.7, as an indication of airflow limitation (Vestbo et al, 2013). Additional COPD
assessment is based upon symptom severity, history of exacerbations, spirometric
abnormality and comorbidities. A combined COPD assessment then splits patients
into four different categories; group A, low risk less symptoms; group B, low risk,
more symptoms; group C, high risk, less symptoms; group D, high risk, more
symptoms. Assessing COPD using this combined approach reflects the complexity
of the disease and provides a more robust guide to treatment and disease

management (Vestbo et al, 2013).

1.1.2.1. Treatments

One of the main risk factors associated with COPD is smoking; however smoking
cessation strategies have not been hugely successful, especially in patients that are

more severely affected (Scanlon et al, 2000; Willemse et al, 2005).

In terms of pharmacological therapies, bronchodilators are commonly used to
manage the symptoms of COPD. Bronchodilators used include B;-agonists, anti-
cholinergics and methylxanthines, with long-acting formulations favourable as they
are both more effective and convenient compared to short-acting (Dahl et al, 2001;

Oostenbrink et al, 2004; Vestbo et al, 2013). These drugs may be effective at

27



relaxing the airway smooth muscle but they fail to treat or reduce the inflammation

associated with the disease.

The use of corticosteroids (e.g. fluticasone or budesonide) is also common among
COPD patients. Like asthma, COPD involves chronic inflammation of the airways.
However, most patients with COPD respond poorly to inhaled corticosteroids (ICS)
showing little improvement in lung function or symptom severity (Suissa & Barnes,
2009; Barnes, 2010; Yang et al, 2012). Nevertheless, approximately 80% of COPD
patients are using high-dose ICS. The overuse of glucocorticoids can have various
long term side effects, including osteoporosis, muscle breakdown and an increased
risk of pneumonia (Drummond et al, 2008; Barnes, 2010). However, several large
clinical trials have shown that combination therapy with ICS and long acting (.-
agonists (LABAs) produces better control of respiratory symptoms, lung function and
quality of life (Calverley et al, 2003a; Calverley et al, 2003b; Szafranski et al, 2003;
Calverley et al, 2007; Nannini et al, 2007; Bathoorn et al, 2008). Furthermore,
combining a LABA and a long-acting muscarinic antagonist (LAMA) have additive
effects on bronchodilation with greater clinical benefit than each given alone.
Combinations inhalers include indacaterol-glycopyrrolate, olodaterol-tiotropium and

vilanterol-umeclidinium (Barnes, 2013).

1.1.2.2. In vivo models of COPD

1.1.2.2.1. Lipopolysaccharide Model

Lipopolysaccharide (LPS) is a bacterial endotoxin that is found in cigarette smoke. It
is a widely used model of acute lung injury, where it is characterised by prominent
lung neutrophilia, peaking between 6 and 24 hours (Ferretti et al, 2003). The
neutrophil is a primary source of neutrophil elastase in COPD and thus regarded as
one of the most important mediators driving emphysema. In addition, the LPS model
has been favourable as the protocol is quick and easy, involving just a single dose of
LPS. Furthermore, chronic administration of LPS has demonstrated airway

remodelling, emphysema and changes in lung function (Stolk et al, 1992; Savov et
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al, 2003; Brass et al, 2008). However, LPS-induced inflammation, unlike human
COPD, is sensitive to glucocorticoid treatment (Birrell et al, 2005; Hakansson et al,
2012), bringing into question the clinical relevance of this model. Although no longer
used as a COPD-like model it does provide a model of acute innate immunity-driven
inflammation and also serves as a model of bacterial exacerbation (Wright et al,
2008).

1.1.2.2.2. Cigarette Smoke Model

The use of cigarette smoke (CS) to model COPD in small animals has become
favourable over LPS and elastase models (a single stimulus) as CS smoke contains
over 4700 chemical compounds and more than 10" oxidants/free radicals (reviewed
in Vlahos & Bozinovski, 2014). In addition, CS is the primary etiological agent in
human COPD. Several hallmark features of human COPD have been observed in
rodent CS models, including chronic lung inflammation, impaired lung function,
emphysema, mucus hypersecretion, airway wall remodelling, and vascular
remodelling. In addition, CS-induced inflammation in rodents is insensitive to
glucocorticoids, resembling that seen in human COPD (Marwick et al, 2004; Marwick
et al, 2009). However, it can be difficult to compare findings from different research
groups as protocols for CS exposure can vary immensely. For example, differences
occur with delivery systems (nose-only or whole-body), types of cigarettes, smoke
concentration, duration and frequency as well as species and strain of animal.
Furthermore, a lot of the changes seen in rodent CS models are very mild in
comparison to those seen in humans. Subsequently, for lung function, small airway
remodelling and emphysematous changes to develop chronic exposures of 6 months
or more are required (Churg et al, 2004; Barreiro et al, 2012; Yao et al, 2012), which
is both time consuming and expensive. With that being said, acute exposure models
(<1 week) are effective as primary models to explore mechanisms of smoke-induced

lung inflammation as well as testing potential treatments.
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1.2. Prostanoids and Prostanoid Receptors

Within the airways prostanoids have been shown to contribute to airflow regulation,
bronchoconstriction, mucus secretion and microvascular leak, all of which are
prominent features in asthma and COPD. In addition, increased levels of
prostanoids, in particular PGE, and PGD,, have been measured in the airways of
asthma and COPD patients (Murray et al, 1986; Montushi et al, 2003; Long et al,
2004). It has also been suggested that prostanoids initiate protective mechanisms in
the airways and inhibit the release of inflammatory mediators from airway cells
(Clarke et al, 2004; Kay et al, 2006; Pavord & Tattersfield, 1995). There appears to
be a fine balance between the pro-inflammatory and anti-inflammatory effects of

prostanoids but it is clear that they have important functions in the airways.

1.2.1. Synthesis

Prostanoids are described as lipid mediators that belong to a diverse family of
eicosanoids synthesised by cyclooxygenase (COX)-mediated metabolism of the
unsaturated 20-carbon fatty acid arachidonic acid. Arachidonic acid is liberated from
the cell membrane by phospholipase A; and oxidised by COX enzymes into PGG..
This then undergoes a reduction reaction by COX to form an unstable
endoperoxidase PGH,. PGH, subsequently acts as a substrate for a number of
specific synthase enzymes which produce the five bioactive prostanoids (Flower,
1978; Goulet et al, 2004; Hata & Breyer, 2004). These are PGE,, PGFy, PGD,,
Prostacyclin (PGI;) and thromboxane A; (TXAz), as shown in Figure 1.2. There are
two forms of COX enzyme, simply termed COX-1 and COX-2. In the majority of cell
types within the body COX-1 is expressed constitutively, while COX-2 is inducible in
response to inflammatory stimuli, such as endotoxin, pro-inflammatory cytokines,
Interleukin 1B (IL-1B) and tumour necrosis factor a (TNF-a) and regulated by nuclear
factor k B (NF-kB) (Newton et al, 1997).
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Figure 1.2. Schematic representation of the biosynthesis of prostanoids. Arachidonic
acid is metabolised by cyclooxygenase-1 or -2 (COX-1/2) to PGH,. The prostanoids PGE,, PGF,
PGD,, TxA, and PGI, are formed by their individual synthase enzymes PGES, PGFS, PGDS, TxAS
and PGIS respectively.

1.2.2. Prostanoid Receptors

In order to exert their biological effects prostanoids bind to specific cell surface
receptors. These receptors belong to the Rhodopsin-like family of the seven
transmembrane domain G-Protein Coupled Receptors (GPCRs). Currently there are
nine known prostanoid receptors, FP, IP, TP, DP4.,, and EP44, named according to
the prostanoid affinity profiles i.e. of all the prostanoids PGE; has the most affinity for
the 4 EP receptors (Figure 1.2) (Coleman et al, 1994). Although individual

prostaglandins have the highest affinity for their cognate receptor, there is
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considerable cross reactivity between a given prostanoid and other receptors within
the family. For example, PGD;, has been shown to act via TP receptors to mediate
different responses (Coleman & Sheldrick, 1989; Nishimura et al, 2001).
Furthermore, the observation that PGE, can have multiple and often opposing
functional effects on a single tissue, is likely accounted for by the existence of
multiple receptors (Woodward et al, 2011). The G-proteins and downstream
signalling pathways activated by each prostanoid receptor are discussed in more
detail later. The schematic in figure 1.3 outlines the main signalling pathways for

each prostanoid receptor.

EP, FP TP EP,.; DP; IP

AG (IP,)

PKC)  (ca) camp camp

Figure 1.3. Signalling cascade of prostanoid receptors. The EP;, FP and TP receptors
predominantly couple to Gg, the EP,, EP,, DP; and IP receptors to G, and the EP3; and DP, receptors
to G,. Although the existence of EP; splice variants may alter the signalling pathway. Activation of G,
causes phospholipase C (PLC) activation and an increase in calcium/protein kinase C (PKC). G
coupling activates adenylyl cyclase (AC) and subsequent increase in cAMP, while G; inhibits AC and

decreases cAMP.
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1.2.2.1. Prostaglandin E, and EP receptors

Prostaglandin E, (PGE;) is generated by PGE synthase that catalyses the
isomerization of PGH;, to PGE,. As previously mentioned, PGE; has the highest
affinity for EP receptors, EP14, which are encoded for by the genes Ptger1-4
(Coleman et al, 1994). Original discovery of multiple receptor subtypes was
confirmed through molecular cloning from human tissue (Adam et al, 1994; Bastien
et al, 1994; Funk ef al, 1993; Regan et al, 1994) as well as mouse tissue (Sugimoto
et al, 1992; Honda et al, 1993; Watabe et al, 1993; Katsuyama et al, 1995).
Additionally, it was demonstrated that the EP3 receptor has multiple splice variants
(Adam et al, 1994). In terms of affinity, the EP3; and EP4 receptors bind PGE; with
the highest affinity (Kq < 1nM) while the EP4 and EP; receptors show a slightly lower
affinity (Kq > 10nM) (Abramovitz et al, 2000).

With four different receptor subtypes it is unsurprising that PGE, has the most
diverse range of physiological effects. In the gastrointestinal tract, PGE, protects the
integrity of the gastric mucosa, while the use of non-steroidal anti-inflammatory drugs
(NSAIDs) has been associated with significant adverse gastrointestinal effects (Woo
et al, 1986; Warner et al, 1999). In the kidney, PGE; is crucial in preserving renal
blood flow and glomerular filtration rate (reviewed in Breyer & Breyer, 2001). PGE;
also plays an important role in the cardiovascular system where it is able to maintain
blood pressure following salt overload (Kennedy et al, 1999). Opposing effects of
PGE; has also been noticed; on airway and vascular smooth muscle it can cause
both relaxation and contraction and within the immune system it appears to have
both pro- and anti-inflammatory actions. The signal transduction mechanisms
mediating their effects differ between each receptor subtype, which accounts for the
diverse role of PGE,. More detail on individual EP receptors and their biological

functions is discussed below.

1.2.2.1.1. EP; Receptors

The human EP; receptor cDNA encodes a 402-amino-acid sequence which shares
83% and 85% homology with the rat and mouse EP4 receptors, respectively (Funk et
al, 1993). It is predominantly thought to couple to the G4 pathway with the activation
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of phospholipase C (PLC) and Ca?* mobilisation (Nicola et al, 2005; Tang et al,
2005). However, in mouse EP1 receptors, this increase in Ca®* correlated with
negligible IP3 response, indicating a signalling pathway independent of G4 (Narumiya
et al, 1999).

EP, receptors are not widely distributed in higher species and are considerably more
common in guinea pigs and mice (Coleman et al, 1994b). However, functional EP4
receptors have been observed in the myometrium (Senior et al, 1991), pulmonary
veins (Norel et al, 2004), mast cells (Wang & Lau, 2006) and keratinocytes (Konger
et al, 2009). The physiological functions of EP4 receptors include allodynia (Stock et
al, 2001), cardiovascular homeostasis (Audoly et al, 1999; Stock et al, 2001),
inflammatory pain and hyperalgesia (Minami et al, 1994; Nakayama et al, 2004) and
stress-induced impulse behaviour (Matsuoka et al, 2005). In the airways, EP;
receptors mediate airway constriction in mice (Tilley et al, 2003) and guinea pigs
(Coleman & Kennedy, 1985; Ndukwu et al, 1997) and surfactant secretion from rat

alveolar type Il cells (Morsy et al, 2001).

Previously, 17-Phenyl PGE, was the selective agonist used to investigate the EP;4
receptor but its selectivity was only modest (Lawrence et al, 1992). The ligand ONO-
D1-004 produced by ONO pharmaceuticals (Japan) is more favourable due to its
superior selectivity (Okada et al, 2000; Suzawa et al, 2000). The most suitable
selective antagonist is considered to be GW848687X (Giblin et al, 2007; Jones et al,
2009).

1.2.2.1.2. EP, Receptors

The human EP, receptor cDNA encodes a 358-amino-acid polypeptide which has
also been cloned in the rat, mouse and rabbit (Boie et al, 1997; Guan et al, 2002;
Katsuyama et al, 1995; Regan et al, 1994). EP, receptors mediate their effects
through Gs coupling and an increase in cAMP (Regan et al, 1994). Additionally, it
has been suggested that a positive feedback loop exists whereby cAMP signalling

enhances the expression of EP; receptors (Sagana et al, 2009).

Earlier studies on EP, receptor mRNA expression indicated relatively low levels and

an uncertain distribution pattern (Regan et al, 1994; Narumiya et al, 1999; Smock et
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al, 1999). However, in the past decade it has become apparent that it is more widely
distributed. In the airways, expression has been reported throughout, including
airway smooth muscle, epithelial cells and inflammatory cells (Coleman et al, 1994).
According to functional studies, EP, receptor activation invariably leads to relaxation.
Indeed, EP,-mediated relaxation of vascular smooth muscle and vasodepressor
responses has long been known (Armstrong et al, 1976; Audoly et al, 1999).
Kennedy et al (1999) demonstrated that mice deficient in the EP, receptor developed
salt-sensitive hypertension. In addition, EP, receptors were thought to mediate
PGE-induced bronchodilation in isolated airway tissue in a variety of species
including humans (Norel et al, 1999), mice (Tilley et al, 2003), guinea pigs (Nials et
al, 1993) and cats (Gardiner 1986). However, more recently it has been shown that
in rat and human airway smooth muscle EP4 receptor activation mediates relaxation
and bronchodilation (Buckley et al, 2011).

Currently, ONO-AE1-259 is the preferred selective EP, agonist and has proved
valuable in characterising EP; receptor systems (Cao et al, 2002; Clarke et al, 2004).
AH6809 was previously used as a mixed EP+/EP, receptor antagonist as there were
no other potent or selective compounds in this class (Woodward et al, 1995).
However, Forselles et al (2011) recently reported on the development of a selective
EP, antagonist, PF-04418948. Results from our group confirmed its selectivity,
relative to other prostanoid receptors, using a range of isolated tissue based systems
(Birrell et al, 2013).

1.2.2.1.3. EP3; Receptors

Following pharmacological investigations into the EP3 receptor it was evident that its
activation mediated a diverse range of effects. This has been attributed to the
existence of multiple splice variants, with at least eight having been identified in
human tissue (Bos et al, 2004). The major signalling pathway for EP3 receptors is
through G; coupling and an inhibition of adenylyl cyclase (Narumiya et al, 1999).
However, the presence of alternative splice variants has demonstrated a wide
repertoire of signalling pathways. EP3; receptor activation has been reported to show
activation of the Gs pathway, increases in intracellular Ca?** and Rho kinase

stimulation (An et al, 1994; Namba et al, 1993; Hasegawa et al, 1997; Macias-Perez
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et al, 2008). Currently, there is no consistent nomenclature for these alternative

splice variants.

Through Northern blotting, in situ hybridisation and functional studies the EP;
receptor has demonstrated a wide distribution, including high expression levels in the
central nervous system, cardiovascular system, reproduction system, kidney, uterus,
adrenal gland and stomach (Yang et al, 1994; Abramovitz et al, 1995; Sugimoto &
Narumiya, 2007; Woodward et al, 2011). This wide distribution and existence of
multiple receptor isoforms appears to correlate with the diverse range of effects EP3
activation has. The EPj; receptor mediates PGE»-induced hyperalgesia (Minami et
al, 2001) and plays a major role in hyperpyrexia (Ushikubi et al, 1998). Within the
cardiovascular system EP3; receptors can mediate platelet aggregation by
potentiation of the effects of pro-aggregatory agents (Matthews & Jones, 1993;
Armstrong, 1996; Fabre et al, 2001; Ma et al, 2001; Gross et al, 2007; Singh et al,
2009). EPj; receptors also have a range of effects in the airways including sensory
nerve activation (Maher et al, 2009), constriction of human pulmonary artery (Qian et
al, 1994), bronchoconstriction and allergic responses in mice (Tilley et al, 2003;
Kunikata et al, 2005) and anti-proliferative effects on human airway smooth muscle
(Burgess et al, 2004). Furthermore, opposing effects on oedema formation have
been described. In rat and mouse skin, EP3; receptor activation inhibited oedema
formation (Ahluwalia & Perretti, 1994), while PGE2-induced mouse paw oedema was
EP3 receptor-mediated (Claudino et al, 2006).

Sulprostone has been used as an EP3 agonist in functional studies (Coleman &
Sheldrick, 1989; Maher et al, 2009) but it has only modest EP; versus EP4 selectivity
which has limited its utility (Coleman et al, 1987). ONO-AE-248 is a more suitable
agonist as it has proved to be highly selective at the EP3 receptors (Okada et al,
2000; Suzawa et al, 2000) despite having only modest potency (Jones et al, 2008).
EP3; antagonist L-826266 demonstrated high potency and selectivity (Gallant et al,
2002; Jones et al, 2009) but does have a slow onset of action owing to its lipophilicity
(Jones et al, 2008).
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1.2.2.1.4. EP, Receptors

The human EP4 receptor cDNA encodes a 488-amino-acid sequence (Bastien et al,
1994) and this sequence has been cloned in the mouse, rat, rabbit and cow (An et
al, 1994; Boie et al, 1997; Breyer et al, 1996; Honda et al, 1993). Originally, the
pharmacologically defined EP4 receptor was named EP, (Honda et al, 1993; Bastien
et al, 1994) until the authentic EP, receptor was cloned (Regan et al, 1994b). The
EP4 receptor primarily couples to Gs and the subsequent increase in cAMP
(Narumiya et al, 1999) but when compared with EP, receptor signalling the
functional coupling to cAMP appeared less efficient for the EP4 receptor (Fujino et al,
2002, 2005). In addition, several cAMP-independent signalling cascades have been
identified following EP,4 receptor activation (Fiebich et al, 2001; Pozzi et al, 2004;
Mendez & LaPointe, 2005; Frias et al, 2007; George et al, 2007; Rao et al, 2007).

EP,4 receptors are widely distributed and expression has been detected in tissues
including the small intestine, lung, kidney, spleen, adrenal glands and thymus
(Honda et al, 1993; Bastien et al, 1994; Breyer et al, 1996). Functionally, EP4
receptor activation mediates relaxation of vascular smooth muscle of pulmonary
arterial veins (Foudi et al, 2008) and is essential in closing the ductus arteriosus in
newborns (Nguyen et al, 1997). Relaxation of airway smooth muscle can also be
mediated via EP4 receptor activation in both the rat (Lydford & McKechnie, 1994;
Buckley et al, 2011) and human trachea (Buckley et al, 2011). Additionally, the EP4
receptor has demonstrated anti-inflammatory effects in various cell based assays
(Takayama et al, 2002; Clarke et al, 2004; Okano et al, 2006; Ratcliffe et al, 2007) as

well as Th1 cell differentiation and Th17 expansion (Yao et al, 2009).

One of the most extensively used EP4 agonists is ONO-AE1-329 which has
demonstrated high selectivity as a full EP4 agonist with relatively high potency
(Okada et al, 2000; Suzawa et al, 2000; Cao et al, 2002). AH23848 was one of the
first EP4 receptor antagonists (Coleman et al, 1994a) but has since been overtaken
by more selective and potent antagonists. These more selective antagonists include
GW627368X (Wilson et al, 2006), ONO-AE3-208 (Kabashima et al, 2002) and ER-
819762 (Chen et al, 2010).
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1.2.2.2. Prostaglandin D, and DP receptors

Prostaglandin D, (PGD,) is generated by PGD synthase (Urade et al, 1995) and is
able to bind and activate, with similar affinity, two distinct receptors; DP (Boie et al,
1995) and DP, (CRTH2) (Nagata et al, 1999; Hirai et al, 2001). PGD; is primarily
produced by activated mast cells and/or T cells and is associated with inflammatory
conditions (Roberts et al, 1980; Lewis et al, 1982). In addition, BAL fluid analyses
have shown increased levels of PGD, in the airways following antigen challenge
(Murray et al, 1986). The different functions and biological effects of each receptor

subtype is described below.

1.2.2.2.1. DP; Receptors

The human DP4 receptor cDNA encodes a 359 amino-acid polypeptide and is
expressed in low levels in most tissues (Boie et al, 1995). Receptor activation is
predominantly coupled to Gs and stimulation of cAMP production (Gorman et al,
1977; Halushka et al, 1989; Hirata et al, 1994; Boie et al, 1995) and DP1 expressing
cells have also elicited increases in intracellular Ca®** through cAMP-dependent

mechanisms (Boie et al, 1995; Zaccolo, 2009).

Compared to the other prostanoid receptors, DP, is the least abundant in tissues.
Northern blot analyses demonstrated expression in the retina and small intestine
(Boie et al, 1995) and in mice, expression is moderate in the ileum and weak in the
stomach, lung and uterus (Hirata et al, 1994). In contrast, functional studies have
demonstrated that DP receptor expression is limited to certain areas and/or specific
cells, which may explain low levels of detection (Narumiya et al, 1999). Activation of
the DP4 receptor mediates many physiological events, including allergic responses
and the production of chemokines and cytokines that recruit inflammatory
lymphocytes and eosinophils (Matsuoka et al, 2000). Further, these cells are known
to be involved in the airway inflammation and AHR seen in asthma (Kabashima &
Narumiya, 2003). Functional DP4 receptors also inhibit platelet aggregation (Whittle
et al, 1983; Seiler et al, 1990), induce sleep (Mizoguchi et al, 2001), inhibit

angiogenesis and plasma leakage (Murata et al, 2008) and mediate smooth muscle
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relaxation and contraction (Narumiya & Toda, 1985). Differential effects of PGD, on
airway smooth muscle tone has been reported and attributed to its agonism of
contractile TP receptors (Beasley et al, 1987; McKenniff et al, 1991; Underwood et
al, 1994).

A commonly used agonist for DP4 receptors is BW245C as it exhibits minimal DP»
agonism (Monneret et al, 2001; Yoshimura-Uchiyama et al, 2004) compared to
PGD,, (Hirai et al, 2001). Originally, the DP4 antagonist AH-6809 was most frequently
used (Keery & Lumley, 1988), however, its low affinity and its mixed selectivity with
EP, and EP; receptors has since limited its utility (Abramovitz et al, 2000). The use
of BWA868C has become favourable and the first choice antagonist as it is a
selective and competitive blocker of high affinity (Giles et al, 1989; Lydford et al,
1996).

1.2.2.2.2. DP;, Receptors

PGD; is also a primary ligand for the DP, receptor; however, the DP, receptor has
no significant homology with the DP receptor or any other prostanoid receptor that
was described in the original classification (Abe et al, 1999; Hirai et al, 2001; Hata et
al, 2005). In fact, DP, receptors are more closely related to chemoattractant
receptors, hence its previous name being chemoattractant receptor-nomologous
molecule expressed on T helper Type 2 cells (CRTH2) (Abe et al, 1999; Hirai et al,
2001). It is the arginine residue in the seventh domain, which is conserved in all
receptors of the original classification that is missing in the DP, receptors. In
addition, the widespread distribution of the receptor outside of the immune system

made its classification as DP, more appropriate (Jones et al, 2009).

DP, receptors primarily signal via a Gi-coupled pathway, resulting in decreases in
cAMP levels (Sawyer et al, 2002; Gallant et al, 2007) and mobilisation of intracellular
Ca?* (Hirai et al, 2001; Gallant et al, 2007). lIts distribution appears to be
widespread, with high levels of expression found in the human stomach, heart,
thymus and small intestine; moderate expression in the colon, blood and spinal cord
and lower levels in the brain, skeletal muscle and spleen (Sawyer et al, 2002).

Subsequent functional analyses found that DP, receptors were also present in
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smooth muscle, the cardiovascular system and the eye (Jones et al, 2009). The
expression of DP, receptors has also been reported on a number of human
leukocytes, including eosinophils, Th2 cells and basophils (Hirai et al, 2001; Nagata
et al, 1999).

DP, receptors have been implicated in immune regulation, more specifically in the
development of allergic responses such as asthma and atopic dermatitis. Its
expression in CD4" T cells is enhanced in allergic subjects and correlates with
disease severity (Kostenis & Ulven, 2006). In addition, activation of the DP, receptor
leads to increased production of cytokines such as IL-4, IL-5 and IL-13 (Honda et al,
2003; Gallant et al, 2005; Xue et al, 2005; Kostenis & Ulven, 2006; Herlong & Scott,
2006), chemotaxis of eosinophils (Gervais et al, 2001; Hirai et al, 2001; Monneret et
al, 2001; Sugimoto et al, 2003; Bohm et al, 2004) and the activation of basophils
(Hirai et al, 2001; Cossette et al, 2007).

DP, receptors have the highest affinity for PGD, but have also shown affinity for the
PGD, metabolites DK-PGD, and PGJ; (Hirai et al, 2001). Selective agonists have
also been described, including 15R-methyl PGD, (Monneret et al, 2003) and L-
888,607 (Gervais et al, 2005). In addition, indomethacin has also been shown to be
a DP, agonist (Hirai et al, 2002). The development of selective antagonists has
stemmed from the use of ramatroban, which is a TP antagonist that has
demonstrated antagonism of DP, receptors, although with lower affinity (Mathiesen
et al, 2005; Sugimoto et al, 2003; Mathiesen et al, 2006). Modification of ramatroban
led to the development of CAY-10471, which has a higher affinity for DP, over TP
receptors (Ulven & Kostenis, 2005).

1.2.2.3. Prostaglandin F,, and the FP receptor

Prostaglandin Foq (PGFy,) is formed through three pathways from PGE,, PGD, or
PGH; by PGE 9-ketoreductase, PGD 11-ketoreductase, or PGH 9-,11-endoperoxide
reductase, respectively (Watanabe, 2002). PGF,, is known to activate a single
prostanoid receptor, FP, that has two splice variants; FPa, FPg (Abramovitz et al,
1994; Pierce et al, 1997). The human FP receptor cDNA encodes an amino acid
sequence of 359 residues (Abramovitz et al, 1994). The FP receptor is primarily
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coupled to G4 and subsequent activation of PLC (lto et al, 1994) but has also

demonstrated G113 coupling and the activation of Rho (Pierce et al, 1999).

FP receptors are widely distributed and is expressed in tissues including the kidneys,
uterus, placenta, spinal cord and eye (Abramovitz et al, 1994; Sugimoto et al, 1994a;
Schiétzer-Schrehardt et al, 2002; Suzuki-Yamamoto et al, 2009). Its most prominent
function has been in reproduction. Sugimoto et al (1997) observed that in mice
lacking the FP receptor parturition was abolished. PGF,y has also demonstrated
pathophysiological effects in the cardiovascular system where it increases blood
pressure and promotes atherosclerosis (Yu et al, 2009b). Although no FP receptor
expression has been observed in immune cells (Tilley et al, 2001; Hata & Breyer,
2004) it has been shown to induce bronchoconstriction in vitro (Coleman &
Sheldrick, 1989) and in asthmatic patients (Fish et al, 1984). In addition, bleomycin-
induced pulmonary fibrosis was suppressed in FP-deficient mice while pulmonary

inflammation was comparable with wild-type mice (Oga et al, 2009).

PGF,, itself is most potent at FP receptors but this receptor is also able to bind both
PGD, and PGE; at nanomolar concentrations (Abramovitz et al, 2000). In addition,
PGF,, does not have a high degree of selectivity for FP receptors as it is also able to
bind to the EP1 and EP3 receptors with high affinity (Breyer et al, 2001). The most
frequently used antagonist for FP receptors is AL8810 (Griffin et al, 1999) but has
only modest affinity for FP receptors (Sharif et al, 2006) and also blocks TP
receptors (Hutchinson et al, 2003; Vysniauskiene et al, 2006). Furthermore, its
inhibitory effect on FP receptors has been shown to be through partial agonism and

no true competitive antagonism (Woodward et al, 2007).

1.2.2.4. Prostacyclin and the IP receptor

Prostaglandin I, (PGI,) or prostacyclin is formed by PGl synthase and binds the
prostanoid IP receptor. The human IP receptor cDNA encodes a sequence of 386
amino acids and couples to the stimulatory Gs protein which mediates an increase in
cAMP production via stimulation of adenylyl cyclase (Boie et al, 1994). The
activation of the cAMP-PKA pathway appears to be responsible for several

prostacyclin-mediated events (Nasrallah et al, 2001; Ritchie et al, 2004; Kamio et al,
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2007; Muja et al, 2007). In addition, IP receptors have also demonstrated coupling
to other pathways, including G; and G4 (Hebert et al, 1998; Katsuyama et al, 1994;
Namba et al, 1994; Schwaner et al, 1995).

IP receptors have long been recognised for their key role in vascular homeostasis,
mediating vasodilation and inhibiting thrombosis (Vane & Botting, 1995). PGl
production from endothelial cells may confer protection and counteract the
vasoconstriction and platelet aggregation induced by thromboxane (TxAz) during
vascular dysfunction (Cheng et al, 2002; Tan et al, 2007). Additionally, IP receptors
play a central role in oedema formation, hyperalgesia and pain (Bley et al, 1998;
Hata & Breyer, 2004). Anti-inflammatory properties of IP receptors have also been
observed including suppression of Th2-mediated responses (Hata & Breyer, 2004),
inhibition of Th2 cytokines (IL-4, IL-10, IL-13) and Th1 cytokine (IFNy) production
(Zhou et al, 2007) and attenuation of allergic inflammatory responses (Jaffar et al,
2002; Takahashi et al, 2002).

The endogenous IP receptor ligand, PGl,, is highly unstable and so has little
experimental use. Therefore, more stable IP agonists were developed such as
cicaprost, iloprost and beraprost to study this receptor. However, lloprost has shown
potent EP4 agonism and some EP3; agonism, while cicaprost is more selective (Dong
et al, 1986; Lawrence et al, 1992; Abramovitz et al, 2000; McCormick et al, 2010).
Chemical screening highlighted two IP antagonists, RO-1138452 and RO-3244794
(Bley et al, 2006).

1.2.2.5. Thromboxane A; and the TP receptor

Thromboxane A; (TxAy) is generated via thromboxane synthase and signals through
the activation of the TP receptor (Nusing et al, 1990; Tanabe & Ullrich, 1995). The
human TP receptor was the first eicosanoid receptor cloned (Hirata et al, 1991) and
encodes a 343 amino acid protein. Two isoforms have been described; TPa
(placental/platelet) and TPB (endothelial). These two isoforms are generated
through alternative splicing in the carboxy-terminal region after the seventh
transmembrane domain (Raychowdhury et al, 1994). TP receptors are known to be

Gq-coupled, activating PLC and inositol trisphosphate (IP3)/diacylglycerol (DAG) with
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an increase in Ca®*/PKC (Hirata et al, 1991; Dorn & Becker, 1993; Kinsella et al,
1997; Offermanns, 2006; Nakahata, 2008). @ However, the range of G protein
coupling for TP receptors is extensive and may also couple to Gs (Hirata et al, 1996;
Walsh et al, 1998; Mir & Le Breton, 2008) and G; (Ushikubi et al, 1994; Song et al,
2009).

The TP receptor was first identified in human platelets (Ushikubi et al, 1989) and has
been known to induce shape change and platelet aggregation (Offermanns, 2006;
Nakahata, 2008). In addition, TP receptor-deficient mice have prolonged bleeding
times and cannot form stable thrombi (Thomas et al, 1998). Furthermore, TP
receptors are widely expressed throughout the cardiovascular system, including
endothelial cells, vascular smooth muscle and cardiomyocytes, and are often
associated with cardiovascular disease. Increased production of TxA; is thought to
contribute to endothelial dysfunction and subsequent vasoconstriction (Gendron &
Thorin, 2007; Francois et al, 2008; Denniss & Rush, 2009; Félétou et al, 2009;
Graham & Rush, 2009) and TxA; mimetic U46619 can cause arrhythmia (Wacker et
al, 2009). Outside of the cardiovascular system, TP receptors are prominently
expressed in bronchial smooth muscle (Capra et al, 2003). TP activation has shown
potent bronchoconstriction in isolated tissue from a number of different species
(Coleman & Sheldrick, 1989; Armour et al, 1989; McKenniff et al, 1991; Underwood
et al, 1994) as well as in clinical and in vivo studies (Saroea et al, 1995; Lewis &
Broadley, 1995; Cyphert et al, 2012).

Although TxA, can potently activate TP receptors, it is very chemically unstable and
so is of limited use in experimental protocols. Stable analogs were therefore
developed and the most widely used is U46619. SQ29548 is a highly selective and
potent TP antagonist and its use is favourable over older, less selective antagonists
such as AH23848 (Abramovitz et al, 2000; Jones et al, 2009).

1.2.3. Prostanoids in Airway Disease

The role that prostanoids play in airway inflammation has been subject to extensive
investigation, in particular their role in asthma and COPD. The role of prostanoids in

mediating inflammatory responses in airway diseases, such as asthma and COPD,
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is often varied, where pro- and anti-inflammatory actions of prostanoids can present
in a single disease process (Narumiya, 2009). Notably, non-steroidal anti-
inflammatory drugs (NSAIDs) inhibit many processes mediated by prostanoids,
through an inhibition of the cyclooxygenase enzymes (Vane, 1971; Flower & Vane,
1974; Coleman et al, 1994; Narumiya et al 1999). For example, prostanoids are able
to mediate fever (Ushikubi et al, 1998), oedema and pain (Murata et al, 1997; Ueno
et al, 2000), hyperalgesia (Moriyama et al, 2005; Ueno et al, 2001) and arthritic
inflammation (Honda et al, 2006). This has led to the assumption that they act as a
pro-inflammatory mediators in several inflammatory diseases (Mcllroy et al, 2006).
However, it is well documented that exacerbations in asthma can be associated with
aspirin. Additionally, this aspirin-sensitivity is associated with the inhibition of COX
enzymes (Szczeklik & Stevenson 2003). Their effects in the airways is summarised
below and includes their role in mediating airway tone and airway inflammatory

processes.

1.2.3.1. Airway Tone

Bronchodilation following inhaled PGE, has been demonstrated in both normal
subjects and in patients with asthma and chronic bronchitis (Gauvreau et al, 1999;
Kawakami et al, 1973; Seth et al, 1981). This effect has also been observed in
isolated airway smooth muscle in mice, where several reports have suggested that it
is mediated via the activation of the EP, receptors (Fortner et al, 2001; Sheller et al,
2000). Similar findings have also been shown in constricted tracheal tissue from
guinea pigs and monkeys (Buckley et al, 2011). However, Buckley et al (2011)
recently demonstrated that it is actually the EP4 receptor that is key in mediating this
effect in humans. Experiments using selective EP ligands on human airway tissue
found that an EP4 agonist was effective in relaxing smooth muscle, while EP 1.3 were
unable to induce this effect. These findings were also mimicked in isolated rat
trachea (Buckley et al, 2011). IP receptor activation has also been shown to mediate
bronchodilation; in canine (Tamaoki et al, 1993) and human (Norel et al, 1999)
isolated smooth muscle IP receptor agonists induced substantial relaxation, but in
mouse (Richter & Sirois, 2000) and rat (Lydford & McKechnie, 1994) IP activation

only produced small relaxation responses.
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PGDs-induced bronchoconstriction in normal and asthmatic subjects has been
demonstrated (Hardy et al, 1984) and expression of DP4 receptors has been
reported in airway smooth muscle (Coleman et al, 1994). Additionally, tracheal tissue
under basal tone has shown DP-induced increases in airway tone (Beasley et al,
1987; McKenniff et al, 1991; Underwood et al, 1994). However, DP4 activation in
isolated human airway smooth muscle also causes relaxation (Norel et al, 1999). An
explanation of these discrepancies may be due to PGD;, agonism at TP receptors.
TxA, is a potent constrictor of bronchial smooth muscle and is considered an
important mediator in asthma and COPD. Increased levels of TxA, have been
observed in the airways of asthma patients following allergen challenge (Wenzel et
al, 1991) and its bronchoconstrictor effects in clinical and in vivo studies have also
been reported (Saroea et al, 1995; Lewis & Broadley, 1995; Cyphert et al, 2012). In
addition, increased levels of TxA, metabolites were seen in COPD patients
compared to healthy subjects (Davi et al, 1997). Its potent effects on platelet
aggregation may be important in the pathogenesis of COPD as thromboembolic

events and pulmonary hypertension are common in COPD (Zheng et al, 1991).

Although FP receptor expression in the lung is low (Coleman et al, 1994), PGF,4 can
induce bronchoconstriction in vitro (Coleman & Sheldrick, 1989) and in asthmatic
patients (Fish et al, 1984).

Another important characteristic of chronic airway disease, such as asthma, is
airway smooth muscle (ASM) proliferation which may contribute significantly to
airway hyperresponsiveness and decline in lung function (Roscioni et al, 2011).
Several studies have indicated a role for PGE,, via activation of EP, and EP4
receptors, in inhibiting this ASM proliferation through an elevation of cAMP (Clarke et
al, 2005; Roscioni et al, 2011; Yan et al, 2011).

1.2.3.2. Immune and Inflammatory Responses

PGD, is a prominent mediator of airway inflammation and is the major prostanoid
produced by mast cells where it is released in large amounts following antigen
challenge. Matsuoka et al (2000) found DP; knock-out mice demonstrated a

substantial reduction in asthmatic responses in the OVA model; the levels of Th2
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cytokines and eosinophil infiltration were greatly reduced in the knock-outs.
Activation of the DP, receptor has also been shown to inhibit airway inflammation in
mice by modulating regulatory T cells and dendritic cells (Hammad et al, 2007).
Additionally, the discovery of DP;, receptor as a Th2 cell chemoattractant further
implicated PGD; in mediating inflammatory responses (Hirai et al, 2001). Enhanced
expression of DP, receptors on CD* T cells has been observed in atopic subjects
(Kostenis & Ulven, 2006) and activation of DP, causes chemotaxis and
degranulation of eosinophils (Gervais et al, 2001; Hirai et al, 2001; Monneret et al,
2001; Sugimoto et al, 2003; Bohm et al, 2004). In contrast, Chevalier et al (2005)
examined the effects of OVA-induced allergic asthma in DP, knock-outs and saw an

increase in eosinophil recruitment into the BAL fluid.

Long et al (2004) reported that increased PGE; levels in bronchoalveolar lavage
(BAL) fluid and in the plasma of patients with asthma may correlate with the severity
of airway obstruction. Additionally, in murine B cells, PGE; is able to prolong
eosinophil survival and Sturm et al (2008) demonstrated that the chemotactic
responsiveness of isolated human eosinophils is restrained by low concentrations of
PGE:; in vitro. In addition they showed that this attenuation in eosinophil locomotion
is attenuated via EP, receptors (Sturm et al, 2008). Furthermore, in vitro data from
human alveolar macrophages indicates that both EP, and EP,4 receptors mediate the
anti-inflammatory actions of PGE; (Ratcliffe et al, 2007). In vivo, an agonist selective
for the EP3 receptor was effective in suppressing allergic inflammatory reactions in
murine airways, while EP3 receptor deficient mice demonstrated enhanced allergic
reactions in the ovalbumin-challenge model, suggesting that suppression of allergic
inflammation is mediated via PGE,-EP; signalling (Kunikata et al, 2005). PGE; has
also been implicated in COPD, where Montuschi et al (2003) observed 2.2 fold
higher exhaled PGE; levels in COPD patients compared to healthy subjects. There
is also recent evidence for a possible role for COX-2, along with PGE,, on the
infiltration of neutrophils (Profita et al, 2010). Furthermore, cigarette smoke, a major
risk factor, may play a significant role by increasing the expression of COX enzymes
as well as specific EP receptors in alveolar macrophages and neutrophils (Profita et
al, 2010).

IP receptor mMRNA has been shown to be expressed by Th2 cells but not Th1 cells

and Jaffar et al (2002) showed elevated production of anti-inflammatory cytokine, IL-
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10, following PGl,-Th2 activation. In vivo studies using allergen-induced asthma
also demonstrated an inhibitory role for IP receptors (Takahashi et al, 2002). Yuhki
et al (2004), however, demonstrated that IP receptors mediated exudate formation in
a carrageenan-induced mouse pleurisy model, which suggests that the PGl, can
elicit inflammatory responses in a context dependent manner. Additionally, PGI; and
IP receptor activation causes prominent vasodilation and increased blood flow which

is a classic sign of inflammation.

1.2.3.3. Sensory Nerve Activation

The beneficial effects of inhaled PGE, have been hindered by its irritancy of the
upper airway and associated cough. This cough reflex is initiated by the activation of
sensory afferent nerve endings in the airways, which PGE, has been shown to
mediate (Coleridge et al, 1976; Mohammed et al, 1993). Furthermore, it appears
that this effect is mediated via the EP3 receptor. Maher et al (2009) used prostanoid
receptor-deficient mice and pharmacology to provide substantial evidence that this is
the receptor that mediates PGE, sensory nerve activation. Additionally,
depolarization of guinea pig vagus has been observed with PGF,,, PGD,, lloprost
and U46619 (Birrell et al, 2009; Maher et al, 2009).

47



1.3. Microvascular Leak

1.3.1. Introduction

Microvascular leakage (MVL) and plasma exudation represent classical features in
the pathogenesis of various inflammatory diseases and is thought of as a cardinal

sign of inflammation leading to tissue swelling (“tumor”) (Paredi & Barnes, 2009).

In a healthy endothelium the semipermeable barrier carefully regulates the
movement of water, solutes and proteins between the blood and tissue. In this state,
water and low molecular weight solutes are able to pass via the paracellular route.
Larger macromolecules such as albumin are only able to move across via the
transcellular route. However, during an inflammatory response such as in sepsis
and acute lung injury, this barrier is disrupted allowing fluid and large
macromolecules to move across through interendothelial gaps (Figure 1.4). Briefly,
during an inflammatory challenge there is the release of several mediators, such as
histamine, 5-hydroxytryptamine (5-HT), leukotrienes and cytokines, which act directly
upon post capillary venules to cause the opening of these intercellular gaps and thus
increasing vascular permeability. This increase in permeability causes plasma to
‘leak’ into extravascular sites due to hydrostatic pressure gradients (Olivenstein et al,
1997; Reynolds et al, 2002). These hydrostatic pressure gradients form between the
microvasculature and the lamina propria, resulting in a rapid and widespread

distribution of plasma in the lamina propria and epithelium (Greiff et al, 2003).

This phenomena is a very distinctive feature of acute inflammation but is also
observed in more chronic diseases such as asthma (Laitinen et al, 1987; Li &
Wilson, 1997, Innes et al, 2009; Khor, 2009) and COPD (Hill et al, 1999; Minikata et
al, 2005; Bessa et al, 2012). Microvascular leak can often present as an adverse
side effect of disease, exacerbating a patient’'s condition, or it can be the main
underlying cause of a disease. For example, in pathological states where there is a
significant increase in vascular permeability, excessive leak can aggravate acute life-
threatening disorders, such as airway obstruction in asthma, acute lung injury and
related pulmonary diseases. Vascular leakage is also a prominent feature in sepsis
where it causes circulatory collapse (Amerongen & Hinsburgh, 2002).
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In the early sixties, Majno and Palade were able to study the effects of histamine and
5-HT on vascular leakage using an electron microscope. They showed that this
plasma exudation was occurring only in postcapillary venules and not in capillaries of
the systemic circulation (Majno & Palade, 1961). The use of particulate tracers, such
as Monastral blue and colloidal gold, has allowed the visualisation of where plasma
leak is occurring. Erjefalt et al (1998) administered Monastral blue to OVA-
challenged mice and identified the extravasating vessels of the trachea as
postcapillary venules. These venules had a mean diameter of 30 + 2.3um (Erjefalt
et al, 1998). McDonald (1994) also observed a similar response in rat airways where
Monastral blue particles were trapped in interendothelial gaps of postcapillary

venules.

Postcapillary venule

Inflammatory mediators:
e.g. Histamine, cys- _>
leukotrienes, PAFE.

l

Gaps form between endothelial
cells via:

Cell contraction

Loss of adhesion proteins e.g. VE-
cadherin.

|

Plasma, plasma proteins
(albumin), cytokines etc released
into surrounding tissue.

Endothelial Cells

A 4

Figure 1.4. Schematic representation of microvascular leakage in the airways. During
an inflammatory insult various mediators at upon endothelial cells in postcapillary venules causing
them to contract producing intercellular gaps. This gap formation allows the movement of plasma
(and plasma proteins) out into extravascular sites, such as the airway lumen. This can contribute to

the formation and exacerbation of oedema.
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1.3.2. Regulation of Endothelial Permeability

Current hypotheses regarding the mechanisms that cause an increase in
microvascular permeability suggest a disruption in the endothelial barrier and the
opening of interendothelial gaps allowing fluid and macromolecules to leak out.
Specific signalling pathways may lead to an increase in the contractility of the acto-
myosin cytoskeleton, or a decrease in junction integrity by weakening intercellular

junctions, primarily tight and adherens junctions (Schweitzer et al, 2011).

1.3.2.1. Myosin Light Chain Kinase-Dependent Hyperpermeability

It was Majno in the 1960s that first suggested that the formation of these gaps was
due to endothelial cells actively contracting in response to inflammatory stimuli
(Majno & Palade, 1961; Majno et al, 1961). From microscopy studies he noticed the
nuclei of these cells formed deep membrane indentations suggesting cell shortening
and contraction. The thought is that the contraction of adjacent endothelial cells will
modulate cell shape causing a ‘rounding’ of the cell and the formation of these
intercellular gaps (Mehta & Malik, 2006). Most in vitro studies working on isolated
and cultured endothelial cells have indicated that a balance of competing contractile
and adhesive forces lead to the modulation of cell shape and gap formation (Garcia
et al, 1995). Additionally, there is evidence revealing an association of myosin with
actin, thus enhancing the cell contraction-cell separation theory (Drenckhahn &
Wagner, 1986; Schnittler et al, 1990). More specifically, it has been shown that
increasing the activity of myosin light chain kinase (MLCK) induces barrier
dysfunction while a normal basal level of MLCK activity is required to maintain
physiological microvascular permeability. MLCK is a serine/threonine-specific
protein kinase whose primary biological function is to phosphorylate the regulatory
myosin light chain Il (MLC-Il) (Takashima, 2009; Shen et al, 2010). Phosphorylation
occurs at Ser-19 and then Thr-18 which subsequently causes an ATP-dependent
contraction of the actomyosin complex (Verin et al, 1998; Lazar & Garcia, 1999;
Shen et al, 2010). This MLCK-dependent contractility is associated with arteriolar
vasoconstriction and capillary and venule permeability. In order to control basal
cytoskeletal tension a balance is needed between phosphorylation by MLCK and
dephosphorylation by MLC phosphatase (MLCP). Dephosphorylation by MLCP
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decreases actomyosin contraction causing the actin cytoskeleton to relax and
permeability to decrease. (Schnittler et al, 1990; Verin et al, 1995; Chrzanowska-
Wodnicka & Burridge, 1996; Cai et al, 1998). Furthermore, inhibition of MLCP can
increase the phosphorylation of MLC and subsequent cytoskeletal contraction

without an increase in MLCK activity.

1.3.2.2. Endothelial Cell-Cell Junctions and Hyperpermeability

As well as an increase in endothelial cell contraction, cell-cell interactions play an
enormous role in modulating barrier function and the development of interendothelial
gaps. Indeed, Moy et al (1996) demonstrated that in human umbilical vein
endothelial cells histamine caused a decrease in monolayer resistance without
endothelial cell contraction. Simultaneously, they also showed that thrombin
produced a similar effect and at the same time caused endothelial contraction (Moy
et al, 1996). This data suggests that neither process acting alone is sufficient to
impair endothelial barrier integrity. Subsequently, others have also confirmed that
gap formation occurred with a loss of cell-cell adhesion but not always with cell
contraction (Corada et al, 1999; Winter et al, 1999; Moy et al, 2000). What does
appear to be the case is that endothelial contraction can increase the magnitude of
the gap size and the duration that the gap remains open but only in the presence of

junctional reorganisation (Ochoa & Stevens, 2012).

Endothelial cell-cell junctions are made up of membrane proteins that are expressed
on the lateral surface of endothelial cells and consist of both extracellular and
intracellular domains. It is the interaction of the extracellular domains which forms
the barrier between adjacent endothelial cells and the passage of large
macromolecules across the endothelium. The intracellular domain of these
junctional proteins is linked to adaptor proteins that form connections with the actin
cytoskeleton (Rigor et al, 2013). The two main types of junctions involved in
mediating this response include adherens and tight junctions. Adherens junctions
play the more prominent role as they are present in the vascular endothelium of most
organs and tissues (Mehta & Malik, 2006; Vandenbroucke et al, 2008; Komarova et
al, 2010). Tight junctions, however, are primarily found in the microvasculature of

specialised tissues, for example, the blood-brain barrier or blood-retinal barrier

51



(Hawkins & Davis, 2005; Engelhardt & Sorokin, 2009; Cosine & Engelhardt, 2011).
The principal structural element of adherens junctions between endothelial cells is
vascular endothelial cadherin (VE-cadherin), which is able to connect neighbouring
cells in a calcium dependent manner (Goldenberg et al, 2011). For VE-cadherin,
intracellular connections to the actin cytoskeleton occur via catenins (a, B, y and
p120), while tight junctions have specialised proteins: occludin and claudins (see
Figure 1.5) (Dudek & Garcia, 2001; Vandenbroucke et al, 2008; Prasain & Stevens,
2009; Shen et al, 2009). It is the disassembly of these junctional proteins during an
inflammatory response that weakens the endothelial barrier and causes vascular
leakage. The cadherin-catenin complex is phosphorylated and then internalised via
endocytosis. For example, inflammatory mediators such as thrombin and VEGF are
able to induce MVL though the phosphorylation and internalisation of VE-cadherin
(Rabiet et al, 1996; Cohen et al, 1999; Ukropec et al, 2000; Gavard & Gutkind, 2006;
Gavard et al, 2009).

However, modulation of these responses involves complex signalling pathways
which are not fully understood and various signalling cascades have been proposed.
Furthermore, the majority of research into these pathways is carried out on cultured
endothelial cells which do not develop the permeability characteristics of intact

endothelium and so have therefore not been validated in vivo (Jiang et al, 2008).
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Figure 1.5. Schematic representation of the mechanisms involved in endothelial
barrier disruption. The critical features include myosin-actin interactions leading to cell contraction

and a loss of junctional integrity.

1.3.3. Intracellular Signalling Pathways Modulating Endothelial Permeability

Most of the literature describing the signalling pathways involved in the disruption or
enhancement of the endothelial barrier focus on research conducted in cultured
endothelial cells and intact microvessels, including a variety of species and
subtypes. As described the main endothelial subtype that is important in regulating
permeability are the microvascular endothelial cells from postcapillary venules.
While a lot of information has been obtained from such research, it cannot be a true

representation of what occurs in vivo.

Endothelial barrier dysfunction occurs due to a misregulation of intracellular
signalling that is associated with maintaining barrier integrity, or via the activation of
signalling pathways that lead to a hyperpermeable endothelium (Yuan, 2000; Yuan,

2002; Shen et al, 2010). In either case, the subsequent increase in myosin light
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chain kinase (MLCK) activity is the primary cause of barrier dysfunction. In a
‘healthy’ endothelium a basal level of MLCK activity is needed to maintain and
regulate the permeability of the microvasculature. However, when MLCK activity is
elevated in disease an increase in microvascular leak is observed (Shen et al, 2010).
Additionally, cell to cell interactions via adherens and tight junctions play a vital role
in regulation barrier integrity. How these factors induce hyperpermeability was
described in section 1.3.2. Outlined below is the role that key cell signalling
pathways play in mediating microvascular permeability, and how they influence

MLCK and cell-cell interactions.

1.3.3.1. Calcium

Increasing intracellular calcium (Ca?*) is pivotal to the control of MLCK activity and
subsequent increases in endothelial permeability. Ca?*/calmodulin binding to MLCK
is known to release the MLCK autoinhibition and thus increase its activity (lto et al,
1991; Blue et al, 2002; Hong et al, 2011). This pathway is thought to be responsible
for the rapid and transient increase in permeability to vasoactive agents such as
histamine and substance P. Histamine has been shown to increase cytoplasmic
Ca®" concentration in endothelial cells (Shasby et al, 1997) as well as increasing
endothelial permeability. This increase in endothelial permeability has been inhibited
by a Ca®" chelator as well as a calmodulin inhibitor (van Niew Amerongen et al,
1998).

In smooth muscle the binding of Ca** to calmodulin activates smooth muscle
(sm)MLCK and induces actin-myosin contraction. However, in the endothelium this
alone does not appear to be sufficient to cause cytoskeletal contraction, suggesting
other signalling pathways are involved (Garcia et al, 1997).

1.3.3.2. RhoA/Rho Kinase

Rho GTPases are a family of small signalling G proteins that are involved in the
regulation of endothelial cell contractility. This regulation is dominated by three of the

most prominent members; RhoA, Rac and cdc42 (Steinberg et al, 2012; van Nieuw
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Amerongen & van Hinsbergh, 2002). Stimulation by inflammatory mediators, such
as thrombin, destabilises the endothelial junction and increases vascular
permeability by signalling through RhoA. Thrombin and VEGF have both been
shown to initiate endothelial barrier disruption through RhoA/Rho Kinase signalling
(Lorenzo et al, 2013; Sun et al, 2006; Qiao et al, 2003; van Nieuw Amerongen et al,
2000). RhoA controls endothelial cell contractility by stabilising the phosphorylated
state of MLC, which is thought to occur via the activation of Rho kinase. Rho kinase
inactivates myosin light chain phosphatase thus increasing MLC phosphorylation
and the subsequent cytoskeletal contraction (Amano et al, 1996; Kimura et al, 1996;
Kawano et al, 1999, Katoh et al, 2001). Additionally, Rho kinase activity leads to a
reduction in VE-cadherin stability and so disassembly of junctional proteins (Essler et
al, 1998).

1.3.3.3. Cyclic AMP

In contrast to Ca?* and RhoA signalling, increasing concentrations of cyclic AMP
(cAMP) have been associated with a reduction in endothelial permeability. In
addition, increasing endothelial cAMP does not only reduce the increase in
permeability caused by inflammatory mediators but also reduces baseline levels
(reviewed by Michel & Curry, 1999). It was earlier studies that demonstrated (-
adrenergic stimuli inhibited histamine-induced leakage in animals and this effect
appeared to be related to enhanced cAMP concentrations in the endothelial cells
(Rippe & Grega, 1978). Later studies have also established the effectiveness of
elevated endothelial cAMP in reducing vascular permeability in vitro (Stelzner et al,
1989; Langeler & van Hinsbergh, 1991; Moy et al, 1993) as well as reducing
histamine-induced leak in vivo (Kobayashi et al, 2013). This elevation of cAMP
stabilises endothelial junctions, inhibits MLCK and actomyosin contraction and the
formation of stress fibres (He & Curry, 1993; Moy et al, 1993; Moy et al, 1998;
Siflinger-Birnboim et al, 1993; Adamson et al, 1998). Furthermore, the effects of
cAMP have been linked to protein kinase A (PKA) activation where studies have
demonstrated the effectiveness of cAMP and PKA in reducing endothelial
permeability (Garcia et al, 1995; Garcia et al, 1997; Qiao et al, 2003). Liu et al

(2001) pharmacologically reduced PKA activity in endothelial cells which induced
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actin stress fibre formation and subsequent cell contraction. It has also been
suggested that activation of the cAMP/PKA pathway inhibited endothelial contraction
by inhibiting the activation of the RhoA/Rho kinase pathway (Qiao et al, 2003;
Birukova et al, 2004; Baumer et al, 2008; Baumer et al, 2009; Birukova et al, 2010).
Qiao et al (2003) found that cAMP-elevating agents inhibited thrombin-induced RhoA
activation in human microvascular endothelial cells and protected against endothelial
barrier dysfunction. Birukova et al (2004) also demonstrated PKA-mediated
inhibition of RhoA and Rho kinase resulted in decreased MLC phosphorylation,

actomyosin contraction and endothelial permeability.
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1.3.4. Airway Microvascular Leak

Within healthy airways, the bronchial microvasculature provides a multitude of
important functions that are essential for maintaining pulmonary homeostasis. For
example, it is able to provide oxygen and appropriate nutrients, aids in the regulation
of temperature and in humidifying air, as well as acting as the initial site for immune
responses (Zanini et al, 2010). During chronic inflammation, in airway diseases such
as asthma and COPD, vascular remodelling can be extensive. One of the main
features of bronchial vascular remodelling is angiogenesis, the formation of new
vessels within the airway wall. What is often observed is that newly generated
vessels tend to be hyperpermeable and increase oedema (Bousquet et al, 2000).
Furthermore, an increase in bronchial subepithelial blood flow has also been
observed as well as increased vascular permeability and plasma exudation. These
factors all contribute to the narrowing of the airway lumen seen in inflamed airways
(Zanini et al, 2010).

1.3.4.1. Asthma

Since the sixties post-mortem observations have highlighted oedematous bronchial
mucosa with dilated and congested blood vessels within the airways of those with
fatal asthma (Dunnill et al, 1969). Additionally, bronchial biopsies from mild
asthmatics appear more vascular and endothelial gaps are prominent in the
bronchial mucosal microvasculature than control subjects (Laitinen et al, 1987; Li &
Wilson, 1997). More recent biopsy studies have also demonstrated an increase in
the number of microvessels within the airways of chronic asthma patients with
additional endothelial proliferation (Vrugt et al, 2000; Wilson & Robertson, 2002;
Barbato et al, 2006). Despite the importance of microvascular leak in the
pathogenesis of asthma, it is not often measured when monitoring airway
inflammation in asthmatic patients (Van Rensen et al, 2002). Several studies have
investigated microvascular permeability in asthma by measuring albumin levels in
induced sputum and/or BAL fluid, as well as other proteins such as fibronectin and
alpha 2-macroglobulin (Meerschaert et al, 1999; Svensson et al, 1995; Van Rensen
et al, 2002). Albumin is one of the most abundant plasma proteins, at least 60%, and

is found in higher concentrations in airways secretions from acute asthmatic patients
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(List et al, 1978; Travis, 2003). Innes et al (2009) postulated that the leakage of
these proteins into the airway lumen can reduce mucus clearance in acute severe
asthma and may be an underlying cause of fatal asphyxiation. Following ex vivo
analyses of airway mucus from patients in acute asthma exacerbations (and control
subjects), they found that albumin within the mucus inhibits normal mucus
degradation. Additionally, Khor (2009) demonstrated that reduction in inhaled
corticosteroid dosage was associated with an increase in albumin exudation and
they hypothesise that this is an early feature of asthma deterioration. Unlike other
human studies, they also assessed biopsies from these patients by staining sections
for albumin and found this was also elevated in asthmatic subjects (Khor 2009).
Animal models of allergic asthma have also illustrated a measurable increase in
airway microvascular permeability. Using the ovalbumin model of allergic asthma
several groups have demonstrated significant increases in airway microvascular leak
following antigen challenge in guinea pigs (Erjefalt et al, 1995; Liaw & Chao, 2001),
rats (Olivenstein et al, 1997; Hele et al, 2001; Tillie-Leblond et al, 2007) and mice
(Erjefalt et al, 1998; Lee et al, 2004; Kim et al, 2012).

Airway MVL is thought to have a critical role in thickening the bronchial mucosa and
the resulting airway hyperresponsiveness (Van de Graaf et al, 1991; Paredi &
Barnes, 2009). In addition, leakage of plasma proteins is often associated with
exacerbations of asthma due to mucosal oedema and so worsening airflow
obstruction and reducing airway calibre (Khor et al, 2009). Particularly,
extravasation into the airway lumen can cause this increase in airway resistance.
During bronchospasm the constricted airways compress the mucosa forming
epithelial folds and so exuded plasma can then fill the interstices between these
folds, thus amplifying bronchoconstriction (Olivenstein et al, 1997). Furthermore,
during chronic inflammation blood vessels in the airways are in a hypervascularised
and destabilised state and so increasing microvascular permeability (Kanazawa et
al, 2004).
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1.3.4.2. COPD

Vascular remodelling and changes in endothelial permeability are also prominent in
COPD, where vascular intimal thickening in small pulmonary arteries has been
attributed to chronic inflammatory processes (Peinado et al, 1998; de Boer et al,
2007). COPD is characterised by this chronic inflammation that occurs along the
entire bronchial tree, with airways becoming oedematous, having excess mucus
production and impaired epithelial ciliary function (Bailey et al, 2009). Cigarette
smoking is thought to lead to endothelial dysfunction as a result of exogenous
oxidative stress and/or the endogenous production of oxygen-free radicals (Mendes
et al, 2006). This dysfunction precipitates attenuated vascular relaxation responses
in the systemic circulation. The importance of such vascular changes in the
development of bronchitis is subject to speculation but these changes would
certainly exacerbate inflammatory cell recruitment, leukocyte migration and the
formation of endothelial gaps and vascular leak (Baluk et al, 1998). Nevertheless,
endothelial function has been shown to be impaired in smokers and ex-smokers with
COPD (Mendes et al, 2006) and increased levels of albumin have been measured in
the sputum of COPD patients (Hill et al, 1999; Minikata et al, 2005; Bessa et al,
2012). Minikata et al (2005) collected airway epithelial lining fluid from patients with
differing severities of COPD and noticed a strong correlation with airway albumin
levels and the forced expiratory volume in 1 second values. This suggests that an
increase in airway microvascular leak may contribute to the subsequent obstructive
process of COPD. Studies have also reported that the airways of patients with
COPD were thicker compared to healthy control subjects (Bosken et al, 1990;
Kuwano et al, 1993) and several groups have shown alterations in the vascularity of
COPD airways (Hashimoto et al, 2005 ; Calabrese et al, 2006; Zanini et al, 2009).
Calabrese et al (2006) looked at bronchial biopsies from the central airways of
smokers and observed an increase in vascular area as well as an increase in the
number of vessels in smokers with COPD and symptomatic smokers with normal
lung function. In addition, Zanini et al (2009) saw a higher vascular area but no

change in vessel number in clinically stable COPD patients compared to controls.

Similar characteristics have been observed in animal models of COPD. Cigarette

smoke (CS) is the most common etiological factor of COPD and so CS exposure in
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vivo provides an excellent model for examining disease processes. Several groups
have demonstrated increases in protein extravasation in the airways of various
species in response to CS exposure (Lundberg & Saria, 1983; Geppetti et al, 1993;
Andreé et al, 2008; Nassini et al, 2012). Schweitzer et al (2011) examined the effects
of CS on vascular permeability both in vitro and in vivo. Using primary rat and
human lung microvascular endothelial cells they demonstrated a dose-dependent
decrease in barrier function following CS exposure. Furthermore, they noted
significant increases in ceramide production following CS exposure (in vitro and in
vivo) which itself caused a dose-dependent increase in FITC-albumin extravasation

from the alveolar microcirculation of conscious rats (Schweitzer et al, 2011).

1.3.5. Methods for Investigating Microvascular Leak

Current methods used to investigate microvascular leak use varying degrees of
complexity, ranging from cultured endothelial cells to conscious animal preparations.
All models come with distinct advantages over others as well as a number of
limitations. The most frequently used methods to study vascular permeability will be

outlined below, with discussion of the advantages and disadvantages of each.

1.3.5.1. In vitro
1.3.5.1.1. Cell Culture

One of the most widely employed in vitro models of microvascular leak uses cultured
microvascular endothelial cells. Either human or animal microvascular endothelial
cell monolayers are grown on semi-permeable tissue culture well inserts, which
allows the movement of large substrates across the endothelial barrier to be
measured. The most commonly used substrates are albumin or dextran conjugated
to a fluorophore such as fluorescein isothiocyanate (FITC) and come in a variety of
polymer sizes. The principle behind this method is measuring the movement of
FITC-albumin/dextran across the endothelial monolayer from the upper chamber of
the well insert into the bottom chamber under various conditions. This allows simple
and accurate quantification of barrier integrity (Imai-Sasaki et al, 1995; Gavard &
Gutkind, 2006; Tharakan et al, 2009; Li et al, 2010; Diebel & Liberati, 2011;
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Tharakan et al, 2012; Yu et al, 2013). The use of cell culture also enables easier
dissection of the complex signalling pathways activated during hyperpermeability.
Additionally, in vitro methods using microvascular endothelial cells allows translation
between animal and human which is not possible with most in vivo methods

examining microvascular permeability.

An additional in vitro assay that is often employed uses an electrical current to
assess the integrity of the endothelial monolayer (Qiao et al, 2003; Michail &
Abernathy, 2004; Liu et al, 2008; Bogatcheva et al, 2009; Konya et al, 2011;
Schweitzer et al, 2011; Booth & Kim, 2012; Griep et al, 2012). Transendothelial
electrical resistance (TEER) assays involve an electrical current being passed
across the cell monolayer and uses impedance as a measure of barrier integrity.
The voltage across the monolayer then allows the TEER to be calculated. A higher
TEER value would indicate a stable barrier while lower TEER values would suggest
disruption of the barrier and an increase in permeability. TEER is often measured in
combination with FITC-albumin flux, thus providing a more accurate representation
of barrier function (Armstrong et al, 2012; Birukova et al, 2012). However, more
recently electric cell-substrate impedance sensing (ECIS) has replaced TEER
measurements (Lo et al, 1995; Birukova et al, 2004; Solodushko et al, 2008; Lorenzo
et al, 2013). The difference with this assay is that the endothelial monolayer is
grown in specialised plates which have electrodes embedded into it. Briefly, as cells
grow and form a monolayer, the current that is applied is impeded. When cells are
then stimulated with a permeability increasing mediator the changes in cell
morphology and function alter the impedance. A significant advantage of this
technique over TEER is the ability to continuously measure barrier integrity and

permeability in real time (Fordjour & Harrington, 2009; Wang et al, 2010).

One of the major limitations of cultured endothelial cells is that they do not accurately
reflect the permeability characteristics of intact microvascular endothelium in vivo.
For example, they lack the shear stress that the endothelium is exposed to in vivo,
including changes in blood flow (Dai et al, 2004; Davies, 2009). Additionally, the
interaction and effects of other cell types, such as smooth muscle cells is also
eliminated in these preparations. Structural differences have also been observed
between cultured endothelial monolayers and in situ microvessels; inter-endothelial

gaps in cultured monolayers are upwards of 5-10 ym while in isolated microvessels
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these gaps are usually less than 1 ym (Baluk et al, 1997; Curry & Adamson, 2010;
McDonald et al, 1999). Furthermore, using primary cells over immortalised cell lines
does not necessarily eliminate certain problems; specifically, the de-differentiation
that occurs when cultured without their specific microenvironment (Cleaver & Melton,
2003).

1.3.5.1.2. Whole Vessel Preparations

The use of intact microvessels in specialised perfusion systems aims to eliminate
some of the limitations outlined for cultured monolayers and acts as an intermediate
between cell culture and whole animal studies. They allow investigation of whole
vessels in a more physiological environment where sheer stress and alterations in
flow dynamics can be applied (Gunther et al, 2010). Vessels are either dissected
from animals or humans and are mounted in a microfluidic perfusion rig where
intraluminal perfusion pressure and flow can be controlled (Yuan et al, 1993).
Vascular permeability can be measured by transvascular flux of a labelled tracer,
such as FITC-albumin, or by confocal microscopy using fluorescent microspheres to
mark endothelial gaps (Yuan et al, 1993; Breslin et al, 2006; Sun et al, 2006; Jiang et
al, 2008). These methods represent a more physiologically accurate model of
endothelial dynamics and more closely mimic an in vivo environment. However,
there are still a number of limitations with this method. Firstly, they involve the
dissection and direct interference with the vessel and secondly, they are often
restricted to convenient vessel types. The microcirculation may differ between
different vascular beds. Moss et al (2010) described a similar preparation, developed
by Biopta, whereby vascular function and vascular permeability could be measured
simultaneously. Vascular permeability was measured by the extravasation of Evans
Blue dye into the wall of isolated vessels. However, this was achieved through
image analysis rather than direct quantification. Additionally, they looked at small

subcutaneous arteries and not post capillary venules.
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1.3.5.2. Invivo

1.3.5.2.1. Intact Microvessels

Similar to whole mounted vessel preparations described above, the permeability of
individual vessels can be studied in situ in unconscious animals (Michel et al, 1974;
He et al, 2006; Jiang et al, 2008; Ereso et al, 2009). Briefly, animals are
anaesthetised and the vascular bed of interest is removed and placed on the pillar of
an inverted microscope. Here, an individual venule is cannulated and perfused with
a physiological solution. Measurements of vascular permeability are based upon
hydraulic conductivity, assessing the volume flux of water across the microvessel
wall (Clough et al, 1988). These preparations allow quantitative measurements of
vascular permeability under well-controlled experimental conditions. One of the main
drawbacks of this technique is the vascular bed examined needs to be easily
accessible. The mesentery is most commonly used as it can be excised with ease
while the animal remains unconscious. This would not be possible for deeper

tissues, such as post capillary venules within the lower airways.

1.3.5.2.2. Miles Assay

One of the most widely used techniques to detect microvascular permeability in vivo
is the Miles assay, which was first developed to assess inflammatory plasma leak in
guinea pig skin using Evans blue (EB) dye (Miles & Miles, 1952). The principle
behind this method is that intravenous EB dye binds non-covalently to circulating
albumin, the most abundant plasma protein, and then leaks out of the
microcirculation in response to various mediators. The target tissue is dissected out
at a given time point and the dye extracted and quantified by spectrophotometry.
Rapid perfusion of the circulation to remove intravascular dye prior to tissue
dissection improves the sensitivity of this assay (Renkin & Tucker, 1998; Nedrebo et
al, 2003; Curry et al, 2010). Additionally, this technique is easily applicable to most
species and the extravasation can be simultaneously determined in several tissue
types. Subsequently, it has been used for decades to quantitatively assess vascular
permeability in various different tissues across a variety of species (Miles & Miles,
1952; Evans et al, 1987; Rogers et al, 1988; Baluk et al, 1999; Reynolds et al, 2002;
Xle et al, 2003; Zhuang et al, 2011). Studies using this assay have yielded important
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information regarding the nature of inflammatory mediators and their impact on the
microvasculature. Furthermore, the use of EB dye as a marker of plasma leak has
extended into disease models of inflammation (Rogers et al, 1988; Geppetti et al,
1993; Olivenstein et al, 1997; Mirza et al, 1998; Hele et al, 2000; Hele et al, 2001,
Irie et al, 2001; Lee et al, 2004; Kim et al, 2012).

The major disadvantage of this method is that it is a terminal procedure. This means
that each animal is limited to a single intervention or time point so large cohorts are
required for adequate comparisons between groups. In addition, the data only
provides a reference to the net accumulation and doesn’t pin point any fluctuations
that may be occurring in vascular permeability. The use of radiolabelled albumin and
a double tracer method has been used in an attempt to eliminate some of these
problems. However, the use of radiolabelled tracers as an alternative to Evans Blue
dye does not provide a more accurate measure and comes with the obvious safety

hazards associated with radiation (Udaka et al, 1970; Rogers et al, 1989).

1.3.5.2.3. Intravital Fluorescence Microscopy

More recently, the use of intravital microscopy (IVM) has become popular for
examining microvascular permeability as well as leukocyte endothelial interactions.
This technique uses epifluorescence, confocal or two-photon microscopy to visualise
the microvasculature in living animals (Chappell et al, 2006). Similar to the intact
microvessels, the tissue being studied is exteriorised for assessment but here a
fluorescent plasma marker, such as FITC-albumin, is administered intravenously to
visualise plasma leak in real time (Svensjo et al, 1979). One of the main advantages
of this technique over the Miles assay is that is allows both temporal and spatial
characteristics of plasma exudation to be determined. This means that changes in
leakage over a given time can be measured. Additionally, it has contributed
immensely to our knowledge of the localisation of endothelial gaps to the
postcapillary venules. However, since tissue needs to be exteriorised this
preparation is limited to thin tissues or easily accessible organs. For example, IVM
is commonly used for the skin, mesentery, cremaster muscle and superficial veins of
the brain (Boric et al, 1987; Wu & Baldwin, 1992; Raud & Lindbom, 1994; Kubes &

Gaboury, 1996; Jin et al, 2010). Attempting to view microvasculature of deeper
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tissues would result in blurry images and fluorescent quenching. Studying the
bronchial circulation and airway microvascular leak would be extremely difficult using
IVM. Furthermore, this technique is time-consuming and requires delicate surgery
making it very low throughput with only one animal being examined at a time.
Maintenance of physiological conditions of the excised tissue is pivotal to ensure

limited inflammation occurs following surgery (Raud & Lindbom, 1994).

1.3.5.2.4. Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) has been used to visualise permeability
changes in the brain (Jiang et al, 2005; Knotkova & Pappagallo, 2007; Nagaraja et
al, 2008) and the lung (Tournebize et al, 2006; Tigani et al, 2007; Serkova et al,
2008; Ble et al, 2009) in clinical settings as well as in experimental animals. High
molecular weight contrast agents are often used to carry out longitudinal studies of
plasma leakage in selected tissues and organs (Fu et al, 2004; Huxley et al, 2007).
A commonly used marker is gadolinium diethylenetriamine pentaacetic acid (Gd-
DTPA) which has a molecular weight of 550 Da (Pautler, 2004; Nagaraja et al,
2008). An advantage of using MRI is that it enables visualisation of the whole organ
without any invasive techniques. This allows measurements to be carried out
continually over days, weeks or months. However, the images obtained are usually
low resolution, making quantification of plasma leakage difficult. In addition, MRI

scanners are expensive and complex.

1.3.6. Prostanoids in airway microvascular leak

As previously discussed, prostanoids are involved in various inflammatory
processes, including those seen in asthma and COPD. With high concentrations of
certain prostaglandins found at inflammatory sites, it is possible that they may in part
mediate the microvascular leakage observed. PGEgz-induced airway MVL has not
been widely examined, especially in vivo, but has been investigated for its effects in
cutaneous plasma leak. These studies have demonstrated that PGE, induces
significant MVL and oedema in mouse (Goulet et al, 2004) and rat (Flower &
Kingston, 1975; Takagi et al, 1987) skin. Additionally, the EP, and EP4 receptors
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have been implicated in acute skin inflammation in mice following ultraviolet B
exposure (Kabashima et al, 2007). In vitro studies, however, have illustrated
opposing effects where PGE; appears to enhance microvascular endothelial barrier
function (Birukova et al, 2007; Konya et al, 2013b). PGl, and the IP receptor have
also been implicated in plasma leak and oedema formation (Murata et al, 1997;
Yuhki et al, 2004) but, similar to PGE,, have also demonstrated inhibitory effects on
induced MVL (Moller & Grande, 1997; Cureton et al, 2010). The effects of PGD; in
airway disease are well documented but its role in MVL has not been highly
investigated. It has been shown to induce increases in vascular permeability in rat
skin (Flower & Kingston, 1975; Flower et al, 1976) and long-lasting erythema in
human skin (Flower et al, 1976). Nishimura et al (2001) observed a dose-dependent
increase in Evans Blue dye in guinea pig airways with PGD, administration, but this
response appeared to be mediated via TP receptor activation. Others have also
demonstrated TP-induced airway MVL in rats and in guinea pigs (Lotvall et al, 1992;
Bertolino et al, 1995).

As outlined in this introduction airway microvascular leak (MVL) represents a
cardinal sign of inflammation and is a prominent feature in the pathogenesis of
airway inflammatory diseases, including asthma and COPD. Understanding the
mechanism and the role of possible mediators in producing airway MVL is an
important step in the development of new and effective therapies. PGE, has been
subject to extensive investigation as a potential therapy due to its beneficial effects in
the airways. PGE; has been shown to act as a bronchodilator and an anti-
inflammatory in cell based systems, in vivo models and clinically in healthy and
asthmatic patients. However, inhaled PGE, caused airway irritancy and cough.
Recent work in our lab has identified that EP3 receptor activation mediates this
tussive effect, while EP, and EP4 receptors mediate bronchodilation. The aim of this
thesis is to further investigate the role of PGE, and the EP receptors in airway
inflammation, specifically their role in airway microvascular leak. It is prudent to
identify the receptor(s) responsible for mediating any adverse effects especially if an

agonist could be developed as a bronchodilator and/or anti-inflammatory.
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1.4. Thesis Plan

1.4.1. Hypothesis
The hypothesis that formed the basis of this project was;

“PGE; acts through specific EP receptor(s) to induce microvascular leak within the

airways.”
1.4.2. Aims

A multidisciplinary approach was used to investigate PGEz-induced airway
microvascular leak and to identify the receptor(s) involved. Therefore, the aims of

this thesis are to:

e Characterise an in vivo model to measure airway microvascular leak using a
known mediator of MVL (5-HT) and establish the effect of exogenous PGE;

administration in this system (Chapter 3).

e Investigate the EP receptor mediating PGE;-induced MVL using genetically
modified mice and a range of pharmacological tools. This will involve
characterisation of a novel EP,4 receptor antagonist that has not been

previously used in our lab (Chapter 4).

e Characterise the measurement of airway MVL in an allergic model of asthma
(OVA model) and use EP receptor-deficient mice and selective antagonists to

investigate the role of PGE;, (Chapter 5).

e Begin preliminary work exploring the role of the other prostanoids in mediating
airway MVL (Chapter 6).
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Chapter Two

Methodology
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2. Methodology

2.1. Breeding of Knock-Out Mice

Homozygous breeding pairs of mice genetically modified to disrupt one of the
following genes; Ptger1 (EP4), Ptger2 (EP;), Ptger3 (EP3) (Ushikubi et al. 1998),
Ptger4 (EP4), Ptgdr (DP) (Matsuoka et al. 2000), Gpr44 (DP,), Ptgfr (FP) (Sugimoto
et al. 1997), Ptgir (IP) (Murata et al. 1997), Tbxa2r (TP) (Kabashima et al. 2003)
were kindly provided by Dr S Narumiya, Kyoto University, Gpr44 (DP;) (Satoh et al,
2006) knock-out mice were kindly supplied by Dr. Hiroyuki Hirai and Professor
Masataka Nakamura, Tokyo Medical and Dental University, and breeding colonies
maintained at Imperial College London. All strains had been backcrossed at least 8
times onto the C57BL/6 background, except the Ptger4d” (EP4) mice as they do not
survive on this background due to patent ductus arteriosus (Segi et al. 1998) and so
were backcrossed on a mixed background of 129/0Ola X C57bl/6. These wild type
mice were also provided by Kyoto University while C57BL/6 wild type mice were
bred internally. The DP, knockout mice were originally bred on a balb/c background

and so were backcrossed onto a C57BL/6 strain before used in experiments.
2.1.1. Animal Husbandry

Male Dunkin Hartley guinea pigs and male Brown Norway rats were purchased from
Harlan (Bichester, UK). Mice were bred in house as described above. All animals
were housed in individually ventilated cages (IVC) and provided with food and water
ad libitum in a controlled environment. A 12 hour light-dark cycle was maintained for
all animals. All studies and procedures were performed in accordance with Home
Office guidelines under the Animals (Scientific Procedures) Act of 1986.
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2.2 Genotyping of KO Mice

2.2.1 DNA Extraction and Quantification

DNA was extracted from mouse tail tips using Quanta Biosciences Extracta DNA
prep for PCR kit. Tail tips were transferred into autoclaved 0.5 ml eppendorfs and
75ul of extraction reagent was added. These were then heated for 30 minutes at
95°C. Once samples had cooled to room temperature, 75ul of stabilisation reagent

was added.

The purity and integrity of each DNA sample was then assessed by Agso/Azso
spectrophotometry on the GeneQuant RNA/DNA quantifier (Amersham Pharmacia
Biotech, U.K.). Following quantification samples were diluted to 10 ng pl”" and
stored at -20 °C.

2.2.2 Polymerase Chain Reaction

PCR reactions were run using mouse genomic DNA primers that had been
previously optimised and validated. Primer sequences are listed in table 2.1. The
PCR reaction contained 1x Green GoTaq Flexi buffer, 0.2mM dNTPs, 2mM MgCl,,
1.25ul enzyme (GoTaqg polymerase), 10pmol forward and 10pmol reverse primers,
and a volume of DNA (50ng) or Nuclease-free water for control, made up to 25ul with
Nuclease-free water (Promega U.K. Ltd). The reaction was used to exponentially

amplify the sections of DNA in between the primer pair.

Using the ABI Prism 7000 (Applied Biosystems, Warrington, Cheshire, UK) the
samples were heated to 94°C for 2 minutes followed by 40 cycles of denaturing,
annealing and extension steps. All samples were denatured at 94°C for 30 seconds
as this is dependent on the enzyme. The annealing temperature is specific to the
primer pair and temperatures are between 58-65°C for 30-45 seconds. The
temperature of the extension step is also primer dependent and the length of time
that the reaction is held for depends on the product size. This was followed by a
final extension step for 10 minutes at 68-75°C. The reaction was then stopped by

cooling to 4°C.
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2.2.3 Visualisation of PCR Products

The PCR products and DNA ladder (Hyperladder Il or IV, Bioline Ltd, London) were
run on a 2% agarose gel in Tris Borate EDTA (TBE) buffer containing 0.05 ul ml™" of
Safeview (NBS Biologicals Ltd, Huntingdon, U.K.) at 80 V for at least one hour. The
gel was then visualised under ultra-violet light and photographed using the Molecular
Imager® ChemiDoc™ XRS System with Image Lab™ software (Bio-Rad, UK).

Table 2.1. Primer sequences used to genotype prostanoid receptor KO mice.

Primer Name Sequence
forward 5’-TGA GCC TAG CGG ATG AGG CAG C-3
EP, reverse 5-GCG GAG AGT CCG GCT AGA GAA G-3’

neomycin 5-CCT GGG TGGAGAGGCTTTTT-3

forward 5'-CTG GCC ATT ATG ACC ATC ACCTTC GCC A-3’

EP; reverse 5-CTG AGC AAC ACC CAT GTT TCT ATC CTG G-3

neomycin 5’-TGA TAT TGC TGA AGA GCT TGG CGG CGA A-3

forward 5-AAA GTG ACT AGC ACC CAG AAT TCC TGC C-3’

EP; reverse 5-GAG TCC TCC ACT TTG GTG TAC ACA GTA C-3

neomycin 5-TGC CGA ATATCA TGG TGG AAA ATG GCC G-3’

forward 5’-TCT ACT TGC TCC CAG TGG ACA TAG A-3’

EP, reverse 5'-GAA CAG ACT CCT GAACTG GGT ATG G-3’

neomycin 5-TGC CGA ATATCATGG TGG AAA ATG G-3

forward 5’-GCC CAT CCT TGG ACA CCG AGATTATCA A-3

FP reverse 5-AGAGTT GGC AAGCTGTGACTT CGT CTTT-3

neomycin 5’-TGA TAT TGC TGA AGA GCT TGG CGG CGA A-3

forward 5-GAG CAG AAA AAT TCC CAG AGG CTT-3’

IP reverse 5-GTATCT TTC AGT ACC TGA GGA CTG-3

neomycin 5-TGA CCG CTT CCT CGT GCT TTAC-3’

forward 5-ACT TCA TGG GGT CAG AAG CA-3’
TP

reverse 5-ACA TGG CTC CTAAGC CTG AC-3
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neomycin 5-CTC GTC CTG CAG TTC ATT CA-3’
forward 5-TCG GTC TTT TAT GTG CTC GT1G-3
DP; reverse 5-GGA TCA TCT GGA TGA AAC ACC-3
neomycin | 5-CCC GTG ATA TTG CTG AAG AGC-3
wtforward | 5-CGT AGC CGT GAG CCT GCG ACT G-3
oP, wtreverse | 5-GGC GAT TGC GGA GCC CAC CAC T-3
(CRTH2) ™ Sforward | 5-GAG CAC GTA CTC GGA TGG AA-3’
KO reverse | 5-TCC TCG AGG CTA CTT TTG C-3

72




2.3 Microvascular Leak

Airway wall microvascular leak was measured using Evans Blue dye as a marker for
serum albumin extravasation. As discussed in the introduction, Evans Blue binds
avidly to albumin so allows us to track the movement of this protein out of the
circulation and into airway tissue. An increase in the concentration of Evans Blue in

the tissue is indicative of an inflammatory response.

2.3.1 Compound Administration

Animals were anaesthetised with intra-peritoneal (i.p) Urethane (2 g kg™'; 200 pl of a
25% solution given at two sites, followed by a further 50-100 pl when supine if
necessary). Mice breathe spontaneously under urethane and so were therefore not
artificially ventilated. Depth of anaesthesia was assessed using the pedal and
corneal reflex. Once surgical anaesthesia was reached the jugular veins were then
exposed following a midline incision over the thorax. The left jugular vein was most
often used, except when a third injection was needed or it was unsuitable for
anatomical reasons. Intravenous administration was achieved by passing the
injection needle through the pectoralis major as this helped to prevent bleeding on

withdrawal.

Animals would receive Evans Blue dye (5 mg ml™" at 4 ml kg") followed by the
specific mediator or its vehicle one minute later (4 ml kg™'). The doses and timings
used were those shown to be effective in previous studies within the group and from
the literature (Hele et al, 2001).

2.3.2 Measurement of Plasma Extravasation

Five or 30 minutes after vehicle or compound administration, the thoracic cavity was
opened and a small incision was made in the left ventricle and also the left atria of
the heart (Figure 2.1). A cannula was then inserted into the left ventricle and the
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systemic circulation perfused with sterile saline (0.9%) at a pressure of
approximately 100mmHg. This was continued until the perfusate ran clear (2-5

minutes). The purpose of this was to remove any intravascular dye.

A B

Trachea
Jugular Vein

Left Atria

Perfusate
outflow

Pectoralis Major
with direction of
needle insertion
through into the
jugular

Left Ventricle

Perfusion
inflow

Figure 2.1. Schematic of (A) injection site used for intra venous administration in mice
and (B) anatomy of the mouse heart illustrating where incisions were made for saline

perfusion.

The heart, lungs and oesophagus were removed en bloc and then the trachea and
lungs separated from the heart and oesophagus. The oesophagus and bladder were
taken from all animals and used as non-airway tissue controls (data not shown). The
trachea was isolated by cutting just above the bifurcation of the bronchi and the
larynx removed. The parenchyma was then carefully scraped off using a scalpel to
reveal the intra pulmonary airways (IPA). The trachea, the bronchi and IPA, the
oesophagus and the bladder were then all weighed and the wet tissue weight
recorded. Each tissue was then placed into an eppendorf with 120ul of formamide
and incubated at 37.5°C for at least 18 hours to facilitate the extraction of Evans Blue

dye.
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2.3.3 Analysis

The concentration of Evans Blue extracted from each tissue was determined by light
absorbance at 620nm using a spectrophotomer (Biotek Powerwave XS Plate
Reader, Biotek, UK). 100pul of formamide was removed from each eppendorf and
pipetted into a 96 well plate alongside a standard curve of Evans Blue in formamide
(0, 0.3125, 0.625, 1.25, 2.5, 5, 10 and 20 ug mI'1). The concentration was then
calculated by interpolation from the standard curve and expressed as ng mg‘1 of

tissue.
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2.4 Blood Pressure Measurements

2.4.1 Cannulation of Carotid Artery

Mice were anaesthetised with Urethane (2 g kg™'; 200-300 pl of a 25% solution given
at two sites i.p). Mice breathe spontaneously under urethane and so were therefore
not artificially ventilated. Depth of anaesthesia was assessed using the pedal reflex.
Body temperature was continuously monitored with a rectal thermometer and
maintained at 37°C with a heated blanket and control unit (Harvard). Mice were

placed under a dissecting microscope.

Once surgical anaesthesia was reached, a midline incision in the neck region was
made, the trachea exposed and the salivary glands carefully separated. The right
carotid artery was then isolated and three ligatures applied; one fixed tightly at the
cranial end, one loose at the caudal end pulled taught and a third loose loop in the
middle. A small incision was made using vannas scissors and a polyethylene

catheter was then inserted and secured with the two caudal ligatures (Figure 2.2).

Caudal Cranial

Incision and
insertion of
cannula

Figure 2.2. Diagram of right carotid artery cannulation lllustrating ligature placement
on the vessel as well as the incision site for inserting the cannula. The ligature at the
cranial end is fixed, occluding the vessel, while the two ligatures caudal to this are only
loosely applied until the cannula is inserted. The arrow indicates the direction the cannula is
inserted in. Once the cannula is in place these ligatures are pulled tightly to secure the

cannula.
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2.4.2 Measuring Blood Pressure

Once the carotid was cannulated the systemic arterial blood pressure was measured
using a pressure transducer. Heart rate was also obtained from the arterial pulse
trigger using Spike 2 software (CED). Systemic arterial blood pressure and heart rate
were continuously recorded on the Spike 2 software data acquisition system via a
CED Micro1401 interface.

Following this the left jugular vein was exposed to allow for intra venous
administration. After surgery the animals were allowed to stabilize and after a control
baseline recording of 5 minutes, vehicle or compound (all at 4 ml kg') were
administered via the jugular vein. Blood pressure was monitored and recorded for 30

minutes following which animals were culled via cervical dislocation.
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2.5 Ovalbumin Model of Allergic Asthma

A standard Ovalbumin (OVA) model of allergic asthma that has been previously
developed and characterised ‘in house’ (Birrell et al, 2003) was used to assess
airway microvascular leak in a disease setting. Four different treatment groups were
initially  used. These were vehicle sensitised/saline challenged, vehicle
sensitised/OVA challenged, OVA sensitised/saline challenged and OVA
sensitised/OVA challenged. Following a small time course study it was deemed
practical to include just two groups for all other experiments; OVA sensitised/saline
challenged and OVA sensitised/OVA challenged. Alum™ was used as an adjuvant
for the sensitisation of all mice and was diluted 1:1 with saline. Alum™ is made up of

20 mg ml”" of aluminium hydroxide and 20 mg ml”' of magnesium.

Male C57BL/6 mice (20-25 g) were sensitised with OVA in Alum™ (10ug per mouse,
100 pl i.p.) or vehicle (Alum™ diluted 1:1 with saline, 100ul i.p) on days 0 and 14
(Figure 2.3). Subsequently on days 24, 25 and 26 mice were given a single
intranasal (i.n) challenge of either OVA (50 pg in 50pl) or saline. For the intranasal
dosing, mice were placed into a Perspex™ chamber connected to an anaesthetic
machine (Bowring Medical Engineering Ltd, Witney, UK) and exposed to 4%
isoflurane in 0.5% oxygen. Once mice were lightly anaesthetised 50 ul was slowly
dropped with a pipette onto both nostrils until passively inhaled. Mice were
monitored closely during recovery.

Figure 2.3. Timeline demonstrating the protocol used for the ovalbumin model.
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2.5.1 Assessing airway Microvascular Leak

Evans Blue dye was used as a marker of airway microvascular leak induced by
OVA. 2 and 24 hours following the final intra nasal challenge mice were
anaesthetised (Urethane 2 g kg™ 200-300 pl i.p) and the jugular veins exposed to
allow for a single i.v dose of Evans Blue dye (5 mg mI™ in 4 ml kg™"). Thirty minutes
later, the circulation was perfused and airways dissected out as described before. In
the first study only wet tissue weight was recorded and then in subsequent
experiments the tissue was dried for one hour at 60°C and wet and dry weights were
recorded. As before, the tissue was incubated in formamide and concentration of

Evans Blue dye assessed using a spectrophotometer.
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2.6 In vitro Organ Bath Experiments

To assess the selectivity of the EP,4 antagonist (ER-819762) in a functional bioassay
system, isolated rat trachea was used. PGEz-induced relaxation of induced tone in
rat tracheal tissue has previously been shown to be mediated by the EP4 receptor
(Lydford & McKechnie, 1994; Buckley et al, 2011; Benyahia et al, 2012) and so this

was used as an assay system to assess the functionality at this receptor subtype.

2.6.1. Physiological salt solutions

For all experiments, tissues were cleaned, dissected and bathed in modified Krebs-
Henseleit solution (KHS). This solution was composed of (mM); NaCl (118), KCI
(5.9), MgSO4 (1.2), NaH,PO,4 (1.2), CaCl, (2.5), Glucose (6.6), NaHCO; (25.5),
dissolved in distilled water. The KHS was maintained at 37°C and a 95% 0,/5%
CO, gas mixture bubbled through. Additionally, 10uM indomethacin (a non-selective
COX inhibitor) was added to the solution to prevent the formation and release of any

endogenous prostanoids (Patel et al. 1995; Takahashi et al. 1994).

2.6.2. Isolated airway preparation

Male Sprague Dawley rats (225-300g) were euthanized with an overdose of
pentobarbitone (200 mg kg™ i.p) and the trachea carefully dissected out and quickly
placed in KHS. All extraneous connective tissue was dissected clear and the
trachea opened via a longitudinal incision along the cartilage opposite the smooth
muscle. The trachea was then divided into 4 equal transverse segments and
sutured appropriately for attachment to the transducer. Once the tracheal strips
were set up in the organ bath they were left to equilibrate for 1 hour under a resting

tension of 1000mg.
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2.6.3. Isolated airway organ bath protocols

2.6.3.1. General protocol

Each prepared tracheal section was attached to force-displacement transducers
(Model FT-03; Grass Instruments Co., Quincy, MA, USA) connected to a data
acquisition system (MP100) operating on a Windows PC using AcgKnowledge
software (BIOPAC systems, USA). The tissue was left to equilibrate in 10 ml organ
baths in KHS for one hour and washed at 30 minutes with fresh KHS. Following this,
a supramaximal response to 1mM acetylcholine (ACh) was obtained three times,

with three washes and re-equilibration between each ACh administration.

2.6.3.2. Induced tone protocol

Once the tissues had returned and stabilised to resting tension levels, an increase in
muscular tone was induced by administering 1uM carbachol to the organ bath. The
tissues were then left to equilibrate at this increased resting tension until stable,
typically about 20 minutes. The EP,4 antagonist (ER-819762) or vehicle was then
administered to the baths and left to incubate for 20 minutes, during which time the
baseline tension was monitored to ensure that the antagonist was not affecting the
tension itself. Following this, a cumulative concentration response curve to the EP4
agonist (ONO-AE1-329) was performed. Finally, once a plateau was reached to the
highest agonist concentration, 100uM of papaverine was added to produce standard

maximal relaxation responses.
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2.6.4. Data Analysis

Data was expressed as mean + s.e.m. of n individual observations. Concentration
response data was analysed using PRISM 5 (GraphPad Software, CA, USA) and
curves were fitted by non-linear regression of data using a four parameter logistic

equation (below) from which ECs values were then calculated:

(Top - Bottom)

Y = Bottom + 1 + 10L0gECso—X)HillSlope

Where: Bottom =Y value at the bottom plateau, Top = Y value at the top plateau,
LogECso = X value when the response is halfway between Bottom and Top,

HillSlope = Description of gradient of curve.

Estimates of antagonist affinity were calculated using the Gaddum-Schild equation

as described previously (Gaddum 1957):
pKb =log (CR — 1) —log [B]

Where: CR = Concentration ratio between individual EC5g values.
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2.7 Human Cell Based Assay of Microvascular Leak

To further explore the mechanisms by which prostanoids induce microvascular leak,
human lung microvascular endothelial cells were used. Eliminating physiological
parameters such as blood pressure and blood flow using a cell based system
allowed investigation into the actions of prostanoids directly on endothelial cells.
Endothelial barrier permeability to albumin was used as an indicator of microvascular

leak. Data is presented in chapter 7 as future work (section 7.2.6.).

2.7.1 Cell Culture

Human Lung Microvascular Endothelial cells (HLMVECs) were purchased from
Lonza (Lonza Walkersville, Inc., Walkersville, MD, USA) and arrived at passage 5.
These cells were isolated from small vessels within normal human lung but not
specified as post capillary venules. Cells were grown and used at passage 8. They
were cultured in Endothelial Growth Medium (EGM™-2 MV Bulletkit™ Medium,
Lonza.) containing the following growth factors; FBS, hydrocortisone, hFGF-B,
VEGF, R3-IGF-1, ascorbic acid, hEGF, Gentamicin and Amphotericin B. Cells were
maintained at 37°C in a humidified atmosphere of 5% CO,-95% air. Cells were
passaged using a Trypsin/EDTA solution when they reached 90% confluency and
seeded at 800,000 cells per flask.

2.7.2 Measuring Endothelial Barrier Permeability

Cell culture inserts with a 3.0 micron, transparent polyethylene terephthalate (PET)
membrane (BD Falcon™) were used in all experiments. Before seeding, complete
medium was added to both insert and well and the membrane equilibrated for 3
hours at 37°C in 5% COy-air. Cells were seeded onto culture inserts at 4 x 10* cells
per insert. Seeded inserts were incubated for 48 hours at 37°C in 5% COj-air. At
the end of incubation cultures were examined under light-microscopy and those with

damaged monolayers were discarded.
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Vehicle (DMSO, final concentration 0.1%, V/V) or compound was added to the upper
chamber and incubated for one hour in a humidified atmosphere (95% air, 5% (v/v)
CO,) at 37°C. After the 60 minute incubation cultures were once again examined
and any with a damaged monolayer were discarded. To detect changes in
monolayer permeability fluorescein isothiocyanate conjugate (FITC)-albumin (100
Mg/ml) was then added to the upper chamber of each insert in a volume of 250ul and
750yl of assay medium was also added to each lower well to ensure similar
hydrostatic pressure on both sides of the monolayer. Cells were incubated with
FITC-albumin for a further 60 minutes (Figure 2.4).

1. Endothelial cells seeded in upper well 2. Cells are treated with mediator {e.g. PAF, 5-
(insert) to form monolayer. HT, PGE;).
Plate Well
\ Treatment {PAF,
o 00 o | Seeded Cells =" 5-HT, PGE,)
O oo
Insert with —] = Cell monolayer Cell Monolayer
semi-permeablg formation
membrane
3. FITC-Albumin is added to the insert. 4. FITC-albumin permeates endothelial
monolayer into plate well
FITC-Albumin FITC-Albumin
e "
D D GEDED H @ @B @B
Cell Monolayer Cell Monolayer

Figure 2.4. Diagram illustrating method used for measuring endothelial barrier

permeability in human lung microvascular endothelial cells (HLMVECSs).

At the end of the incubation, inserts were carefully removed and medium in each
lower well thoroughly mixed. 100 ul samples were then collected from the lower
chambers were analysed for FITC fluorescent intensity using a fluorometric plate

reader (Ettan Dige Imager) at excitation 492nm and emission 520nm.
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After assay of culture permeability, cultures were examined under phase-contrast
microscopy for intactness of monolayers. Data from cultures with damaged

monolayers was excluded. Additionally cell viability will be assessed by MTT assay.

2.7.3 MTT Assay

Mitochondrial enzymes produced from viable cells cleave the yellow tetrazolium salt
MTT to blue formazan. Hence, formazan is directly proportional to the number of
living cells present during MTT colorimetric analysis and can be used to
quantitatively determine cell viability (Sylvester 2011). 500uL of MTT in RPMI
(1Tmg/mL) was added to each well of the 24 well plates post J774 cell treatment and
transfer. After incubating for 20 minutes, the plates were emptied and dried overnight

before absorbance was recorded in a microplate reader at 570nm.
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2.8 Measurement of Gene Expression

2.8.1 RNA Extraction

RNA was extracted from the human lung microvascular endothelial cells (3 patients)
to detect and quantify the presence of prostanoid receptors in this cell type. The
cells were first isolated by centrifugation of a cell suspension at 12,000 x g for 5
minutes and discarding the supernatant. 1 ml of Tri Reagent (Sigma-Aldrich Co.,
Poole, UK) was then added to each pellet of cells. Tri Reagent is a mixture of
guanidine thiocyanate and phenol in a non-phase solution which is able to effectively
dissolve DNA, RNA and protein on lysis with the sample. Samples were then left to
stand at room temperature for 5 minutes to ensure the complete dissociation of
nucleoprotein complexes. After this, 0.2 ml of chloroform was added to each tube,
mixed and left to stand for approximately 15 minutes. Samples were then
centrifuged at 15,000 x g for 15 minutes at 4°C in a microcentrifuge. This step
causes the mixture to separate into three phases: a colourless upper aqueous phase
(containing RNA), an interphase (containing DNA) and a red organic phase at the
bottom (containing protein). Only the RNA was required so the aqueous phase was
removed and placed into an autoclaved 1.5ml centrifuge tube. To this, 1/10 volume
of isopropanol was added, mixed and left at room temperature for 5 minutes.
Samples were then centrifuged at 12,000 x g for 10 minutes at 4°C and the
supernatant transferred to an autoclaved 1.5ml tube. The remaining volume of
isopropanol was then added (a total of 0.5ml of isopropanol is needed per 1ml of Tri
Reagent used), mixed and left to stand at room temperature for 10 minutes. This will
lead to the formation of an RNA precipitate in the sample. Samples were then
centrifuged at 12,000 x g for 10 minutes at 4°C and this time the supernatant was
carefully discarded leaving an RNA pellet. This pellet was then washed with 1ml of
75% ethanol, vortexed and centrifuged at 12,000 x g for 5 minutes at 4°C. Following
this, the ethanol was removed, being careful not to disturb the RNA pellet, and left to
air dry for 5-10 minutes. The RNA pellet was subsequently resuspended in 50ul of
nuclease-free water. The purity and integrity of the RNA was assessed via A2so/Azso

spectrophotometric measurements on the GeneQuant RNA/DNA quantifier
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(Amersham Pharmacia Biotech, U.K). Samples were then diluted to a concentration
of 0.05 ng ml™.

2.8.2 Reverse Transcription

RNA samples (1ug) were reverse transcribed to complementary deoxyribonucleic
acid (cDNA), using a master mix (TagMan reverse transcription reagents, Applied
Biosystems, Warrington, Cheshire, U.K.) containing 1X TagMan RT buffer, 5.5mM
MgCl,, deoxyNTPs mixture (500uM per NTP), 2.5uM random hexamers, 0.4U pl™
RNase inhibitor and 1.25U pl"' Multiscribe reverse transcriptase, in a final reaction
volume of 50ul (10ul RNA sample). The samples were incubated in a Perkin Elmer
480 thermal cycler (Boston, MA, U.S.A.) at 25°C for 10 minutes, then reverse
transcribed at 48°C for 30 minutes and then the enzyme was denatured at 95°C for 2

minutes. Samples were stored at -80°C until required for gene expression analysis.

2.8.3 Real Time Polymerase Chain Reaction (PCR)

Real time polymerase chain reaction (PCR) was carried out to detect transcriptional
expression of target mMRNA transcripts in RNA samples by using fluorescently
labelled Tagman probes (Applied Biosystems, Warrington, Cheshire, UK) and
analysed with the ABI Prism 7000 Sequence Detection System (Applied Biosystems,
Warrington, Cheshire, UK). The oligonucleotide probes are constructed so that
they contain a reporter fluorescent dye on the 5’ end and a quencher dye on the 3’
end. While intact, the close proximity of the quencher dye to the reporter dye greatly
reduces the level of fluorescence emitted. If the target sequence is present, the
probe anneals downstream from one of the primer sites and is cleaved by the 5’
nuclease activity of Tag DNA polymerase as this primer is extended. This cleavage
separates the reporter dye from the quencher dye and so increases the signal of the
reporter dye. The TagMan machine is able to measure the fluorescence emitted

cycle by cycle.
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Pre-developed Assays on Demand for the target genes of interest were purchased
from Applied Biosystems and contained the primers and probe in one reagent. The
TagMan probe has a fluorescent reporter dye, FAM, covalently linked to its 5’ end
and a downstream quencher dye, TAMRA, linked to the 3’ end. The probe is
designed to anneal to a DNA sequence in between primers on the gene of interest.
Reactions were internally controlled with 18s rRNA internal control (Applied
Biosystems, Warrington, Cheshire, UK). 18s is designed in the same way as the
assay probe but uses VIC as its quencher dye so that both reporter signals in the

reaction can be measured.

The PCR reactions were performed using 3l of cDNA (2.5ng ul™"), 12.5ul of TagMan
Universal Master Mix, 1.25ul 18s internal control, 1.25ul of the assay on demands
(AOD) and 7pl of Nuclease-free water, to make a total reaction volume of 25pl. The
amplification and detection was carried out using the ABI Prism 7000 Sequence
Detection System (Applied Biosystems, Warrington, Cheshire, UK) using the
following protocol; 1 cycle at 50°C for 2 minutes, 1 cycle at 95°C for 10 minutes, 40

cycles at 95°C for 15 seconds, and 60°C for 1 minute.

2.8.4 Analysis of Real Time PCR Results

Real Time PCR results were analysed using the Sequence Detection Software
where the relative amount of target gene transcript was normalised to the amount of
18s internal control transcript in the same cDNA sample. The critical threshold (ct),
which is defined as the cycle at which the fluorescence from the TagMan probe
becomes detectable above background, is inversely proportional to the logarithm of
the initial number of template molecules. Therefore the higher the target
concentration, the lower the number of amplification cycles needed to measure the
rise above baseline. The ct was set during the exponential phase of cDNA
replication and the relative difference between 18s and AOD ct (Act) was then
o, o-ltarget ct-18s

calculated. Data was expressed using the following equation; 2@ ¢t j

) written as 272%,
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2.9 Statistical Analysis

All data was analysed using GraphPad Prism 5. Parametric data was expressed as
mean + s.e.m and non-parametric data presented as the median with the
interquartile range. Multiple measurements were analysed by one-way ANOVA, non-
parametric Kruskal-Wallis test and post-hoc comparisons were performed by Dunn’s
multiple comparison test, comparing selected columns to a control. Additionally, an
unpaired t test and/or non-parametric Mann Whitney test, with two-tailed p values,
were carried out to determine statistical significance between two groups.
Differences were considered statistically significant if p<0.05. The figures have been

graphically presented on a range-specific axis
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Chapter Three

Characterisation of an in vivo
preparation to measure airway MVL
and the effect of Prostaglandin E,
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3. Characterisation of an in vivo preparation to measure airway
MVL and the effect of Prostaglandin E,

3.1. Rationale

Airway microvascular leakage and plasma exudation are prominent features in both
asthma and COPD representing signs of airway inflammation (Paredi & Barnes,
2009). Increased levels of PGE; have been reported in BAL fluid and plasma of
asthma patients, and enhanced levels in the condensate of COPD patients
(Montushi et al, 2003; Long et al, 2004). However, its role in airway inflammation
remains varied and inconclusive and there appears to be a fine balance between the
pro and anti-inflammatory effects of this prostanoid in human airways. Microvascular
leak has been extensively studied in larger species, such as the guinea pig, using
various different methods, as described in Chapter 2. However the aim of this
chapter was to establish whether the mouse was an appropriate species to use to
investigate PGE,’s effects on airway MVL. There are several reasons why using the
mouse would be advantageous; it is the species of choice to model asthma and
COPD, the availability of prostanoid receptor knock-out mice, cost and lesser

quantities of compound are required.
3.1.1. Chapter Hypothesis
“‘Exogenous PGE; is able to cause microvascular leak in rodent airways.”

3.1.2. Aims

e Characterise the Evans Blue model in the mouse using 5-HT, which is a
known and potent inducer of airway MVL (Germonpre et al, 1997; Olivenstein
et al, 1997; Hele et al 2001).

e To investigate a dose dependent relationship to PGE; and determine the ideal
length of time over which to measure this effect.

e Compare the response to PGE; in a larger species (guinea pig).

¢ Investigate whether the MVL measured coincided with a change in systemic
blood pressure, as PGE; has been implicated in the vasodilation observed in

inflammatory processes and additionally bronchial vasodilators have
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demonstrated increases in plasma extravasation (Narumiya et al, 1999;
Paredi & Barnes, 2009).
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3.2. Methods

The following experiments were carried out as described in Chapter 2. Details of

individual experiments are described below.

3.2.1. Characterisation of airway MVL in mice using 5-HT

A dose response to 5-HT was first established to help characterise the microvascular
leakage model in mice. Animals received Evans Blue (EB; 5 mg kg™ at 4 ml kg™
and one minute later received 5-HT (0.1, 1 or 10 mg kg™ at 4 ml kg™) or vehicle (1%
ethanol in saline). Five minutes after vehicle/5-HT administration, animals were
culled for the measurement of EB extravasation as described in section 2.3. The
doses and timings used were those shown to be effective in previous studies within

the group and from the literature (Hele et al, 2001).

To confirm that 5-HT induced MVL was through activation of 5-HT receptors the non-
selective 5-HT receptor antagonist methysergide was used. Methysergide (10 mg
kg™'; Hele et al., 2001) or vehicle (0.9% saline; 4 ml kg™') was given i.v. 1 minute after
EB. Five minutes after this a sub maximal dose of 5-HT (1 mg kg™') or vehicle was
administered (1% ethanol in saline; 4 ml kg”). After a further 5 minutes EB

extravasation was measured.

3.2.2. Dose Response of PGE; - induced airway MVL in Mice

A dose response to PGE; was established where male C57BL/6 mice were given
PGE, (0.1, 0.3, 1, 3, or 10 mg kg™ at 4 ml kg™"), 5-HT (10 mg kg™ at 4 ml kg”') as a
positive control or vehicle (1% ethanol in saline). 5 minutes following administration

EB extravasation was measured.
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3.2.3. Time Course of PGE; - induced airway MVL in Mice

As only a small increase in MVL was observed in response to PGE;, the PGE;
exposure time was increased to 30 minutes and compared to 5 minutes. In this
study a single dose of PGE, (10 mg kg™') was used, as well as a vehicle control. As
an enhanced increase in MVL was demonstrated at 30 minutes, the dose response

to PGE, was repeated.

3.2.4. Effect of Diclofenac on PGEz-induced airway MVL in Mice

A non-selective COX inhibitor, diclofenac (30 mg kg™ in 10 ml kg™"), or vehicle (0.5%
methylcellulose, 0.2% Tween 80 in water) was administered orally 60 minutes prior
to PGE; administration. This was to block any endogenous prostanoids that may be

influencing the baseline or PGE»-induced response.

3.2.5. Effect of intranasal dosing of PGE; on airway MVL in Mice

Having assessed the effect of intravenous administration of PGE,, | wanted to
examine whether | could reproduce the same effect via topical delivery straight to the
airways to more closely mimic what might happen in airway disease. Here mice were
anaesthetised and then dosed intra-nasally (i.n) with either vehicle (1% ethanol in
saline) or PGE; (3 mg kg™') in 50pl. Once surgical anaesthesia was reached, mice

were then given Evans Blue and culled 30 minutes later.

3.2.6. PGE-induced airway MVL in Guinea Pigs

Guinea Pigs were chosen as a second (larger) species to assess PGEz-induced
airway MVL as they more closely resemble humans in terms of their respiratory
anatomy (lobing and branching) and physiology (mediator release). In this study it
was more suitable to look at only one dose of PGE; for reasons pertaining to cost
and time. Male Dunkin Hartley Guinea Pigs (300-600g) were anaesthetised with
urethane (2 g kg™ i.p of a 25% solution). Once surgical anaesthesia was reached
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animals received EB (5 mg ml" at 1 ml kg'1 i.v) and then one minute later vehicle

(1% ethanol in saline), PGE; (3 mg kg™") or 5-HT (1 mg kg™), all intravenously at 1 ml

kg™.

measured.

5 minutes following 5-HT or 30 minutes after PGE, EB extravasation was

3.2.7. Effect of PGE; on Systemic Blood Pressure in Mice

Male C57BL/6 mice were anaesthetised as previously described and their carotid
artery cannulated (as outlined in 2.4). Once a baseline blood pressure recording
was achieved (approximately 5 minutes), the jugular veins were exposed and an
intravenous dose of PGE; (3 mg kg™') or vehicle (1% ethanol in saline) administered.
Mean arterial blood pressure (MAP) was measured over 30 minutes after which
animals were culled. Along with PGE,, the IP agonist lloprost and TP agonist
U46619 were given as positive controls (Walch et al, 1999; 2001).

3.2.8. Statistical Analysis

All data was analysed using GraphPad Prism 5. Parametric data was expressed as
mean + s.e.m and non-parametric data presented as the median with the
interquartile range. Multiple measurements were analysed by one-way ANOVA, non-
parametric Kruskal-Wallis test and post-hoc comparisons were performed by Dunn’s
multiple comparison test, comparing selected columns to a control. Additionally, an
unpaired t test and/or non-parametric Mann Whitney test, with two-tailed p values,
were carried out to determine statistical significance between two groups.
Differences were considered statistically significant if p<0.05. The figures have been

graphically presented on a range-specific axis.
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3.3. Results

3.3.1. Characterisation of airway MVL in mice using 5-HT

In order to validate this model in mice, a known inducer of MVL, 5-HT, was used
(Hele et al, 2001). An increase in Evans Blue dye concentration correlates with an
increase in microvascular leak and is expressed in ng mg™” of tissue. Intravenous
administration of 5-HT (0.1, 1 and 10 mg kg™') caused substantial increases in Evans
blue extravasation into the trachea and bronchi and IPA (Figure 3.1 and Figure 3.2).
However, from the photo in figure 3.1 it appears that EB leak in the lower airways
(IPA) is substantially less than in the bronchi. This could possibly ‘dilute’ the final
value of EB leak. From this data a first effective dose of 1 mg kg™ 5-HT was chosen.
As a dose ranging study an n number of 3 was appropriate and complied with the
3R’s (Replacement, Reduction and Refinement). Additionally statistical analysis with

an n of 3 was not possible.

Figure 3.1. Photograph of mouse airway tissue illustrating the effects of intravenous 5-HT on

microvascular leak.
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Figure 3.2. Effect of 5-HT (0.1, 1 and 10 mg kg™ i.v) after 5 minutes on MVL into (A) the trachea

or (B) the bronchi and intra-pulmonary airways (IPA) of mice. Data expressed as mean * s.e.m of

the concentration of Evans blue dye (ng mg'1 of tissue). n=3.

A non-selective 5-HT receptor antagonist, methysergide, was then used to determine
whether 5-HT was inducing MVL via activation of 5-HT receptors. Figure 3.3 clearly
shows that methysergide is able to significantly inhibit MVL induced by the sub-
maximal dose of 5-HT (1 mg kg™).
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Figure 3.3. Effect of methysergide (10 mg kg'1 i.v; 5 minutes) on 5-HT (1 mg kg'1 i.v; 5 minutes)
induced MVL into (A) the trachea or (B) the bronchi and intra-pulmonary airways of mice. Data
expressed as mean + s.e.m of the concentration of Evans blue dye (ng mg'1 of tissue). n=6. Unpaired
t test for parametric data. * p<0.05 representing a significant increase from vehicle control and #

p<0.05 a significant decrease from treatment control.

3.3.2. Dose Response of PGE; - induced airway MVL in Mice

Intravenous administration of PGE; for 5 minutes (0.1, 0.3, 1, 3 and 10mg kg™)
caused only minor increases in MVL in the trachea and bronchi and IPA of mice
(Figure 3.4). Although not significant, PGE, induced MVL in a dose dependent
manner in the trachea. The positive control, 5-HT produced a significant increase in
MVL in both the trachea and bronchi and IPA further validating this model.
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Figure 3.4. Effect of PGE; (0.1, 0.3, 1, 3 and 10 mg kg'1 i.v; 5 minutes) or 5-HT (10 mg kg'1 i.v; 5
minutes) on MVL into (A) trachea or (B) bronchi and intra-pulmonary airways of mice. Data
expressed as median, with interquartile range, of the concentration of Evans blue dye (ng mg™ of
tissue). n=6. One-way ANOVA non-parametric Kruskal Wallis test. * p<0.05.

3.3.3. Time Course of PGE; - induced airway MVL in Mice

To determine whether PGE; could induce greater MVL after a longer period of time,
the exposure time was increased from 5 minutes to 30 minutes. After this length of
time PGE, significantly increased extravasation of Evans blue dye into the trachea
as well as the bronchi and IPA, which is comparable to the increase seen with the 5
minute time point (Figure 3.5). Additionally, there was no difference in MVL in the

vehicle treated group over time.
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Figure 3.5. Effect of PGE, (10 mg kg i.v) on MVL after 30 minutes (n=5) compared to 5
minutes (n=6), into (A) trachea or (B) bronchi and intra-pulmonary airways of mice. Data
expressed as mean + s.e.m of the concentration of Evans blue dye (ng mg'1 of tissue). n=5-6.

Unpaired t test for parametric data. *p<0.05.

A dose response to intravenous PGE, (0.1, 0.3, 1, 3, 10 mg kg™') was repeated using
the 30 minute time point and this induced an enhanced dose dependent increase in
MVL in both the trachea and the bronchi and IPA (Figure 3.6). From this a sub
maximal dose of 3 mg kg™ was chosen. Again, as this was a dose ranging study an
n number of 3-4 was appropriate and complied with the 3R’s. Additionally statistical
analysis with an n of 3-4 was not possible. What is also interesting to note is that in
general, the responses to PGE, are more pronounced and higher in the tracheal
segment in comparison to the lower airways. However, as seen with 5-HT this could

be due to variation between the bronchi and the IPA.
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concentration of Evans blue dye (ng mg'1 of tissue). n=3-4.

3.3.4. Effect of Diclofenac on PGEz-induced airway MVL in Mice

Diclofenac, a non-selective COX inhibitor, was administered prior to PGE;
administration to block the production and release of endogenous prostanoids to
ensure that they were not influencing baseline or PGE2-induced airway leak. The
data clearly shows that diclofenac had no effect on baseline or PGE; induced leak in
the trachea or bronchi and IPA (Figure 3.7). In both the vehicle and diclofenac

treated groups, PGE; significantly increased airway MVL.
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Figure 3.7. Effect of diclofenac (30 mg kg'1 in 10 ml kg'1 p.o; 1 hour) on MVL in vehicle and
PGE; (3 mg kg'1 i.v; 30 minutes) treated mice. (A) Trachea and (B) Bronchi and intra-pulmonary

airways. Data expressed as mean + s.e.m of the concentration of Evans blue dye (ng mg'1 of tissue).

n=4. Unpaired t test for parametric data. *p<0.05.

3.3.5. Effect of intranasal dosing of PGE; on airway MVL in Mice

Having established that when given intravenously PGE; is able to induce significant
MVL in murine airways | wanted to see whether such a response could be replicated
via topical administration direct to the airways. This would mimic what may occur in
disease when there is an increase of PGE; in the airways. Therefore | administered
a single intranasal dose of PGE; (3 mg kg™') and measured EB leak after 30 minutes.
Interestingly, via this route of administration PGE, was able to induce significant

MVL and the extent to which was almost identical to that seen with i.v administration

(Figure 3.8).
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Figure 3.8. Effect of an intranasal dose of PGE, (3 mg kg™ i.n) on MVL after 30 minutes into (A)
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parametric Mann Whitney test. * p<0.05.significant increase from veh control.
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3.3.6. PGE-induced airway MVL in Guinea Pigs

To rule out whether the effect seen with PGE, was exclusive to the mouse, | gave
the sub maximal dose of PGE; to guinea pigs alongside 5-HT, acting as a positive
control. When PGE, (3 mg kg™') was given intravenously there was a remarkable
increase in airway microvascular leak in the trachea and in the bronchi and

intrapulmonary airways (Figure 3.9). This response was comparable to 5-HT.
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Figure 3.9. Effect of PGE, (3 mg kg'1 i.v) after 30 minutes or 5-HT (1 mg kg'1) after 5 minutes
(respectively) into (A) upper trachea, (B) lower trachea or (C) bronchi and intra-pulmonary
airways (IPA) of Dunkin Hartley Guinea Pigs. Data expressed as mean + s.e.m of the

concentration of Evans blue dye (ng mg'1 of tissue). n=3
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3.3.7. Effect of PGE; on Systemic Blood Pressure in Mice

Following PGE, administration there was little change in the systemic blood
pressure, with only a small decrease apparent (Figure 3.10). This is different to the
effects seen with the TP and IP agonists. As expected the TP agonist U46619
caused a rapid and substantial increase in blood pressure compared to the vehicle
response, while the IP agonist lloprost had a completely opposite effect,
demonstrating an almost instant drop in the mean arterial pressure. While the effect
of U46619 seemed to be relatively transient, the decrease seen with lloprost

appeared to be sustained (Figure 3.10).
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Figure 3.10. Effect of PGE,, lloprost and U46619 (3 mg kg'1 i.v) on the mean arterial blood
pressure of C57BL/6 mice. Following carotid artery cannulation mice were given an i.v dose of
either PGE,, lloprost, U46619 or vehicle and systemic blood pressure measured and recorded over a

20 minute period. Arrow indicates time of administration. n=3-4.

105



3.4. Discussion

The aim of this chapter was to characterise a method for measuring airway
microvascular leak in vivo using Evans Blue dye and to establish the effect of

prostaglandin E; in both mouse and guinea pig airways.

Airway microvascular leakage and plasma exudation are prominent features in both
asthma and COPD representing signs of airway inflammation (Paredi & Barnes,
2009). Many mediators (e.g. cysteinyl leukotrienes) are capable of inducing this
effect when released in response to an inflammatory insult in the airway. These
inflammatory mediators act upon the endothelium of post capillary venules to open
intercellular gaps. This effect causes plasma to ‘leak’ out into extravascular sites
(Reynolds et al, 2002; Greiff et al, 2003). Measuring this event in vivo provides a
specific index representing to what degree the airway mucosa has been affected by
the inflammatory process of a mediator (Greiff et al, 2003). Events such as these
have been associated with the development and exacerbations of airway
inflammation, thus modulation of this response represents a key pathway in
developing new treatments. What | wanted to investigate was whether prostaglandin

E, (PGEy) was involved in mediating this response.

PGE; is a ubiquitous eicosanoid that has been implicated in the pathogenesis of
both asthma and COPD. It exerts its biological effects via activation of four cell-
surface GPCRs, termed EP14, encoded for by the genes Ptger1-4 (Coleman et al,
1994). Increased levels of PGE;, have been reported in BAL fluid and plasma of
asthma patients (Brightling et al, 2000; Birring et al, 2003; Long et al, 2004; Sastre et
al, 2008), and enhanced levels in the condensate of COPD patients (Montushi et al,
2003; Chen et al, 2008; Antczak et al, 2012). Additionally, increased levels of PGE;
have been observed in the BAL fluid of allergen-sensitised mice (Herrerias et al.
2009). However, its role in airway inflammation remains varied and inconclusive and
there appears to be a fine balance between the pro and anti-inflammatory effects of

this prostanoid in human airways.

Before investigating the effect of PGE,, however, | needed to determine whether the
mouse was a suitable species to model MVL in. Therefore | used 5-

hydroxytryptamine (5-HT) as a tool for validating this model, as previous reports
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have shown potent effects in rats (Hele et al, 2001). Here, 5-HT induced a dose
related increase in MVL in both the trachea and the bronchi and IPA of mice.
However, from the photograph illustrating a typical EB response following 5-HT, it
appears that the leak in the IPA is much less than what occurred in the bronchi. This
effect may mask a larger increase following 5-HT. Furthermore, | determined that 5-
HT was acting via 5-HT receptors by using a non-selective 5-HT receptor antagonist

methysergide (Hele et al, 2001).

Once the model of MVL was successfully validated in the mouse, the effects of PGE,
were then investigated. In an initial study PGE; produced only a moderate increase
in MVL, using timings taken from the 5-HT study. This was evident in both the
trachea and the bronchi and IPA, where only a marginal dose response relationship
was obvious. The effect of PGE, on airway microvascular leak has not been shown
previously, and so timings of administration were based upon previous methods
within the group and the literature. However, increasing the time post PGE;
administration from 5 minutes to 30 minutes produced a greater increase in MVL in
the airways of mice. Additionally, a dose response relationship was more evident
using this time point in both the trachea and bronchi and IPA. Five minutes was
based on the data from 5-HT and it is interesting that it was after 30 minutes that
PGE; was able to cause significant microvascular leak as PGE; has been shown to
have a short biological half-life, around 30 seconds (Kozak et al, 2001; Brochhausen
et al, 2009). To fully elucidate why this may be the case would take a considerable
amount of time. One explanation may be that PGE; is causing the release of other
mediators that are involved in inducing microvascular leak. Aso et al (2012)
demonstrated that in vitro activation of human pulmonary microvascular endothelial
cells by PGE; enhanced IL-8 production. IL-8 itself has subsequently been shown to
promote endothelial permeability, as well as other cytokines such as TNF-a and IL-
18 (Yu et al, 2013). In addition, LPS effects on the endothelium may be occurring
secondary to the release of TNF-a, IL-1B and IL-8 (Horgan et al, 1993; Ishii et al,
1993). Furthermore, PGE; has been demonstrated in several studies to stimulate
the production and release of the pro-angiogenic mediator VEGF (Pai et al, 2001;
Bradbury et al, 2005). The potent permeability enhancing effects of VEGF are well
documented both in vivo and in vitro (Esser et al, 1998; Feng et al, 1999; Paul et al,

2001; Gavard & Gutkind 2006). One other possible explanation may be a positive
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feedback loop amplifying the initial signal and sustaining the inflammatory response,
whereby activation of EP receptors by PGE, leads to production and release of
PGE,. Such positive feedback loops have been shown in animal models of chronic
inflammatory diseases (Aoki et al, 2011). However, | demonstrated that blocking the
production of endogenous prostanoids with the COX inhibitor diclofenac did not
impact on PGE-induced MVL. It is therefore unlikely that a positive feedback loop is

occurring in this situation.

Having demonstrated that i.v. dosing of PGE, caused dose dependent increases in
airway MVL, an alternative route of administration was then investigated. The data
showed that an intranasal dose of PGE; was just as effective at inducing airway MVL
in the mice as with i.v. dosing which shows that the effects we are seeing are not

specific to a certain route of administration.

As previously mentioned, the majority of research into airway MVL has been
achieved using larger species, including the rat and the guinea pig. | wanted to rule
out that what was being observed with PGE; was not exclusive to the mouse. In the
guinea pig PGE; produced a large, substantial increase in airway MVL that was
comparable to that seen with 5-HT. Both the mouse and the guinea pig produced
similar profiles in the magnitude of their responses demonstrating that the effect of

PGE:; is translated across species.

The effect of PGE, on airway microvascular leak has not been extensively
investigated, especially in vivo. A lot of research appears to be focused on
cutaneous inflammation in relation to prostanoids, particularly PGE, (Takagi et al,
1987; Goulet et al 2004; Kabashima et al, 2007). Goulet et al (2004) examined the
effect of arachidonic acid on mouse ear tissue and established a primary role for
PGE, in mediating the oedema formation in this model. Prior to this, Takagi et al
(1987) observed, both pharmacologically and histologically, that in a rat air pouch
model PGE; increases vascular permeability via the degranulation of mast cells.
Data from in vitro investigations is often contradictory, with some reporting barrier
enhancing effects and others describing an increase in permeability following PGE;
(Moreno 2009; Konya et al, 2013). These opposing effects are most likely due to the

fact that PGE; activates four different receptor subtypes (EP+4). Investigation into
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the roles of each EP receptor in mediating PGE,-induced leak is described in the

following chapter (Chapter 4).

As described above small changes in blood flow may impact on MVL, especially in
the mouse where the bronchial circulation is small, so it could be possible that the
PGE-induced MVL may be caused by vasodilation and an increase in blood flow to
the airways. Rogers et al (1990) suggested that the vasodilator prostaglandins
PGE, and PGl, are able to potentiate MVL in the skin by increasing blood flow. In
contrast to the rapid and substantial drop in blood pressure (vasodilation) seen with
the IP agonist lloprost, PGE, appeared to have very little effect on the systemic
blood pressure in mice. Although this does not represent local changes in blood
pressure and flow (i.e. in the bronchial circulation) it does suggest that there is not a
clear and defined association between vasodilation and increased airway
microvascular leak in this study. Zhang et al (2000), however, did observe that i.v.
administration of PGE, caused a significant decrease in mean arterial pressure
(MAP) in wild type (C57BL/6) mice at doses lower than what was used in this
present study. Audoly et al (1999) reported almost identical findings, where PGE;
caused a marked and immediate fall in blood pressure, where maximal blood
pressure reduction occurred within the initial 20 seconds after PGE; infusion (using
129/SvEv mice). However, as already mentioned, deciphering which EP receptor is

mediating this effect will further elucidate the role PGE; is playing.

To summarise, this chapter has demonstrated that the mouse is a suitable species to
investigate the effects of PGE, on airway MVL and most importantly that PGE; is
able to induce substantial and significant MVL in the trachea and the bronchi and
IPA of mice and guinea pigs. Additionally this effect appears to be distinct from any
changes in systemic blood pressure as using the same dose produced no significant
increase or decrease in blood pressure. The data presented in this chapter therefore
allows me to accept the hypothesis stated in section 3.1.1. The next step is to
decipher which of the four EP receptors (EP1.4) is mediating this response (Chapter
4).
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Chapter Four

Identifying the EP Receptor Mediating
PGE,-induced MVL in mouse airways

110



4. Identifying the EP Receptor Mediating PGE;-induced MVL in
mouse airways

4.1. Rationale

In chapter 3 | demonstrated that the mouse was a suitable model to investigate
airway microvascular leak using Evans Blue dye and that PGE; induced significant
extravasation in both the trachea and bronchi and IPA. PGE; acts via the activation
of four different receptor subtypes, termed EP4, and has already demonstrated a
wide range of effects in the airways. Therefore it seemed logical to determine which

EP receptor may be mediating this airway microvascular leak in the mouse.
4.1.1. Chapter Hypothesis

“‘PGE, activates a specific EP receptor to mediate microvascular leak in mouse

airways”
4.1.2. Aims

¢ Investigate the effect of PGE; in individual EP receptor knock out mice (EP+.
4).

e Investigate the effect of selective EP receptor agonists from ONO
Pharmaceuticals.

e Charactise selective EP, (PF-04418948) and EP, (ER-819762) receptor
antagonists against relevant selective EP agonists.

e Use selective EP antagonists against PGE; to confirm KO data.
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4.2. Methods

The following experiments were carried out as described in chapter 2. Details of

individual experiments are described below.

4.2.1. The Effect of PGE2-induced MVL in EP Receptor Knock-Out Mice

The same microvascular leakage protocol was used as before with a single sub
maximal dose of PGE; (3 mg kg™") or vehicle (1% ethanol in saline) used as well as

the 30 minute time point. Tail tips were also taken to determine genetic status by

genotyping.

Additionally, the response to 5-HT in EP receptor knock-outs (ptger2” and ptgerd™)
and their wild types was investigated to ensure their lack of response to PGE; was
not due to an overall disruption in MVL. A sub maximal dose of 5-HT (1 mg kg™') was

used as a known-inducer of MVL.

4.2.2. Effect of ONO-D1-004, ONO-AE1-259, ONO-AE-248 and ONO-AE1-329 on
MVL

To parallel the effects seen in the EP receptor deficient mice, the response to
selective EP agonists was studied. Following EB administration, animals were given
selective EP receptor agonists (Okada et al, 2000; Suzawa et al, 2000; Cao et al,
2002); ONO-D1-004 (EP+), ONO-AE1-259 (EP,), ONO-AE-248 (EP3), ONO-AE1-329
(EP4) or PGE; (3 mg kg™) i.v at 4 ml kg™ or Vehicle (1% ethanol in saline). The 30

minute time point was used for all agonists.

4.2.3. Investigating the EP, receptor in airway MVL

Having shown using EP receptor knockout mice that the EP, receptor appears to

have a role in mediating airway MVL | wanted to validate an EP, receptor antagonist
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for use in vivo to confirm this data. First of all | carried out a dose response to ONO-
AE1-259 (EP, agonist) to establish whether 3 mg kg'1 was a suitable dose to use.
The doses used were 0.1, 0.3, 1 and 3 mg kg™ (i.v at 4 ml kg™') and unfortunately |

was not able to go higher due to compound availability.

The EP, antagonist PF-04418948 was used in subsequent studies and first dosed
orally at 100 mg kg~ or vehicle control (0.5% methylcellulose, 0.2% tween 80 in
water) one hour prior to ONO-AE1-259 administration (3 mg kg™ in 4 ml kg™ i.v).
The dosing was based on data shown by Forselles et al (2011), however, | decided
to go higher as their top dose (30 mg kg™') was unable to block a PGE,-induced
response and the EP, agonist they used (Butaprost) is less potent than ONO-AE1-
259.

An alternative route of antagonist administration (intraperitoneal; i.p.) was then
investigated. Here mice were dosed with PF-04418948 at 3, 10, 30 or 100 mg kg™
(10 ml kg™ i.p.) or vehicle (0.5% methylcellulose, 0.2% tween 80 in saline) one hour
before ONO-AE 1-259 administration (3 mg kg™ in 4 ml kg™ i.v.)

It must be noted that PF-04418948 did not go into solution in the vehicles being used

and was therefore delivered as a suspension.

4.2.4. Investigating the EP4 receptor in airway MVL

4.2.4.1. Rat Tracheal Organ Bath Preparation

Before beginning in vivo work, | wanted to validate a reported EP4 antagonist, ER-
819762 (Chen et al, 2010) using a functional bioassay. This antagonist was chosen
as it proved effective in their in vivo model. To do this | used rat trachea organ bath
set up as outlined in chapter 2.6. PGE,-induced relaxation of induced tone in rat
tracheal tissue has previously been shown to be mediated via the activation of EP4
receptors (Lydford and McKechnie, 1994; Buckley et al, 2011; Benyahia et al, 2012)

and so was used as an assay system to assess functionality at this receptor subtype.

In these experiments, carbachol (CCh; 1 mM) was used to induce a stable

contraction of the tissues. The tissues were then incubated with vehicle or ER-
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819762 (100 nM to 10 uM) for 30 minutes before cumulative concentration—-response
curves were performed to ONO-AE1-329 (10° to 10° M). At the end of the
experiment, the non-specific PDE inhibitor, papaverine (100 yM), was added to

assess the maximum capacity for relaxation of each tissue.

4.2.4.2. In Vivo Characterisation

Next a dose response to ONO-AE1-329 (EP4 agonist) was carried out in C57BL/6
mice. The doses used were 0.1, 0.3, 1 and 3 mg kg (i.v at 4 ml kg”) and

unfortunately | was not able to go higher due to compound availability.

The EP4 antagonist ER-819762 was used in subsequent studies and was first dosed
orally at 100 mg kg™ (Chen et al, 2010) or vehicle control (0.5% methylcellulose,
0.2% tween 80 in water) one hour prior to ONO-AE1-329 administration (3 mg kg™ in
4 ml kg i.v). Dosing was based on data from Chen et al (2010).

An alternative route of antagonist administration was then investigated
(intraperitoneal; i.p.). Here mice were dosed with ER-819762 at 3, 10, 30 or 100 mg
kg" (10 ml kg™ i.p.) or vehicle (0.5% methylcellulose, 0.2% tween 80 in saline) one
hour before ONO-AE1-329 administration (3 mg kg™ in 4 ml kg™ i.v.)

Doses were initially based on those used by Chen et al (2010). Additionally, it must
be noted that ER-819762 did not go into solution in the vehicles being used and was

therefore delivered as a suspension.

4.2.5. Effect of the EP, and EP4 receptor antagonists against PGE;-induced
MVL in mice

Having determined suitable doses and route of administration for the EP, and EP4
receptor antagonists, the next step was to try and replicate the findings from the EP
receptor knockout mice. Here mice were dosed with PF-04418948 (10 mg kg™ at 10
ml kg' ip), ER-819762 (30 mg kg’ at 10 ml kg” i.p) or vehicle (0.5%
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methylcellulose, 0.2% tween 80 in saline) one hour prior to PGE, administration (3

mg kg™ at 4 ml kg™ i.v.).

Additionally, in a separate study, mice were dosed with both PF-04418948 and ER-

819762 simultaneously one hour before PGE».

4.2.7. Genotyping of KO Mice

DNA was extracted from tail tips (0.5-1cm) of wild type and prostanoid receptor
knockout mice using Quanta Biosciences Extracta DNA prep for PCR kit. The purity
and integrity of the DNA samples was assessed using a PowerWave XS Microplate
Spectrophotometer (Biotek, Bedfordshire, UK). PCR reactions were run using
mouse genomic DNA primers that had been previously optimised and validated. The
PCR reaction contained 1x Green GoTaq Flexi buffer, 0.2mM dNTPs, 2mM MgCl,,
1.25ul enzyme (GoTaqg polymerase), 10pmol forward and 10pmol reverse primers,
and a volume of DNA (50ng) or Nuclease-free water for control, made up to 25ul with
Nuclease-free water. Samples were then run on a Tagman machine under the
conditions detailed in table 4.1. EP4 and EP, primers were run in singleplex
reactions, so wild type and knock-out primers had to be run as separate reactions,
while EP3; and EP4 primers were run as multiplex reactions, so wild type and knock-

out primers could be run in the same PCR reaction.

The PCR products and DNA ladder (Hyperladder Il or IV) were run on a 2% agarose
gel in Tris Borate EDTA (TBE) buffer containing 5ul per 100ml Safeview at 80V for
about 1 hour. The gel was then visualised under ultra-violet light and photographed
using the Molecular Imager® ChemiDoc™ XRS System with Image Lab™ software
(Bio-Rad, UK).
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Table 4.1. Optimised PCR conditions for genotyping prostanoid receptor KO mice. EP; and
EP, were run as singleplex (indicated by a “-“ where that primer isn’t included so no band expected)
while EP3; and EP, were run as multiplex reactions.

Receptor PCR Conditions B e s
(bp)
Denaturing Annealing Extension Wild Type Knockout
EP, (w-t) 94°C/30s 59°C/30s 68°C /120 s 1000 2100
for/rev
EP, (KO) 95°C/30s 60°C/30s 68°C/90s - 1000
neo/rev
EP; (w.t) 94°C/30s 58°C/30s 68°C /60 s 650 -
for/rev
EP, (KO) 94°C/30s 65°C/30s 75°C /60 s - 470
neo/rev
EP;
95°C/30s 65°C/30s 75°C /60 s 350 550
for/rev/ineo
EP,
95°C/30s 65°C/30s 75°C /60 s 450 700
for/rev/ineo

4.2.8. Statistical Analysis

All data was analysed using GraphPad Prism 5. Parametric data was expressed as
mean + s.e.m and non-parametric data presented as the median with the
interquartile range. Multiple measurements were analysed by one-way ANOVA,
non-parametric Kruskal-Wallis test and post-hoc comparisons were performed by
Dunn’s multiple comparison test, comparing selected columns to a control.
Additionally, an unpaired t test and/or non-parametric Mann Whitney test, with two-
tailed p values, were carried out to determine statistical significance between two
groups. Differences were considered statistically significant if p<0.05. The figures
have been graphically presented on a range-specific axis. Analysis of the organ

bath work is detailed in chapter 2 (section 2.6.3.3.).
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4.3. Results

4.3.1. The Effect of PGE2-induced MVL in EP Receptor Knock-Out Mice

The effect of PGE, (3 mg kg”') on MVL was compared in WT and mice deficient in
individual EP receptors (Ptger1-4”).  The data has demonstrated a significant
increase in MVL in wild-type, Ptger1'/' and Ptger3'/' mice in response to PGE..
However, a substantial and significant reduction in PGE,-induced MVL was shown in
Ptger2” and Ptger4” mice (Figure 4.1). This was apparent in the trachea and
bronchi and IPA.
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Figure 4.1. Effect of PGE; (3 mg kg'1 i.v) on MVL after 30 minutes into (A) trachea or (B) bronchi
and intra-pulmonary airways (IPA) of wild-type (WT) and EP,_; receptor deficient mice and (C)
trachea or (D) bronchi and IPA of WT and EP, receptor deficient mice. Non-parametric data
expressed as median, with interquartile range, and parametric data expressed as mean + s.e.m. of
the concentration of Evans blue dye (ng mg'1 of tissue). n=6. Non-parametric Mann Whitney test or
unpaired t test for parametric data. * p<0.05.significant increase from veh control. #p<0. 05 significant

decrease from WT. ns = non significant
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To determine whether their lack of response to PGE; was not due to an overall
disruption in MVL, 5-HT was administered to Ptger2'/' and Ptger4'/' mice. Here, 5-HT
produced a significant increase in MVL in the trachea and in the bronchi and IPA,
with no difference seen between the EP-receptor deficient mice and their wild types
(Figure 4.2.)
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Figure 4.2. Effect of 5-HT (1 mg kg'1 i.v.; 5 minutes) on MVL into (A) trachea or (B) bronchi and
intra-pulmonary airways (IPA) of wild-type (WT) and EP, receptor deficient mice and (C)
trachea or (D) bronchi and IPA of WT and EP, receptor deficient mice. Non-parametric data
expressed as median, with interquartile range, and parametric data expressed as mean + s.e.m. of
the concentration of Evans blue dye (ng mg'1 of tissue). n=6. Unpaired t test for parametric data or

Non-parametric Mann Whitney test. * p<0.05.significant increase from vehicle control.
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Figure 4.3 shows an example gel from genotyping for the Ptger3 gene in wild-type
and Ptger3” mouse tail tips. Primers for the wild-type gene produced a band at
400bp while Ptger3'/' at 550bp. This confirms that the Ptger3 gene was present in
WT, Ptger1'/' and Ptger2'/' as primers specific for the WT gene produce a band
corresponding to 400bp. In addition, the band at 550bp is specific for the primer
sequence of the knock out Ptger3 gene, thus confirming the Ptger3” mice were

deficient of the correct gene.

Water WT  Ptger1” Ptger2” Ptger3

550bp
400bp

Figure 4.3. Example gel of genotyping for the Ptger3'/' mice. Primers for the wild-type gene
produced a band at 400bp while Ptger3'/' at 550bp.
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4.3.2. Effect of ONO-D1-004, ONO-AE1-259, ONO-AE-248 and ONO-AE1-329 on
MVL

Having shown an inhibition in PGE»-induced MVL in EP, and EP4 receptor deficient
mice, selective EP receptor agonists were investigated in order to parallel these
results. ONO-AE1-259 (EP,) and ONO-AE1-329 (EP4) both significantly increased
MVL in both the trachea and bronchi and IPA of mice, while ONO-D1-004 (EP+) and
ONO-AE-248 (EP3) had little or no effect on MVL in either trachea or bronchi and
IPA (Figure 4.4).
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Figure 4.4. Effect of PGE;, ONO-D1-004 (EP,), ONO-AE1-259 (EP,), ONO-AE-248 (EP;) and ONO-
AE1-329 (EP,4) (3 mg kg'1 i.v.; 30 minutes) on MVL into (A) trachea or (B) bronchi and intra-
pulmonary airways of mice. Data presented as the median, with interquartile range, of the
concentration of Evans blue dye (ng mg'1 of tissue). n=6 One-way ANOVA, non-parametric Kruskall-
Wallis test with post-hoc comparisons using Dunn’s multiple comparison test. * p<0.05.significant

increase from vehicle control.
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4.3.3. Investigating the EP; receptor in airway MVL

The data shown from the knock-out mice and the EP receptor agonists clearly
demonstrates a role for the EP, and the EP4 receptors in mediating airway MVL in
mice. Although knock-out mice are excellent tools for investigating the role these
receptors play in disease they aren’t without their limitations. Therefore, | wanted to

confirm this data using selective EP, and EP,4 antagonists.

First of all | wanted to establish a dose response with the EP, agonist (ONO-AE1-
259) to see if 3 mg kg™ was the most suitable dose to use. Due to the quantity of
compound available this was the highest dose possible and from figure 4.5 it is
evident that 3 mg kg’ induced a significant increase in MVL in the trachea.

Therefore | carried on using this dose in the antagonist studies.
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Figure 4.5. Effect of ONO-AE1-259 (EP,) (0.1, 0.3, 1 and 3 mg kg'1 i.v.; 30 minutes) on MVL into
(A) trachea or (B) bronchi and intra-pulmonary airways of mice. Non-parametric data presented
as median, with interquartile range, of the concentration of Evans blue dye (ng mg™ of tissue). n=6.
One-Way ANOVA non-parametric Kruskall-Wallis test with post-hoc comparisons using Dunn’s

multiple comparison test. * p<0.05.significant increase from vehicle control.

Next | wanted to examine what would be the best route of administration for the EP»
receptor antagonist (PF-04418948). A single oral dose of 100 mg kg™ had no
significant effect on airway MVL induced by ONO-AE1-259 (Figure 4.6).
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Figure 4.6. Effect of PF-04418948 (100 mg kg™~ p.o; 1 hour) on ONO-AE1-259-induced MVL (3
mg kg™ i.v.; 30 minutes) into (A) trachea or (B) bronchi and intra-pulmonary airways of mice.
Data expressed as mean + s.e.m of the concentration of Evans blue dye (ng mg™ of tissue). n=6.
Unpaired t test for parametric data. * p<0.05.significant increase from vehicle control. ns = non

significant.

| then wanted to investigate whether giving this same antagonist by an
intraperitoneal injection would yield a better result and inhibit the MVL-induced by
ONO-AE1-259. Indeed, as demonstrated in figure 4.7, there appears to be a dose
dependent trend in inhibiting MVL with a dose of 30 mg kg™ showing a significant
inhibition of EP,-induced MVL. Therefore, | decided to continue using 30 mg kg

i.p.in future studies.
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Figure 4.7. Effect of PF-04418948 (3, 10, 30 and 100 mg kg'1 i.p.; 1 hour) on ONO-AE1-259-
induced MVL (3 mg kg'1 i.v.; 30 minutes) into (A) trachea or (B) bronchi and intra-pulmonary
airways of mice. Data presented as median, with interquartile range, of the concentration of Evans
blue dye (ng mg™ of tissue). n=6 One-Way ANOVA, non-parametric Kruskall-Wallis test with post-hoc
comparisons using Dunn’s multiple comparison test. * p<0.05.significant increase from vehicle/vehicle

control. # p<0.05 significant decrease from agonist/vehicle control.
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4.3.4. Investigating the EP,4 receptor in airway MVL

Prior to utilising the EP4 antagonist (ER-819762) | wanted to characterise it in vitro
first, so | looked at a concentration response against ONO-AE1-329-induced
relaxation in an EP4 receptor mediated system. ONO-AE1-329 caused a
concentration-dependent relaxation of pre-contracted rat trachea (38.8% + 3.4) that
was inhibited by the EP4 receptor antagonist (ER-819762). ER-819762, compared
to its vehicle control (0.1% DMSO), produced a graded, parallel rightward shift of the
ONO-AE1-329 concentration response curves (Figure 4.8 and Table 4.1).
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Figure 4.8. Relaxation of rat isolated rat tracheal tissue. Effect of vehicle (DMSO, 0.1%) or ER-
819762 (10'8 M- 107 M) on ONO-AE1-329-induced relaxation of carbachol pre-contracted rat tracheal

tissue. Data represent mean + s.e.m. n=6-13
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Table 4.2. Antagonism of ONO-AE1-329-induced relaxation by ER-819762 in rat trachea.

Maximum Relaxation ECs, (M) of Mean CCh
Antagonist n papaverine baseline
(mg) % papaverine | regponse | tension (mg)
DMSO 13 394 +47 38.8+34 2.3x10° 2121 + 108
100 nM ER-819762 7 305 + 51 36.0 +9.2 2.7x10° 1940 + 147
1 uM ER-819762 7 353 +98 324 +6.2 6.5x 10" 2171 + 149
10 uM ER-819762 6 332 +62 34.8+47 40x 107 2548 + 214

Schild plot analysis indicated a linear relationship between the concentration of ER-
819762 and degree of antagonism produced, indicating surmountable competitive
antagonism at the EP4 receptor. Accordingly, the Schild slope factor value obtained

was 1.01, from which a pKg value of 6.236 was derived (Figure 4.9 and Table 4.2).

-8 7 6 5 -4
log [ER-819762] (M)

Figure 4.9. Schild plot analysis of the antagonism of ONO-AE1-329 with ER-819762.
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Table 4.3. Schild plot analysis data for ONO-AE1-329 vs. ER-819762 in rat trachea.

[ER-819762] (M) Log (CR-1)
107 -0.77
10° 0.26
10° 1.21

Just as | characterised the EP, receptor antagonist, | also wanted to investigate the
novel EP4 receptor antagonist ER-819762 in vivo using ONO-AE1-329 (EP4 agonist)
before examining its effect against PGE,. First, a dose response to ONO-AE1-329
was established which is clearly demonstrated in figure 4.10 below. As with ONO-
AE1-259, the highest dose | was able to use was 3 mg kg™ and as shown this was

the only dose to induce a significant increase in airway MVL.
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Figure 4.10. Effect of ONO-AE1-329 (EP,4) (0.1, 0.3, 1 and 3 mg kg'1 i.v.; 30 minutes) on MVL into
(A) trachea or (B) bronchi and intra-pulmonary airways of mice. Data presented as median, with
interquartile range, of the concentration of Evans blue dye (ng mg'1 of tissue). n=6. One-Way ANOVA,
non-parametric Kruskall-Wallis test with post-hoc comparisons using Dunn’s multiple comparison test.

* p<0.05 significant increase from vehicle control.
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Next | looked at a single oral dose of ER-819762 (100 mg kg') against ONO-AE1-
329 induced MVL. At this dose and route of administration, the antagonist did not

inhibit MVL induced by the EP4 agonist (Figure 4.11).
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Figure 4.11. Effect of ER-819762 (100 mg kg™~ p.o.; 1 hour) on ONO-AE1-329-induced MVL (3
mg kg'1 i.v.; 30 minutes) into (A) trachea or (B) bronchi and intra-pulmonary airways of mice.
Data presented as the median, with interquartile range, of the concentration of Evans blue dye (ng

mg'1 of tissue). n=6. Non-parametric Mann Whitney test. * p<0.05.significant increase from vehicle

control.

As with the EP; antagonist | then decided to explore whether an alternative route of
administration would be better and so carried out a dose response via i.p dosing.
The doses used were 3, 10, 30 and 100 mg kg™'. Figure 4.12 shows that at 10 and
100 mg kg ER-819762 was able to significantly inhibit MVL in the trachea induced
by ONO-AE1-329. Although not a dose dependent relationship there was a trend
towards reducing airway MVL induced by the EP4 agonist. From this data | decided

to use this compound at 10 mg kg™ (i.p) in the following PGE; experiments.
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Figure 4.12. Effect of ER-819762 (3, 10, 30 and 100 mg kg'1 i.p.; 1 hour) on ONO-AE1-329-
induced MVL (3 mg kg'1 i.v.; 30 minutes) into (A) trachea or (B) bronchi and intra-pulmonary
airways of mice. Data expressed as mean + s.e.m of the concentration of Evans blue dye (ng mg™ of
tissue). n=6 One-Way ANOVA with post-hoc comparisons using Dunnett’'s multiple comparison test.
*p<0.05.significant increase from vehicle control. # p<0.05 significant decrease from treatment

control.
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4.3.5. Effect of the EP, and EP4 receptor antagonists against PGE;-induced

MVL in mice

Having shown that the EP, antagonist (PF-04418948) and the EP4 antagonist (ER-
819762) are able to block airway MVL induced by their respective receptor agonists,
| then wanted to replicate the data from the knockout mice. Initially each antagonist
was dosed separately, however as demonstrated in figure 4.13 neither antagonist
was able to inhibit PGE»-induced airway MVL. When both antagonists were given
simultaneously there was a significant reduction in PGE,-induced MVL in the trachea
and in the bronchi and IPA (Figure 4.14).
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Figure 4.13. Effect of PF-04418948 (30 mg kg'1 i.p.; 1 hour) and ER-819762 (10 mg kg'1 i.p; 1
hour) on PGE,-induced MVL (3 mg kg'1 i.v.; 30 minutes) into (A) trachea or (B) bronchi and
intra-pulmonary airways of mice. Data expressed as mean + s.e.m of the concentration of Evans

blue dye (ng mg'1 of tissue). n=3
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Figure 4.14. Effect of simultaneous dosing of PF-04418948 (30 mg kg'1 i.p.; 1 hour) and ER-
819762 (10 mg kg'1 i.p.; 1 hour) on PGE;-induced MVL (3 mg kg'1 i.v.; 30 minutes) into (A)
trachea or (B) bronchi and intra-pulmonary airways of mice. Data expressed as mean + s.e.m of
the concentration of Evans blue dye (ng mg'1 of tissue). n=5-6 Unpaired t test for parametric data.

*

p<0.05 significant increase from vehicle control. # p<0.05 significant decrease from treatment control.
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4.4. Discussion

Prostaglandin E, (PGE;) is an endogenous lipid eicosanoid synthesised by
cyclooxygenase (COX)-mediated metabolism of free arachidonic acid. It is produced
in a variety of cells, including airway smooth muscle, epithelial cells, alveolar
macrophages and pulmonary endothelial cells (Meyrick et al, 1989; Widdicombe et
al, 1989). In addition, PGE; has been shown to have immunomodulatory effects,
effects on airway smooth muscle and nerves, allowing it to modulate airway calibre
(Buckley et al, 2011; Cocks et al, 1999; Maher et al, 2009; Portanova et al, 1996;
Walters et al, 1984). It mediates its actions via 4 distinct G-protein coupled

receptors, termed EP 4, encoded for by the genes Ptger1-4 (Coleman et al, 1994).

In Chapter 3 | demonstrated a clear role for PGE, mediating airway microvascular
leak in mice and guinea pigs. Furthermore, using Evans Blue dye as a marker of
plasma protein exudation proved effective. The aim of this chapter was to
investigate the role of each EP receptor in mediating this PGE,-induced leak. To do
this | used mice deficient of each individual EP receptor as well as a range of
pharmacological tools, including agonists and antagonists targeting each receptor
subtype. As discussed previously the effect of PGE, on airway microvascular leak
has not been extensively investigated, especially in vivo. As microvascular leak and
plasma exudation are both prominent features in airway inflammatory diseases, such
as asthma, elucidating the role of endogenous mediators is an important step in

developing novel therapies.

Having shown that PGE; induces MVL in the mouse | wanted to determine which of
the EP receptors were central to this response. Differing effects of PGE, have been
demonstrated in vivo and these, often opposing, effects can be attributed to the
activation of different receptor subtypes (EP14) with different signalling
characteristics (Breyer et al, 2001). Through gene targeting and the development of
mice deficient in specific prostanoid receptors we are able to identify the receptor/s
mediating the inflammatory actions of PGE,, a step that has been difficult with
current selective EP agonists and antagonists (Goulet et al, 2004). What was
evident in both the trachea and the bronchi and IPA was that the response to PGE,

in the EP, and EP4 knock-out mice was completely abolished. This data suggests
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that both the EP, and EP4 receptors may be essential in this process. For these
knock-out mice to be a suitable tool for investigating airway microvascular
permeability, it was important to determine if there were any major differences in
their ability to produce this inflammatory response. 5-HT was administered to wild
type, EP, and EP4 knock-out mice and the leakage of Evans Blue measured. A
significant increase in airway leak was observed in EP, and EP4 knock-out mice in
response to 5-HT, identical to that seen in the wild-type mice. So lacking either the
EP, or the EP4 receptor did not impact the effectiveness of other inflammatory

mediators, supporting these knock-outs as suitable tools for future studies.

As well as the knock-outs | was also able to use selective EP receptor agonists that
were kindly provided by ONO Pharmaceuticals. These allowed direct comparisons to
be made with the knock-out data. The four agonists, ONO-D1-004 (EP1), ONO-AE1-
259 (EP2), ONO-AE-248 (EP3;) and ONO-AE1-329 (EP4) were administered in the
same way as PGE,. The data clearly demonstrated that, similar to PGE;, the EP;
and EP4 agonists significantly increased the airway plasma leakage. This confirmed
that activation of these EP receptors mediates microvascular leak in mouse airways,

while activation of EP1 and EP3 produced no measurable increase.

EP, and EP4 receptors both couple to Gs and signal through an increase in cAMP
(Sugimoto & Narumiya, 2007). Various intracellular signalling pathways are thought
to lead to an increase in microvascular fluid leak. In particular increases in
intracellular calcium concentration have been closely linked. It has been suggested
that an increase in calcium ions is an essential signal that is responsible for the
phosphorylation of myosin light-chain kinase (MLCK) in endothelial cells. This
causes actin-myosin stress fibres to develop force and a contraction of the
cytoskeleton leading to the formation of intercellular gaps between endothelial cells
(Ereso et al, 2009; Goeckeler & Wysolmerski, 1995). EP4 receptors have been
shown to mediate their effects through this intracellular pathway; however the data
presented clearly demonstrated a role for EP, and EP4 receptors in mediating PGE»-
induced MVL and both these receptors couple to G5 and signal through an increase
in cAMP (Sugimoto & Narumiya, 2007). Furthermore, an increase in cAMP has
been associated with restoration and strengthening of endothelial barrier function

thus preventing an increase MVL in response to certain mediators (Mehta & Malik,
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2006). There is evidence to suggest that activation of Protein Kinase A (PKA)
through this increase in cAMP inhibits the activation of MLCK and so preventing the
contraction of endothelial cells and opening of gap junctions (Garcia et al, 1995). It is
interesting that the EP; receptor does not appear to mediate any PGE,-induced MVL
as this receptor is coupled to G; and a decrease in cAMP. It must be emphasised,
however, that the majority of research into the signalling pathways involved in
vascular permeability has been studied in vitro, and so is not a true representation of
the permeability characteristics of intact microvascular endothelium (Jiang et al,
2008).

In chapter 3 | was also unable to detect any major change in systemic blood
pressure following PGE, administration. It would have been reasonable to assume
that the response being observed was a result of an increase in bronchial blood flow
as it has been suggested that vasodilator prostaglandins PGE, and PGl; are able to
potentiate MVL (Rogers et al, 1990). However, the lack of response to PGE;, may be
explained by opposing effects of the four EP receptors. There is considerable
evidence indicating that EP, and EP4 receptors are pivotal in mediating the
vasodepressor actions in mouse and human vascular preparations (Davis et al,
2004; Imig et al, 2002; Kennedy et al, 1999; Zhang et al, 2000). Additionally, the
EP, and EP3; receptors have previously been shown to mediate contraction of
vascular smooth muscle in wild type mice (Baxter et al, 1995; Qian et al, 1994; Stock
et al, 2001; van Rodijnen et al, 2007; Walch et al, 2001). Measuring changes in
blood pressure in response to individual EP agonists is a key study for future

investigations and is outlined in more detail in Chapter 7.

It has only been in recent years that novel EP, and EP,4 receptor antagonists that are
potent and selective for their respective receptor have emerged. This has enabled
me to further examine the data that | have generated, and explore the role of these
two receptors further. Although knock-out mice for each prostanoid receptor subtype
has helped to investigate the physiological and pathological roles of this receptor
family, they are only limited to the mouse. Having demonstrated a clear role for EP,
and EP,4 receptors in mediating airway microvascular leak, | wanted to examine

these further using pharmacological tools.
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Previously, the EP, antagonist relied on by most investigators was AH6809 but this
has been shown to act at EP4 and DP+ receptors (Jones et al, 2009; Woodward et al,
2011). However, Forselles et al (2011) recently described a novel and selective EP,
receptor antagonist, PF-04418948. This antagonist was then further characterised
by our lab where it was clear that PF-04418948 was only selective for the EP,
receptor (Birrell et al, 2013). Before using PF-04418948 a dose response to ONO-
AE1-259 was carried out to establish an appropriate dose to use against the
antagonist. A dose-dependent increase in MVL was evident with 3 mg kg™ showing
a significant increase. It would have been ideal to investigate all agonists at higher
doses, however, this would have required large amounts of compound while
increasing the cost in terms of reagents and number of animals used. As such, 3 mg
kg” was then used to test the antagonist. To investigate its effects on EP,-induced
airway microvascular leak, PF-04418948 was given orally one hour prior to EP»
agonist, ONO-AE1-259. However, no inhibition in Evans Blue leak was seen.
Interestingly, when delivered via the intra peritoneal (i.p) route PF-04418948
demonstrated a dose-dependent inhibition in EP»-induced MVL, with a significant
block at 30 mg kg™'. However, Forselles et al (2011) showed that orally administered
PF-04418948 attenuated EP.-induced responses in their rat model of cutaneous
blood flow. They also report that the oral absorption was high with an oral
bioavailability of 78%, however, the plasma protein binding was very high (unbound
fraction of 0.003) (Forselles et al, 2011). Unfortunately, | was not able to measure
plasma levels of this compound and asses its pharmacokinetic properties in mice.
One problem that was encountered was the solubility of the compound. It did not go
into solution in the vehicle used (0.5% methylcellulose, 0.2% tween 80 in saline) and

so was delivered as a suspension.

In 2010, Chen et al described a novel EP4 receptor antagonist, ER-819762, that was
highly selective for EP4 receptors in a number of different in vitro assays as well as
being effective in both mouse and rat models of arthritis and chronic pain (Chen et
al, 2010). So this antagonist was chosen as a suitable tool to investigate the EP4
receptor in MVL in mouse airways. Before studying the effects of this antagonist in
vivo, | wanted to confirm its functionality and potency in a suitable EP4 receptor
mediated system. PGE;-induced relaxation of induced tone in rat and human

trachea has been shown to be mediated by the activation of the EP4 receptor
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(Lydford and McKechnie, 1994; Buckley et al, 2011; Benyahia et al, 2012). Here,
ER-819762 behaved as a surmountable competitive antagonist, producing rightward
parallel shifts of the ONO-AE1-329 (EP4 agonist) concentration response curves with
a pKg value of 6.24. For the in vivo work | first demonstrated that ONO-AE1-329
induced a dose-dependent increase in Evans Blue leak in murine airways, with 3 mg
kg" producing a significant rise. Similarly, the effect of ER-819762 was initially
examined against EPs-mediated responses. A single oral dose of ER-819762 (100
mg kg™') did not show any inhibition of EP4-induced airway MVL. However, when
given i.p ER-819762 produced a dose-dependent inhibition of EP4-induced MVL,
with a significant drop seen at 10 and 100 mg kg”'. The doses used in this study
were based on those used by Chen et al (2010) and so it is interesting that when
given orally it was unable to block EPs-induced leak. In their models ER-819762
successfully suppressed clinical signs of arthritis in two different mouse models, as
well as inhibiting chronic pain in a rat model of inflammatory pain (Chen et al, 2010).
Unfortunately | cannot comment on the pharmacokinetic properties of the antagonist,
but it may simply be due to differences in dosing regimen and the animal models
used. Animals were dosed on a daily basis and disease progression over several
weeks was monitored and scored. With the MVL model, only a single dose was

given and the response measured was an acute inflammatory reaction.

Having established that both the EP, receptor (PF-04418948) and EP,4 receptor
antagonists (ER-819762) were able to inhibit airway MVL induced via their
respective agonists, the next step was to examine their effects on PGE;-induced
MVL. In initial experiments, neither antagonist was able to inhibit PGE,-mediated
airway MVL. Looking back at the previous data it is clear that both the EP, and EP4
receptor are able to mediate leak to the same extent, so it seemed possible that
blocking either was not enough to inhibit PGE,. Indeed, when both antagonists were
dosed simultaneously, at the same doses and time points, a decrease in PGE»-
induced MVL was evident, with a significant inhibition seen the trachea and in the
bronchi and IPA. This emphasised the possibility for a dual role for EP, and EP4
receptors in mediating PGE, induced responses and it is obvious here that both
receptors are important in airway MVL. Little research has been published on their
role in airway MVL so the data presented demonstrates an EP receptor activity

profile which will aid in further understanding its role in airway inflammation. Yuhki et
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al (2004) presented evidence that suggested EP, and EP; participate in
inflammatory exudation in their Carrageenin-induced mouse pleurisy model.
Furthermore, EP, and EP4 receptor signalling has been implicated in acute skin
inflammation by enhancing blood flow in the microenvironment (Kabashima et al,
2007). In contrast, Goulet et al (2004) found that PGE, promotes acute cutaneous
inflammation by activating EP; receptors. In addition, data from in vitro studies has
illustrated that PGE; actually reduces endothelial permeability to macromolecules,
such as dextran or albumin, and achieves this via activation of the EP4 receptor
(Birukova et al, 2007; Konya et al, 2013b). Konya et al (2013) used human
pulmonary endothelial cells and observed that only the EP4 agonist, ONO-AE1-329,
mimicked the barrier enhancing effects of PGE, (Konya et al, 2013b). It is also
important to note that expression of EP4 receptors has been detected in pulmonary
endothelial cells in human, rat and mouse (Aso et al, 2012; Martin et al, 2002; Rao et
al, 2007).

An interesting observation from the data here was that both EP, and EP4 agonists
caused almost identical responses in airway MVL and in the knock-out mice
response to PGE, were almost completely abolished in both EP, and EP4 receptor
knockouts. Moreover, the selective receptor antagonists required simultaneous
dosing to block the stimulatory effects of PGE,. This suggests that EP, and EP4, may
be functionally interdependent. Subbaramaiah et al (2008) saw a similar effect when
studying the activity of PGE; in human adipocytes and breast cancer cells. They
observed that both receptors played a role in mediating the induction of aromatase
and that inhibiting either receptor abrogated the effects of PGE, (Subbaramaiah et
al, 2008). One hypothesis is that the EP, and EP,4 receptors form heterodimers. The
data from the knock-outs indicates that without functional EP, or EP,4 receptors PGE,
is unable to induce MVL. Furthermore, when EP, and EP, antagonists were
administered alone, with both functional receptors present, PGE,-induced significant
MVL. Only when both receptors were antagonised simultaneously was PGE;-

induced leak attenuated (see figure 4.15).
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A Wild Type EP, Knock-Out EP4 Knock-Out
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Figure 4.15. Schematic of possible EP,, heterodimer and how this interaction
influences PGE;-induced airway microvascular leak. (A) PGE, and EP, and EP, agonists
are all able to induce a significant increase in airway MVL. However, in EP, and EP,
receptor knock outs this response to PGE, is absent. With either functional receptor missing
the EP,4 heterodimer cannot form and so stimulation with PGE, cannot elicit a response. (B)
Pharmacological inhibition of either receptor with an antagonist does not inhibit airway MVL.
When both EP, and EP, antagonists are administered simultaneously both receptors are
blocked and PGEs-induced MVL is attenuated.

There is increasing evidence that GPCRs are able to heterodimerise and that this
interaction can affect the function of either receptor (Wilson et al, 2007; McGraw et

al, 2006). Wilson et al (2007) demonstrated a functionally important
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heterodimerisation of TP and IP receptors in human and mouse aortic smooth
muscle cells. Additionally, McGraw et al (2006) used fluorescence microscopy in
airway smooth muscle cells and bioluminescence resonance energy transfer (BRET)
and co-immunoprecipitation in a cell line to show heterodimerisation between EP;
receptors and 3, adrenoceptors. However, more investigation is obviously needed to

establish whether this is occurring between the EP, and EP4 receptors.

Airway microvascular leak represents a prominent feature in airway inflammation
and the data presented here highlights a key role for PGE;, and the EP, and EP4
receptors. These findings suggest that my hypothesis is correct and that activation of
specific EP receptors mediates PGE2-induced microvascular leak in rodent airways.
Only agonists selective for the EP, and EP4 receptors were able to induce airway
MVL and PGE2-induced MVL was absent in EP, and EP4 receptor deficient mice.
Furthermore, by antagonising both the EP, and the EP,4 receptors simultaneously,
PGE2-induced MVL was attenuated. However, as discussed not all findings were
significant, so further investigation may be warranted. As | have stated previously,
little research has been published on the effects of PGE, and the EP receptors in
mediating airway plasma exudation and so these findings are novel and make an
exciting addition to the expanding repertoire of the effects of EP receptors in airway

disease.
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Chapter Five

Identifying the Role of EP Receptors in
Ovalbumin-induced MVL in Mouse
Airways
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5. Identifying the Role of EP Receptors in Ovalbumin-Induced MVL
in Mouse Airways

5.1 Rationale

Having established in Chapters 3 and 4 that PGE, is able to mediate airway
microvascular leak when given exogenously, | wanted to investigate its role in a
disease model of airway inflammation. To do this | decided to study airway leak in
our Ovalbumin mouse model of allergic asthma. It has been widely reported that
vascular permeability is common among asthmatics, where it is thought to have an
essential role in thickening the bronchial mucosa and the resulting airway
hyperresponsiveness. Additionally, albumin has been found in high concentrations
in airway secretions from acute asthmatic patients (Svensson ef al. 1995, Van
Rensen et al. 2002). Therefore, the next step was to examine PGE; and the EP»

and EP4 receptors in a disease model of asthma.

The ovalbumin (OVA) model of allergic asthma has been well characterised in our
lab and our standard protocol was used, as described in section 2.5. Furthermore,
our group and others have demonstrated that OVA-induced MVL is measureable in
in a variety of species (Hele et al, 2001; Lee et al, 2004; Kim et al, 2012). However
the role of EP receptors in mediating these effects has not been extensively

investigated.
5.1.1. Chapter Hypothesis

“‘Activation of EP, and EP4 receptors by endogenous PGE, causes airway

microvascular leak during allergic inflammation in mice”
5.1.2. Aims

e Establish a time point post OVA challenge to measure Evans Blue MVL in
mouse airways and whether Evans Blue was still an appropriate marker in this
model.

e Examine the role of prostanoids in mediating OVA-induced MVL using a non-

selective COX inhibitor, diclofenac.
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Study the effects of OVA-induced airway MVL in EP, and EP4 receptor
deficient mice.
Confirm data from the KOs using the EP,/EP4 antagonist protocol outlined in

the previous chapter.
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5.2. Methods

5.2.1. Characterisation of Ovalbumin-induced Microvascular Leak in Mouse
Airways

C57BL/6 mice were sensitised and challenged as described in section 2.5. As
previously mentioned, | first wanted to establish at which time point was it suitable to
measure MVL. 2 hours and 24 hours after final challenge were chosen to measure
for Evans blue extravasation. These time points were loosely based on previous
model development in our lab where total protein in BAL samples was found to be
highest at these two time points. Additionally, 4 groups were included in the
characterisation; vehicle sensitised/saline challenged, vehicle sensitised/OVA

challenged, OVA sensitised/saline challenged and OVA sensitised/OVA challenged.

5.2.2. Effect of Diclofenac on Ovalbumin-induced MVL

Following on from the characterisation it was appropriate to continue using two
groups; OVA sensitised/saline challenged and OVA sensitised and OVA challenged.
Additionally, the two hour time point was preferable over 24 hours and was used for
all other studies. Finally, the dissected tissue was dried out at 60°C for one hour
prior to extraction of dye in formamide. Wet and dry tissue weight was recorded and
the data from this study onwards are presented as the concentration of Evans blue in
ng mg™ of dry tissue weight. To examine whether prostanoids are responsible for the
MVL seen in this ovalbumin model, a non-selective cyclooxygenase inhibitor,
diclofenac, was used (Mitchell et al. 1993). Diclofenac or vehicle (0.5%
methylcellulose, 0.2% tween 80 in water) was dosed orally (30 mg kg™ at 10 ml kg™)

one hour prior to Evans blue administration.
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5.2.3. The role of EP receptors in Ovalbumin-induced MVL

Wild type (C57BI/6 and 129/0la X C57BI/6), Ptger2” and Ptger4” mice were used to
investigate whether PGE,, acting via the EP, and/or EP4 receptors, was inducing the
MVL demonstrated. These two receptors were chosen based on data presented in
Chapter 4 which indicated that it was the EP, and EP4 receptors that were mediating
PGE>-induced MVL seen in mouse airways. For reasons pertaining to cost and time
it was not possible to investigate ovalbumin-induced MVL in all prostanoid receptor

deficient mice.

In Chapter 4, EP, and EP4 receptor antagonists were characterised in vivo and it
appears that both need to be administered simultaneously to significantly block
PGEz-induced MVL. Therefore, this next experiment was designed to establish
whether the knock out data could be replicated by co-administering the two
antagonists to block OVA-induced MVL. One hour after final intranasal challenge
and one hour before MVL assessment, mice were dosed with vehicle (0.5 %
methylcellulose, 0.2% tween 80 in saline) or PF-0441898 (30 mg kg') and ER-
819762 (10 mg kg™') at 10 ml kg™ i.p.

5.2.4. Statistical Analysis

All data was analysed using GraphPad Prism 5. Parametric data was expressed as
mean + s.e.m and non-parametric data presented as the median with the
interquartile range. Multiple measurements were analysed by one-way ANOVA,
non-parametric Kruskal-Wallis test and post-hoc comparisons were performed by
Dunn’s multiple comparison test, comparing selected columns to a control.
Additionally, an unpaired t test and/or non-parametric Mann Whitney test, with two-
tailed p values, were carried out to determine statistical significance between two
groups. Differences were considered statistically significant if p<0.05. The figures

have been graphically presented on a range-specific axis.
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5.3. Results

5.3.1. Characterisation of Ovalbumin-induced Microvascular Leak in Mouse
Airways

Although the ovalbumin model of allergic asthma has been well characterised in our
group, its effect on airway microvascular leak had not been previously established.
Firstly, | needed to determine the appropriate time point to use to investigate this
response using the same Evans Blue method employed in Chapters 3 and 4. It was
clear that 2 hours following a final intra nasal challenge of OVA in OVA-sensitised
mice there was a measurable and significant increase in EB leak into the trachea

and in the bronchi and IPA, whereas 24 hours after this response is absent (Figure

5.1)
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Figure 5.1. Effect of Ovalbumin-challenge on airway MVL in C57BL/6 mice into (A) the trachea
or (B) the bronchi and intra-pulmonary airways, 2 and 24 hours after final intra nasal OVA
challenge. Four groups were included in this study, vehicle-sensitised/saline challenged, OVA-
sensitised/saline  challenged, vehicle-sensitised/OVA challenged and OVA-sensitised/OVA
challenged. Data presented as the median, with the interquartile range, of the concentration of Evans
blue dye (ng mg'1 of tissue). n=4. Mann Whitney t-test for non-parametric data. * p<0.05 representing

a significant increase from OVA/Saline control.
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One important observation in this study was that the wet weight of the airway tissue
was considerably heavier in the OVA-sensitised/OVA-challenged group (Figure 5.2).
As the concentration of EB in the tissue is calculated based on the weight of the
tissue, this increase in weight underestimated the EB leak in the airways. To
overcome this | decided in future studies to dry out the tissue prior to incubating in

formamide.

>
w

404 40-
) * 5 *
€
= 307 £ 3]
5 5
o ©
= 201 T 2 20{ — ——
o) eSS o)
-} o)
()] ()]
2 o)
= 101 F10-
0 0]
< P

O T T O T T

Vehicle OVA Vehicle OVA Vehicle OVA Vehicle OVA
Saline OVA Saline OVA

Figure 5.2. Effect of Ovalbumin-challenge on wet weight of the bronchi and intra-pulmonary
airways at (A) 2 hours or (B) 24 hours after final intranasal OVA challenge. Four groups were
included in this study, vehicle-sensitised/saline challenged, OVA-sensitised/saline challenged,
vehicle-sensitised/OVA challenged and OVA-sensitised/OVA challenged. Data expressed as mean +
s.e.m of the wet tissue weight (mg of tissue). n=4. Unpaired t test for parametric data. * p<0.05

representing a significant increase from OVA/Saline control
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5.3.2. Effect of Diclofenac on Ovalbumin-induced MVL

As outlined in the rationale, | wanted to investigate whether prostanoids were
involved in mediating the MVL observed in this ovalbumin model. So to begin with |
used a non-selective COX inhibitor, diclofenac. Interestingly, different effects were
seen between the trachea and the bronchi and IPA. In the trachea diclofenac (30
mg kg'1) partially reduced the OVA-induced microvascular leak, whereas in the
bronchi and IPA it had no effect (Figure 5.3). As before, 2 hours following OVA-
challenged there was a large and statistically significant increase in microvascular

leak in mouse airways.

A B
80
n 120+ ™ * *
S >
2 2 iR
2 1004 ns %)
= T E 601
ke o]
- 804 -
o
1 € 404
E 601 £ 40
c
\C, ;’ — —
0 401 2
= m
m " 20+
o 20 c
Lu O T T 0 T T
Vehicle Diclofenac Vehicle Diclofenac Vehicle Diclofenac Vehicle Diclofenac
30 mg kg™ 30 mg kg™ 30 mg kg™ 30 mg kg
Saline OVA Saline OVA

Figure 5.3. Effect of diclofenac (30 mg kg'1 p.o) on OVA induced MVL into (A) the trachea or (B)
the bronchi and intra-pulmonary airways of mice, 2 hours following final intra nasal challenge.
Two groups were included in this study, OVA-sensitised/saline challenged and OVA-sensitised/OVA
challenged. Additionally, airway tissue was dried prior to extraction of EB in formamide. Data
expressed as mean + s.e.m of the concentration of Evans blue dye (ng mg'1 of dry tissue). n=7-8
Unpaired t test for parametric data. * p<0.05 representing a significant increase from vehicle control.

ns = non significant increase
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5.3.3. The Role of EP,; and EP4 Receptor Knock-outs in Ovalbumin-Induced
Airway MVL

Following inconclusive data using diclofenac to inhibit OVA-induced leak, | wanted to
investigate the role of the EP receptors more specifically. Having already
demonstrated that the EP, and the EP,4 receptors are the key receptors in PGE,-
induced MVL, | used the EP;, and EP4 receptor knockout mice in the OVA model and

measured the level of EB leak into the airways.

As both receptor knock outs are bred on different backgrounds, so different wild type
controls, they are presented on separate graphs. Additionally, due to difficulties with
breeding, the n numbers for the EP4 knock outs are varied. C57BL/6 wild types
demonstrated a measurable and significant increase in EB leak in the trachea and

the bronchi and IPA. However, in the EP, receptor knock-outs there was a

significant reduction in MVL (Figure 5.4).
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Figure 5.4. Effect of OVA induced MVL into (A) the trachea or (B) the bronchi and intra-
pulmonary airways of EP, receptor knockout mice, 2 hours following final intra nasal
challenge. Two groups were included in this study, OVA-sensitised/saline challenged and OVA-
sensitised/OVA challenged. Additionally, airway tissue was dried prior to extraction of EB in
formamide. Data expressed as mean + s.e.m of the concentration of Evans blue dye (ng mg'1 of dry
tissue). n=8 Unpaired t test for parametric data. * p<0.05 representing a significant increase from

vehicle control and # p<0.05 a significant decrease from wild type control.
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Similarly, the EP4 wild type controls showed a significant increase in EB leak, while
in the knock outs this response was abolished in both the trachea and the bronchi
and IPA (Figure 5.5).
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Figure 5.5. Effect of OVA induced MVL into (A) the trachea or (B) the bronchi and intra-
pulmonary airways of EP, receptor knockout mice, 2 hours following final intra nasal
challenge. Two groups were included in this study, OVA-sensitised/saline challenged and OVA-
sensitised/OVA challenged. Additionally, airway tissue was dried prior to extraction of EB in
formamide. Data expressed as mean + s.e.m of the concentration of Evans blue dye (ng mg'1 of dry
tissue). n=4-8 Unpaired t test for parametric data. * p<0.05 representing a significant increase from

vehicle control and # p<0.05 a significant decrease from wild type control.
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5.3.4. The Role of EP, and EP4 Receptor Antagonists in Ovalbumin-Induced
Airway MVL

Having shown that mice with no functional EP, or EP4 receptors have significantly
less MVL in the airways after OVA-challenge, | then wanted to determine whether
this data could be replicated using selective EP, and EP4 receptor antagonists.
Previously, both antagonists were characterised in vivo and it was apparent that both
needed to be administered simultaneously to significantly block PGE2-induced MVL

(Chapter 4) and so the same dosing regimen was used in this study.

In both the trachea and the bronchi and IPA, OVA-induced MVL was reduced
following PF-04418948 (30 mg kg'1) and ER-819762 (10 mg kg'1), but this did not

reach statistical significance (Figure 5.6).
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Figure 5.6. Effect of PF-04418948 (30 mg kg'1 i.p) and ER-819762 (10 mg kg'1 i.p) or vehicle
(0.5% methylcellulose, 0.2% tween 80 in saline, i.p) on OVA induced MVL into (A) the trachea
or (B) the bronchi and intra-pulmonary airways of mice, 2 hours following final intra nasal
challenge. Two groups were included in this study, OVA-sensitised/saline challenged and OVA-
sensitised/OVA challenged. Additionally, airway tissue was dried prior to extraction of EB in
formamide. Non-parametric data presented as the median, with the interquartile range, and
parametric data expressed as mean + s.e.m of the concentration of Evans blue dye (ng mg'1 of dry
tissue). n=6 Unpaired t test for parametric data or Mann-Whitney for non-parametric data. * p<0.05

representing a significant increase from saline control. ns = non significant increase
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5.4. Discussion

It has been well documented that microvascular leak and oedema are prominent
features in allergic airway diseases such as asthma, which is associated with
thickening of the airway wall and narrowing of the airway (Kanazawa et al, 2000,
2002; Khor et al, 2009). Additionally, high concentrations of plasma proteins, such
as albumin, have been measured in airway secretions from acute asthmatic patients
(Meerschaert et al, 1999; Tseliou et al, 2012). Similar effects have also been
observed in animal models of allergic airway disease, including the Ovalbumin model
of allergic asthma (Lee et al, 2004, 2006; Kim et al, 2012).

Having already demonstrated that prostaglandin E, was able to induce airway
microvascular leak in mice via the EP, and EP4 receptors, | wanted to investigate
this response in a disease model. | chose the Ovalbumin model of allergic asthma
as it has been well characterised within our group. However, | had to first validate
the measurement of Evans blue extravasation into the airways as this marker had
not previously been used. Prior time course studies measured total protein in the
bronchoalveolar lavage fluid at various time points and so from this data | chose to

measure MVL at 2 and 24 hours following a final intra nasal challenge.

The data demonstrated a measurable increase in airway MVL 2 hours after a final
intra nasal challenge of OVA, while after 24 hours this response was absent. It must
also be emphasised that what is being measured here is a snapshot of airway leak
that is occurring for 30 minutes following OVA challenge. What was also apparent
was that in the OVA-sensitised/OVA-challenged there was an increase in the bronchi
and IPA weights which led to an underestimation in the EB concentration. So in all
other studies the airway tissue was dried prior to EB extraction in formamide. Other
groups have also used Evans Blue dye to successfully measure OVA-induced MVL
in mouse (Lee et al. 2004, 2006, Kim et al. 2012), rat (Olivenstein et al. 1997, Hele et
al. 2001) and guinea pig airways (Mirza et al. 1998). They all showed an increase in
Evans Blue dye in the airways and/or lung tissue following OVA challenge providing

a valuable measure for investigating MVL in allergic asthma.

As mentioned before, my primary aim was to determine whether PGE, and the EP
receptors are involved in this response. So firstly | used diclofenac, a non-selective
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COX inhibitor, to block endogenous prostanoid production (Mitchell et al. 1993).
Diclofenac was dosed orally 1 hour prior to EB administration and so one hour
following OVA challenge. The data demonstrated that diclofenac was able to
significantly inhibit EB MVL in the trachea but not within the lower airways (bronchi
and IPA) suggesting that prostanoids may have a tissue specific role in OVA-induced
MVL. Although this doesn’t indicate which prostanoid may be mediating this effect, it
does indicate that they may be of importance here. Of course, diclofenac is only
being used as a tool as it is well known that the use of NSAIDs is contraindicated in
asthma patients. Following on from the previous two chapters, | wanted to continue

and look more specifically at PGE; and the EP, and EP4 receptors.

In all wild type controls there was a significant increase in MVL within the trachea
and in the bronchi and IPA following OVA challenge, but in the EP, and the EP4
knock-out mice this response was absent. This data indicates a role for PGE; in
mediating airway MVL in this model of allergic airway inflammation via the activation
of the EP, and the EP4 receptors. Of course knock outs do not represent the perfect
model, as it is not clear at which point this gene knock out is important, i.e. is it at the
point of sensitisation or challenge. It may be different for each different knock out.
Unfortunately, a significant attenuation of OVA-induced MVL was not observed when
the EP, antagonist (PF-04418948) and the EP, antagonist (ER-819762) were

administered to OVA challenged wild-type mice.

There has been little research on the EP receptors and their effects on MVL in
asthma models but their effects on other aspects of asthma have been investigated.
Interestingly, Herrerias et al (2009) observed an increase in EP, mRNA expression
in the lungs of mice sensitised and challenged with house dust mite (HDM), as well
as in increase in PGE; in their BAL fluid. Additionally, a similar finding has been
observed in airway smooth muscle cells from asthmatic patients where a selective
upregulation of EP, receptors was seen (Burgess et al. 2004). Swedin et al (2009)
observed increased levels of PGE, in the BAL fluid of OVA challenged mice.
Moreover, they demonstrated significant reductions in eosinophils and IL-4 levels
following diclofenac administration (Swedin et al, 2009). Kunikata et al (2005)
investigated all four EP receptor knock-outs in their OVA model and indicated a
primary role for the EP3; receptors. They demonstrated that mice lacking EP3
receptors developed more pronounced allergic inflammation while a selective EP3
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agonist suppressed airway inflammation. Furthermore, their immunohistochemical
studies showed that microsomal prostaglandin E synthase 1 is highly expressed in
the airway epithelial cells of antigen-challenged mice (Kunikata et al. 2005).
Unfortunately | was unable to look into all four EP knock-outs in this part of the
thesis, but from the data obtained in chapter 2 there was a clear rationale for only

looking into the EP, and EP4 receptor knock-outs.

In summary, this chapter has demonstrated that Evans Blue dye is a suitable marker
for measuring airway MVL seen in the murine OVA model of allergic asthma and that
there may be a role for prostanoids in mediating this effect. Furthermore
investigations using EP receptor knock-out mice has elucidated a role for EP, and
EP,4 receptors in mediating this airway MVL. However, | cannot fully accept the
chapter hypothesis as the data using the EP, and EP4 antagonists proved
inconclusive and does not indicate a definitive role for these receptors. This is a
novel finding that will hopefully further understanding into the role that PGE; plays in

airway inflammation.
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Chapter Six

The Role of Additional Prostanoids in
Mediating Airway MVL in the Mouse
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6. The role of additional prostanoids in mediating airway MVL in the
mouse

6.1. Rationale

Having extensively investigated PGE; and the EP receptors in mediating airway MVL
throughout this thesis, the next step was to begin studying the role that other
prostanoids play. Like PGE;, PGD,;, PGFy, PGl, and TXA; are products of
cyclooxygenase mediated metabolism of arachidonic acid and respective synthases.
They exert there biological effects via the activation of specific G-protein coupled
receptors; DP1,, FP, IP and TP, respectively (Coleman et al, 1994). Within the
airways prostanoids have been known to powerfully contribute to airflow regulation,
constricting bronchial smooth muscles, increasing mucous secretion, microvascular
leakage and functioning as a chemoattractant for inflammatory cells (Barnes et al,
1998)

As mentioned previously we had all prostanoid receptor knock-out mice available to
use (DP4, DP,, FP, IP and TP) as well as agonists for each receptor subtype. This
enabled me to begin preliminary work on prostanoid-induced airway MVL. As both
PGI, and TXA; are chemically unstable and very short acting, stable analogues of

each were used. lloprost was used as an IP agonist and U46619 as a TP agonist.
6.1.1. Chapter Hypothesis

“Activation of additional prostanoid receptors can result in an increase in

microvascular leak in mouse airways”.
6.1.2. Aims

e Investigate the effect of a single dose of each prostanoid ligand (PGD,,
PGFyq, lloprost, U46619).

e Investigate whether each agonist is acting via their own receptor subtype to
mediate this effect.

e Examine the effect of each agonist on systemic blood pressure.
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6.2. Methods

The following experiments were carried out as described in Chapter 2. Details of

individual experiments are described below.

6.2.1. Effect of PGD,, PGF,,, U46619 and lloprost on airway MVL in mice

Having established that PGE; induces MVL in the airways of mice, the role of the
other prostanoids was then investigated. Following EB administration, animals
received PGD,, PGF,q, U46619 (TP receptor agonist), lloprost (IP receptor agonist)
or PGE; (3 mg kg™) i.v. at 4 ml kg™ or Vehicle (1% ethanol in saline). The 30 minute

time point was used for all agonists.

6.2.2. Effect of PGD,, PGF,,, U46619 and lloprost in individual prostanoid
receptor knock-out mice

To establish whether the prostanoid receptor agonists were mediating MVL via their
own receptor, DP4, DP,, TP, IP and FP receptor deficient mice were used. One
minute after Evans Blue WT animals received PGD,, PGF,,, U46619, or lloprost or
vehicle, DP4+>, KOs vehicle or PGD,, FP KOs vehicle or PGF,,, TP KOs vehicle or
U46619 and IP KOs vehicle or lloprost. All wild types were C57BL/6 littermate

controls. The 30 minute time point still applied here.

6.2.3. Effect of PGD,, PGF,,, U46619 and lloprost on systemic blood pressure

Male C57BL/6 mice were anaesthetised as previously described and their carotid
artery cannulated (as outlined in 2.4). Once a baseline blood pressure recording
was achieved (approximately 5 minutes), the jugular veins were exposed and an
intravenous dose of PGD,, PGF., U46619, lloprost (3 mg kg') or vehicle (1%
ethanol in saline) administered. Mean arterial blood pressure (MAP) was measured

over 30 minutes after which animals were culled.
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6.2.4. Genotyping of Prostanoid Receptor Knockouts

DNA was extracted from tail tips (0.5-1cm) of wild type and prostanoid receptor
knockout mice using Quanta Biosciences Extracta DNA prep for PCR kit. The purity
and integrity of the DNA samples was assessed using a PowerWave XS Microplate
Spectrophotometer (Biotek, Bedfordshire, UK). PCR reactions were run using
mouse genomic DNA primers that had been previously optimised and validated. The
PCR reaction contained 1x Green GoTaq Flexi buffer, 0.2mM dNTPs, 2mM MgCly,
1.25ul enzyme (GoTaqg polymerase), 10pmol forward and 10pmol reverse primers,
and a volume of DNA (50ng) or Nuclease-free water for control, made up to 25ul with
Nuclease-free water. Samples were then run on a Tagman machine under the
conditions detailed in table 2. DP{ and DP; primers were run in singleplex reactions,
so wild type and knock-out primers had to be run as separate reactions, while FP, IP
and TP primers were run as multiplex reactions, so wild type and knock-out primers

could be run in the same PCR reaction.

The PCR products and DNA ladder (Hyperladder Il or IV) were run on a 2% agarose
gel in Tris Borate EDTA (TBE) buffer containing Sl per 100ml Safeview at 100V for
about 1 hour. The gel was then visualised under ultra-violet light and photographed
using the Molecular Imager® ChemiDoc™ XRS System with Image Lab™ software
(Bio-Rad, UK).
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Table 6.1. Optimised PCR conditions for genotyping prostanoid receptor KO mice. DP; and
DP, were run as singleplex (indicated by a “-“ where that primer isn’t included so no band expected)
while FP, IP and TP were run as multiplex reactions.

Receptor PCR Conditions Expected Primer Bands
(bp)
Denaturing Annealing Extension Wild Type Knockout
FP
95°C/30s 65°C/30s 75°C /45 s 750 500
for/rev/ineo
IP 94°C /30 s 58°C/30s 68°C/60s 1350 900
for/rev/ineo
TP
95°C/30s 65°C/30s 75°C /45 s 250 650
for/revineo
DP; (w-1) 95°C/30s 60°C/30s 75°C /90 s 400 1500
for/rev
DP; (KO) 95°C/30s 62°C/30s 72°C /45 s - 340
neo/rev
DP; (w-1) 94°C /30 s 63°C/45s 72°C /60 s 340 -
for/rev
DP; (KO) 94°C /30 s 55°C /45 s 72°C /60 s - 1000
neo/rev

6.2.5. Statistical Analysis

All data was analysed using GraphPad Prism 5. Parametric data was expressed as
mean + s.e.m and non-parametric data presented as the median with the
interquartile range. Multiple measurements were analysed by one-way ANOVA,
non-parametric Kruskal-Wallis test and post-hoc comparisons were performed by
Dunn’s multiple comparison test, comparing selected columns to a control.
Additionally, an unpaired t test and/or non-parametric Mann Whitney test, with two-
tailed p values, were carried out to determine statistical significance between two
groups. Differences were considered statistically significant if p<0.05. The figures

have been graphically presented on a range-specific axis.
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6.3. Results

6.3.1. Effect of PGD,, PGF;,, U46619 and lloprost on airway MVL in mice

Following the positive data from PGE2-induced MVL, preliminary work looking into
the role of other prostanoids was carried out. PGD; significantly increased MVL in
both the trachea and bronchi and IPA of mice, whilst PGF,, caused a significant
increase in the trachea. Additionally, the TP agonist U46619 induced a significant
increase in MVL in the bronchi and IPA. In the trachea U46619 increased MVL but
failed to reach statistical significance. Similarly with the IP agonist lloprost, it
induced a small increase in airway MVL but this did not reach statistical significance
(Figure 6.1).
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Figure 6.1. Effect of PGE,, PGD,, PGF,,, U46619 and lloprost (3 mg kg'1 i.v.; 30 minutes) on
MVL into (A) trachea or (B) bronchi and intra-pulmonary airways of mice. Data presented as the
median, with the interquartile range, of the concentration of Evans blue dye (ng mg'1 of tissue). n=6.
One-way ANOVA with non-parametric Kruskal-Wallis test and post-hoc comparisons using Dunn’s
multiple comparisons test. * p<0.05 significant increase from vehicle control. ns = non significant

increase
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6.3.2. Effect of PGD,, PGF,,, U46619 and lloprost in individual prostanoid
receptor knock-out mice

Having demonstrated that the other prostanoids were able to induce airway MVL,
their effect in individual receptor knock-out mice was then investigated.
Unfortunately, | only had the opportunity to look at each prostanoid agonist with their
respective receptor knockout. Firstly, PGD, demonstrated a measureable (and
significant) increase in airway MVL in the wild type and DP, knock outs. This
response, however, was absent in the trachea and bronchi and IPA of DP4 knock

outs (Figure 6.2).
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Figure 6.2. Effect of PGD, (3 mg kg'1 i.v.; 30 minutes) in wild type, (A+B) DP, and (C+D) DP,
receptor knockouts. A and C represent the trachea and B and D the bronchi and IPA. Non-
parametric data presented as the median, with the interquartile range, and parametric data expressed

as mean + s.e.m of the concentration of Evans blue dye (ng mg'1 of tissue). n=5-7. Non-parametric
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Mann Whitney test or unpaired t test for parametric data. * p<0.05 significant increase from vehicle

control. # p<0.05 significant decrease from treated wild type control.

In this study, PGF,, induced a substantial and significant increase in MVL in the
trachea and bronchi and IPA of wild type mice compared to vehicle treated controls.
However, when administered to FP receptor knockouts this response was

significantly reduced (Figure 6.3).
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Figure 6.3. Effect of PGF,, (3 mg kg'1 i.v.; 30 minutes) on MVL in the (A) trachea and (B)
bronchi and IPA of wild type and FP receptor knockout mice. Non-parametric data presented as
the median, with the interquartile range, and parametric data expressed as mean + s.e.m of the
concentration of Evans blue dye (ng mg'1 of tissue). n=6. Non-parametric Mann Whitney test or
unpaired t test for parametric data. * p<0.05 significant increase from vehicle control. # p<0.05

significant decrease from treated wild type control.
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In wild type mice the TP agonist U46619 significantly increased MVL in both the
trachea and bronchi and IPA. In the TP knockout mice U46619 was unable to induce

any Evans blue leak (Figure 6.4).
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Figure 6.4. Effect of U46619 (3 mg kg™ i.v.; 30 minutes) on MVL in the (A) trachea and (B)
bronchi and IPA of wild type and TP receptor knockout mice. Non-parametric data presented as
the median, with the interquartile range, and parametric data expressed as mean + s.e.m of the
concentration of Evans blue dye (ng mg™” of tissue). n=6. Non-parametric Mann Whitney test or
unpaired t test for parametric data. * p<0.05 significant increase from vehicle control. # p<0.05

significant decrease from treated wild type control.

In the previous study the IP agonist lloprost did not demonstrate a significant
increase in MVL in either airway tissues, however on this occasion lloprost produced
a significant increase in MVL in the trachea. This response was then completely

absent in IP receptor knockout mice (Figure 6.5).
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Figure 6.5. Effect of lloprost (3 mg kg™ i.v.; 30 minutes) on MVL in the (A) trachea and (B)
bronchi and IPA of wild type and IP receptor knockout mice. Non-parametric data presented as
the median, with the interquartile range, and parametric data expressed as mean + s.e.m of the
concentration of Evans blue dye (ng mg” of tissue). n=6. Non-parametric Mann Whitney test or
unpaired t test for parametric data. ns = non significant increase. * p<0.05 significant increase from

vehicle control. # p<0.05 significant decrease from treated wild type control.

All of the mice used for these experiments were genotyped using the methods
outlined in Chapter 2. As an example, a gel is shown to confirm the disruption of the
gene encoding the FP receptor in FP receptor knockout mice. Using the FP primers,
the PCR products were run on a gel which allowed confirmation of wild type and FP
knockouts, as well as the presence of the wild type allele and the absence of the

knock out allele in the DP4, DP>, IP, and TP knockouts (Figure 6.6).
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Figure 6.6. An example gel showing the PCR products of DNA extracted from wild type, DP,_,,
FP, IP and TP KO mice. This representation was using the FP primers. Product size in wild type
was 750 bp and FP KO was 500 bp.

6.3.3. Effect of PGD,, PGF3,, U46619 and lloprost on systemic blood pressure

Having shown each prostanoid had the ability to induce airway microvascular leak,
the effect on systemic blood pressure was then determined. All prostanoid agonists
were given intravenously at a dose of 3 mg kg™'. Firstly, PGD, and PGFy, only
caused a small rise in blood pressure compared to vehicle treated animals. The TP
receptor agonist, U46619, caused a substantial and rapid rise in blood pressure that
appeared transient while the IP agonist, lloprost, induced a large drop in blood

pressure that was sustained over the 10 minutes.
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Figure 6.7. Effect of PGD,, PGF,,, U46619 and lloprost (3 mg kg'1 at 4 ml kg'1 i.v.) on mean
arterial blood pressure in C57BL/6 mice. Data expressed as mean + s.e.m of mean arterial
pressure. Arrow indicates approximate time of prostanoid administration. Blood pressure was

recorded for 10 minutes. n=3-4
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6.4. Discussion

Prostanoids, including PGE;, PGD,, PGFy, PGl, and TXA, are products of
cyclooxygenase mediated metabolism of arachidonic acid and respective synthases.
They are formed and released following various, sometimes noxious, stimuli and act
within the vicinity of their production where they maintain local homeostasis. In order
to exert their biological functions they bind to specific cell surface receptors, all of
which are G-protein-coupled receptors. Currently there are nine known prostanoid
receptors, EP14, DP42, FP, IP and TP (Coleman et al, 1994). Bronchial asthma is a
complex disease that is characterised by recurrent episodes of breathlessness,
wheezing, chest tightness and airway obstruction (Bousquet et al, 2000). Both
inflammatory cells and structural cells play a central role and release many different
mediators that have been implicated in allergic disease (Barnes, 2011). Of these
mediators, prostanoids have been known to powerfully contribute to airflow
regulation, constricting bronchial smooth muscles, increasing mucous secretion,
microvascular leakage and functioning as a chemoattractant for inflammatory cells
(Coleman & Sheldrick, 1989; Hardy et al, 1984; Jones et al, 1992; Loétvall et al, 1992;
Tokuyama et al, 1991; Barnes et al, 1998).

In Chapters three, four and five | have extensively investigated the role of PGE; and
the EP, and EP4 receptors in mediating airway microvascular leak. | demonstrated
that these two receptors are central to the airway microvascular leak observed
following PGE; administration. Furthermore, using the OVA model of asthma | saw
a reduction in OVA-induced MVL in the airways of EP, and EP4 receptor knockout
mice. In this chapter | present some preliminary data investigating additional
prostanoids and their role in airway microvascular leak. PGD,, PGF,,, PGl and
TXA; have all, at some point, been implicated in airway inflammation and disease.
This preliminary work has illustrated a possible role for all prostanoids in inducing

plasma leakage in either the trachea or bronchi and IPA or both.

Following intravenous administration of PGD, a substantial and significant increase
in airway MVL was observed, a response comparable to that seen with PGE..
Additionally, when PGD, was given to DP4 and DP;, receptor knockout mice a
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reduction in airway MVL was seen only in the DP¢ knockout mice while an increase
in MVL was still apparent in the DP, knockouts. This suggests that the airway
microvascular leak induced by PGD; is via the activation of the DP4 receptor and
subsequent downstream signalling. PGD; is the major prostanoid that is produced
by activated mast cells and is highly associated with inflammatory diseases (Roberts
et al, 1980; Lewis et al, 1982). Furthermore, analysis of BAL fluid has indicated that
PGD; is released in the airways following antigen challenge (Murray et al, 1986) and
can lead to bronchoconstriction (Hardy et al, 1984) and eosinophil infiltration (Emery
et al, 1989). More recently, Nishimura et al (2001) studied the effects of PGD; in
guinea pigs and found that it induced a dose-dependent increase in Evans Blue dye
extravasation at all airway levels. However, they observed large increases in
systemic blood pressure following PGD, administration while in our mouse studies
no significant change in pressure was seen. Conversely, PGD, has consistently
been shown to cause vasodilation and a decrease in blood pressure (Spada et al,
2002; Walch et al, 1999; Walch et al, 2001).

Like the EP, and EP4 receptors DP, receptors couple to Gs and stimulate cAMP
formation which is the prominent signalling pathway that leads to relaxation
responses. As | outlined in Chapter four, increases in intracellular cAMP
concentrations are usually associated with an increase in barrier function and so
inhibition of microvascular leak while decreasing cAMP is associated with an
increase in vascular permeability (Garcia et al, 1995; Patterson et al, 1995; Chetham
et al, 1997; Moore et al, 1998). It is interesting that DP, does not appear to mediate
any PGD,-induced MVL as this receptor is coupled to G; and a decrease in cAMP
(Sawyer et al, 2002; Gallant et al, 2007). Although no changes in systemic blood
pressure were seen, local changes in pressure and blood flow to the lung and
airways may have occurred. It could be suggested that PGD,, is causing vasodilation
within the airways and increasing blood flow, an effect which has been known to

potentiate microvascular leak (Williams, 1982).

The main implications for PGF,4 have been in mammalian reproduction (Sugimoto et
al, 1997) and it has been long known that functional expression of the FP receptor in
the myometrium mediates contraction (Senior et al, 1992; Carrasco et al, 1996).

However, PGF,, has been shown to cause bronchoconstriction of human airways in

167



vitro (Coleman and Sheldrick, 1989) as well as in asthmatic patients (Fish et al,
1984). Here | have demonstrated that PGF,, is able to induce significant airway
microvascular leak, and from using FP receptor knock outs this effect appears to be
via the activation of the FP receptor. Arakawa et al (1993) studied the effects of
PGFyq in guinea pig airways, and in concordance with my data they demonstrated an
increase in Evans Blue extravasation following PGF,, administration. Furthermore, |
saw no real change in systemic blood pressure following FP administration.
However, Yu et al (2009) saw that PGFy, elevates blood pressure and that systolic
blood pressure in FP receptor knockout mice was significantly lower than that of wild

type mice.

FP receptors are predominantly G4-coupled and activate the classic pathway. So,
following PLCB activation, there is Pl turnover and a transient Ca*" signal in
response to inositol trisphosphate formation (Nakao et al, 1993; Sugimoto et al,
1994; Woodward and Lawrence, 1994). Downstream of this pathway is the
activation of myosin light-chain kinase (Ansari et al, 2003). According to the dogma
on endothelial gap formation and vascular leak, activation of this protein kinase is
essential. Briefly, activation of this kinase leads to an increase in myosin light-chain
phosphorylation, an increase in actin stress fibres, leading to cell contraction and
gap formation (Curry et al, 1983; Lu & Wolf, 1993). With no apparent change in
blood pressure it could be assumed that the effect of PGF,a in these experiments is

exclusively through endothelial gap formation.

To investigate the role of TXA, and the TP receptor U46619, a stable TXA; mimetic,
was used. TXA; has been well documented as a potent constrictor of both vascular
and airway smooth muscle (Svensson et al, 1977; Coleman et al, 1981). Following
allergen challenge the stable metabolite TXB, has been shown to be elevated in the
airways of sensitised guinea pigs and asthma patients (Burka et al, 1981; Lupinetti et
al, 1987) while allergen-induced bronchoconstriction has been inhibited using a TXA;
antagonist. In initial experiments U46619 only produced a significant increase in
MVL in the bronchi and IPA, a response which actually exceeded that seen with any
other prostanoid. In subsequent experiments, increases in MVL in the trachea did
reach significance. Furthermore, when responses to U46619 were investigated in

TP receptor knockout mice the MVL was significantly attenuated, again suggesting
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that this prostanoid ligand was acting via its own receptor to induce airway MVL.
Others have also shown an increase in Evans Blue extravasation in the airways of
rats and guinea pigs following U46619 administration (L6étvall et al, 1992; Bertolino et
al, 1995). In addition, Lotvall et al (1992) also found that Evans Blue dye leak was
higher in the intrapulmonary airways compared with the trachea. More recently,
Nishimura et al (2001) examined the role of TP receptors in airway MVL in guinea
pigs but looked at the interaction of PGD, with this receptor. Interestingly, they
found that PGD,-induced increases in Evans Blue dye extravasation were
completely abolished following pre-treatments with TP receptor antagonists. They
also used a TXA; synthase inhibitor, OKY-046, but found no inhibition of PGD,
responses indicating that it was the activation of the TP receptor only causing these
effects (Nishimura et al, 2001).

As well as investigating its effect on airway MVL, systemic blood pressure was also
measured using the same dose. U46619 induced a massive and immediate
increase in systemic blood pressure in mice. This increase in blood pressure and
vasoconstriction induced by TP receptor activation is well documented across
various species both in vitro (Norel et al, 2002; Svensson et al, 1977; Coleman et al,
1981; Yoshimura et al, 1989; Félétou et al, 2009) and in vivo (Nossaman et al, 1992;
Bertolino et al, 1993; Francois et al, 2008; Denniss & Rush, 2009; Graham & Rush,
2009). It has been suggested that mediators that cause plasma extravasation are
those that usually produce vasodilation and a drop in systemic blood pressure
(Rogers et al, 1990; Persson 1987), however having shown that U46619 causes
MVL and an increase in systemic blood pressure this may not always be the case. It
could be feasible that such an increase in blood pressure may have eventually
caused an increase in bronchial blood flow and therefore potentiating Evans Blue
exudation. Alternatively the effect seen may be a direct action on the endothelial
cells themselves, which have been shown to express TP receptors (Raychowdhury
et al, 1994; Miggin & Kinsella, 1998). TP receptors have shown coupling to G, thus
activating PLCP, generation of IP3/DAG and mobilisation of intracellular calcium
(Hirata et al, 1991; Kinsella et al, 1997; Offermanns, 2006; Nakahata, 2008).
Additional studies have also implicated G12/13-Rho pathway (Huang et al, 2004; Song
et al, 2009; Zhang et al, 2009). As | described for PGF2q G4 coupling has been

associated with endothelial barrier disruption and in addition Rho signalling is also an
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important pathway regulating endothelial cell contraction. Briefly, signalling through
RhoA destabilises the endothelial junction via Rho Kinase which inactivates myosin
light chain phosphatase, causing myosin contraction and the destabilisation of the
actin cytoskeleton (Essler et al, 1998; Qiao et al, 2003; Sun et al, 2006). The data |
have presented, along with others, outlines clear evidence for the involvement of the
TP receptors in mediating airway microvascular leak and contributing to airway

inflammation seen in asthma.

Finally, | examined the role of IP receptors in mediating MVL in mouse airways. It
was not suitable to use PGl itself in these experiments as it is too chemically
unstable with a short duration of action (Coleman et al, 1994) so the stable analogue
lloprost was used. PGI, plays a central role in oedema formation, hyperalgesia and
pain (Bley et al, 1998; Hata & Breyer, 2004; Murata et al, 1997), while also
suppressing Th2-mediated allergic inflammatory responses (Jaffar et al, 2002).
When first tested, lloprost caused only modest increases in MVL, failing to reach
significance in either the trachea or the bronchi and IPA. In subsequent experiments
lloprost caused a significant increase in MVL in the trachea, which coincided with an
attenuated response in IP receptor knockouts. So although only a small response
was observed it does appear to occur via the activation of the IP receptor. The IP
receptor has been investigated in several models of inflammatory swelling where it
appears to play a key role. For example, Murata et al (1997) examined
carrageenan-induced paw swelling in IP receptor knockout mice and saw a 50%
reduction in paw oedema. Yuhki et al have also demonstrated that IP receptors
participate in exudate formation in a carrageenin-induced mouse pleurisy model,
suggesting a role for PGl, in plasma extravasation (Yuhki et al, 2004). However,
others have demonstrated that PGl, is able to inhibit and reduce vascular
permeability (Moller & Grande, 1997; Cureton et al, 2010).

As with the other prostanoid ligands, | also examined the effect of lloprost on
systemic blood pressure in mice. Most studies on vascular tone have described
relaxations induced by PGl, analogues and lloprost has been used clinically as a
vasodilator to treat pulmonary hypertension and Raynaud phenomenon (Moncada et
al, 1982; Haye-Legrand et al, 1987; Coleman et al, 1994; Walch et al, 1999;
Benedict et al, 2007). Indeed, when a dose of 3 mg kg™ was administered, lloprost
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caused a rapid drop in systemic blood pressure that was sustained for at least 10
minutes. It could be suggested that this vasodilatory response may cause in
increase in blood flow to airways and thus potentiate MVL. However, as | have
described the MVL induced by lloprost in this model was unremarkable so this
assumption may be incorrect. As for DP4 receptors, IP signals through the Gs
pathway, which is the classic pathway responsible for relaxant responses in smooth
muscle beds. Conversely, Gs mediated increases in adenylyl cyclase and cAMP
levels are associated with barrier protective responses. It is possible that in this
model lloprost is acting to maintain barrier integrity but the substantial increase in

blood flow may be counteracting this through hydrostatic changes.

In summary, the data presented in this chapter indicates a role for DP4, FP, IP and
TP receptors in mediating microvascular leak in mouse airways and | am therefore
able to accept the chapter hypothesis. However, the significance for some of the
prostanoids (noteably lloprost) varied between studies and between airway tissue
types. It must be emphasised that the data presented here is preliminary work and
more extensive investigation is required to fully elucidate the role that each
prostanoid is playing in mediating airway microvascular leak in vivo. Currently, it is
only possible to speculate what may be occurring in this model and it is difficult to
come to any firm conclusions. The future work that is required is outlined in detail in
the following chapter. Nevertheless, prostanoid-induced MVL in murine airways has
not been highly reported and is an exciting new finding that will further our

understanding into the role that they play in airway inflammation.
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Chapter Seven

Summary and Future Studies
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7. Summary and Future Studies

7.1. Summary and discussion

Airway microvascular leak is a cardinal sign of inflammation and is a prominent
feature in both asthma and COPD. Various inflammatory mediators are capable of
inducing this effect following an inflammatory insult to the airways. These
inflammatory mediators act upon the endothelium of post capillary venules to open
intercellular gap junctions. This effect causes plasma to ‘leak’ out into extravascular
sites (Reynolds et al, 2002; Greiff et al, 2003). Measuring this event in vivo provides
a specific index representing to what degree the airway mucosa has been affected
by the inflammatory process of a mediator. Events such as these have been
associated with the development and exacerbations of airway inflammation, thus
modulation of this response represents a key pathway in developing new treatments.
What | wanted to investigate was whether prostaglandin E, (PGE;) was involved in

mediating this response.

PGE; is a ubiquitous eicosanoid that has been implicated in the pathogenesis of
both asthma and COPD. It exerts its biological effects via activation of four cell-
surface GPCRs, termed EP14, encoded for by the genes Ptger1-4 (Coleman et al,
1994). Increased levels of PGE; have been reported in BAL fluid and plasma of
asthma patients, and enhanced levels in the condensate of COPD patients
(Montushi et al, 2003; Long et al, 2004). Additionally, increased levels of PGE; have
been observed in the BAL fluid of allergen-sensitised mice (Herrerias et al. 2009).
However, its role in airway inflammation remains varied and inconclusive and there
appears to be a fine balance between the pro and anti-inflammatory effects of this
prostanoid in human airways. The aim of this thesis was to determine whether
PGE, could induce airway microvascular leak in vivo and if so which EP receptor

was mediating this effect.

Before investigating the effect of PGE,, however, | needed to determine whether the
mouse was a suitable species to model MVL in. Therefore | used 5-
hydroxytryptamine (5-HT) as a tool for validating this model, as previous reports
have shown potent effects in rats (Hele et al, 2001). Here, 5-HT induced a dose
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related increase in MVL in both the trachea and the bronchi and IPA of mice. Once
the model of MVL was successfully validated in the mouse, the effects of PGE, were
then investigated. In an initial study PGE; produced only a moderate increase in
MVL, using timings taken from the 5-HT study. This was evident in both the trachea
and the bronchi and IPA, where only a marginal dose response relationship was
obvious. The effect of PGE, on airway microvascular leak has not been shown
previously, and so timings of administration were based upon previous methods
within the group and the literature. However, increasing the time post PGE;
administration from 5 minutes to 30 minutes produced a greater increase in MVL in
the airways of mice. Additionally, a dose response relationship was more evident

using this time point in both the trachea and bronchi and IPA.

As previously mentioned, the majority of research into airway MVL has been
achieved using larger species, including the rat and the guinea pig. | wanted to rule
out that what was being observed with PGE; was not exclusive to the mouse. In the
guinea pig PGE;, produced a large, significant increase in airway MVL that was
comparable to that seen with 5-HT. Both the mouse and the guinea pig produced
similar profiles in the magnitude of their responses demonstrating that the effect of

PGE; is translated across species.

As described previously small changes in blood flow may impact on MVL, so it could
be possible that the PGE,-induced MVL may be caused by vasodilation and an
increase in blood flow to the airways. However, in contrast to the rapid and
substantial drop in blood pressure (vasodilation) seen with the IP agonist lloprost,
PGE, appeared to have very little effect on the systemic blood pressure in mice.
Although this does not represent local changes in blood pressure and flow (i.e. in the
bronchial circulation) it does suggest that there is not a clear and defined association

between vasodilation and increased airway microvascular leak in this study.

Having shown that PGE; induces MVL in the mouse | wanted to determine which of
the EP receptors were central to this response. To do this | used mice deficient of
each individual EP receptor as well as a range of pharmacological tools, including
agonists and antagonists targeting each receptor subtype. What was evident in both
the trachea and the IPA was that the response to PGE; in the EP, and EP4 knock-
out mice was completely abolished. This data suggests that both the EP, and EP4
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receptors may be essential in this process. As well as the knock-outs | was fortunate
enough to use selective EP receptor agonists that were kindly provided by ONO
pharmaceuticals. These allowed direct comparisons to be made with the knock-out
data. The data clearly demonstrated that, similar to PGE;, the EP, and EP,4 agonists
significantly increased the airway plasma leakage. This confirmed that activation of
these EP receptors mediates microvascular leak in mouse airways, while activation

of EP1 and EP3 produced no measurable increase.

Although knock-out mice for each prostanoid receptor subtype has helped to
investigate the physiological and pathological roles of this receptor family, they are
only limited to the mouse. Having demonstrated a clear role for EP, and EP4
receptors in mediating airway microvascular leak, | wanted to examine these further
using pharmacological tools. An EP, antagonist (PF-04418948) was ineffective at
inhibiting EP2-induced MVL when dosed orally, but when delivered via the i.p route it
produced a dose-dependent decrease in MVL. Similarly, an EP4 antagonist (ER-
819762) was unable to block EP4-mediated MVL following oral administration, while
after i.p administration it attenuated the response to the EP4 agonist. The next step
was to investigate their effects against PGE2-induced MVL. In initial experiments
neither antagonist was effective at inhibiting PGE,-induced airway MVL. However,
when both antagonists were dosed simultaneously, a prominent inhibition in PGE,
leak was seen. This data further suggests a dual role for the EP, and EP4 receptors

in mediating PGE> induced responses.

The next aim was to establish whether PGE; and the EP receptors were important in
mediating airway MVL in a disease model of asthma. Firstly, | established that Evans
Blue was a suitable marker to measure MVL in the Ovalbumin model of allergic
asthma. The data showed a significant increase in airway MVL two hours after a final
intranasal challenge of OVA. As mentioned before, my primary aim was to
determine whether PGE, and the EP receptors are involved in this response. So
firstly | used diclofenac, a non-selective COX inhibitor, to block endogenous
prostanoid production (Mitchell et al. 1993). Diclofenac was able to partially inhibit
EB MVL in the trachea but not within the lower airways (bronchi and IPA) suggesting
that prostanoids may have a tissue specific role in OVA-induced MVL. Following on

from this, EP, and EP4 receptor knock-out mice were used. In all wild type controls
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there was a significant increase in airway MVL following OVA challenge, but in the
EP, and the EP4 knock-out mice this response was absent. This effect was obvious
in both the trachea and in the bronchi and IPA, unlike that seen following diclofenac
administration. Finally, this data was mimicked when the EP, antagonist (PF-
04418948) and the EP, antagonist (ER-819762) were administered to OVA
challenged wild-type mice. Simultaneous dosing of the antagonists attenuated the
OVA-induced airway MVL. This data indicates a role for PGE, in mediating airway
MVL in this model of allergic airway inflammation via the activation of the EP, and

the EP4 receptors.

Finally, having extensively investigated PGE, and the EP receptors in mediating
airway MVL, the next step was to begin preliminary work studying the role that other
prostanoids play. PGD,, PGFyq, lloprost (IP) and U46619 (TP) all induced airway
MVL in mice and it appeared that they did so via the activation of their own receptor
subtype. For PGD,, it was evident that it was the activation of the DP; and not the
DP, receptor that mediated airway MVL. Additionally, their effect on systemic blood
pressure was also measured. The TP agonist, U46619, produced a substantial
increase in blood pressure while the IP agonist, lloprost, showed an opposing effect,
causing a sharp drop in mean arterial blood pressure. PGD, and PGF,4, however,
did not cause any remarkable change in blood pressure at the dose tested. It must
be emphasised that this data is preliminary work and more extensive investigation,
outlined in section 7.2 below, is required to fully elucidate the role that each

prostanoid is playing in mediating airway microvascular leak in vivo.

7.1.1. Limitations of the thesis

The experiments that have been used throughout this thesis have provided data
indicating that PGE, activates both the EP, and EP,4 receptors to mediate
microvascular leak in murine airways. However, there are several limitations
associated with some of the experimental techniques used. Evans Blue dye has
been used for decades as a marker of albumin leak in a variety of species (Miles &
Miles, 1952; Rogers et al, 1988; Baluk et al, 1999; Reynolds et al, 2002; Xle et al,
2003; Zhuang et al, 2011). It has been extremely useful in helping to understand the
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mechanisms and mediators that are involved in microvascular leak in vivo as it is a
relatively straightforward and reliable method. One of the main problems that is
associated with this technique is that it is a terminal procedure, so each animal is
limited to a single intervention. This means that fairly large cohorts are required,
especially for studies that examine the effects over time. Furthermore, the data
obtained only provides a reference to the net accumulation of dye in the tissues and
so it is difficult to measure any fluctuations that may be occurring in vascular
permeability. As | have outlined in previous chapters, microvascular leak has been
shown to be influenced by other physiological factors, namely changes in blood
pressure and blood flow to the microvasculature. Additionally, it could be possible
that the perfusion of the circulation is not enough to remove all of the intravascular
dye. However in comparison to some of the alternatives it is safer, cheaper and
easier to carry out while still providing an accurate measure of microvascular
permeability (reviewed by Kenne and Lindbom, 2011). For example, with intravital
microscopy there are often major difficulties in quantifying the plasma leakage from
the images obtained and is very difficult for deep tissues such as the lung.
Furthermore, the use of radiolabelled tracers as an alternative to Evans Blue dye
does not provide a more accurate measure and comes with the obvious safety

hazards associated with radiation (Rogers et al, 1989).

As | mentioned above changes in blood pressure have been shown to potentiate
microvascular leak which is why | measured mean arterial blood pressure in mice
following administration of prostanoids. However, this was done independently of
the MVL studies so direct correlations cannot be made. More importantly, the blood
pressure was measured via the cannulation of the carotid artery, which measured
systemic pressure changes that does not indicate any changes occurring within the

airway circulation.
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7.2. Future Studies

7.2.1. Effect of EP agonists on systemic blood pressure

Unfortunately, due to time and compound availability, the effect of the selective EP
agonists on systemic blood pressure was never tested. When PGE, was given very
little effect was seen but this may be down to the opposing effects of the EP
receptors. As | described in previous chapters, EP, and EP4 receptors have been
shown to mediate relaxation of vascular smooth muscle and a fall in blood pressure
(Davis et al, 2004; Imig et al, 2002; Kennedy et al, 1999; Zhang et al, 2000), while
the EP4 and EP3 receptors are associated with vasoconstriction (Baxter et al, 1995;
Qian et al, 1994; Stock et al, 2001; van Rodijen et al, 2007; Walch et al, 2001). Data
from this would fit nicely with what | have shown so far and may aid in understanding

how PGE2-EPy4 signalling causes airway MVL.

7.2.2. The role of PGE; and the EP receptors in the guinea pig

Having demonstrated that PGE; was able to induce substantial MVL in the guinea
pig at 3 mg kg it seems appropriate to continue this work and look at a dose
response to establish a more suitable and perhaps lower dose to use. Additionally
the EP, and EP4 receptor agonists and antagonists would be used to explore
whether these were responsible for PGE, induced MVL in guinea pig airways like in
mice. As demonstrated in chapter 4 | would dose the guinea pigs i.p with the

antagonists at various doses.

Furthermore | would investigate the effects of PGE, and the EP receptor agonists on
systemic blood pressure in guinea pigs. Having shown that in the mouse that little
effect was seen on blood pressure, which may have in turn had an effect on the level
of airway microvascular leak it seems appropriate to decipher whether there are any

differences between species.
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7.2.3. Investigating the prostanoid receptors mediating airway microvascular
leak

Preliminary data illustrated in chapter 6 showed that all the other prostanoids (PGD>,
PGF,,, lloprost and U46619) are able to induce airway MVL in mice. | also
demonstrated that when each agonist was given to the respective receptor knock out
it appeared their responses were mediated via their own receptor. However it has
been reported that PGD, can induce its effects via the activation of the TP receptor
(Nishimura et al, 2001). Therefore, | would give each agonist to each knock out
mouse, i.e., PGD, would be administered to the FP, IP and TP receptor knock outs.
Additionally, to follow up the data from the DP, knock outs | would use specific DP»

agonists or antagonists.

7.2.4. Modelling OVA-induced airway MVL in prostanoid receptor knock-out
mice

| have previously shown that diclofenac (a non-selective COX inhibitor) is capable of
inhibiting OVA-induced MVL which suggests that prostanoids may be mediating this
effect. However this alone does not pin point a specific prostanoid or prostanoid
receptor. | did then show that the EP, and EP,4 receptors may play a key role in this
response and in chapter 6 | observed that PGD,, PGF,, lloprost and U46619 are all
able to induce airway MVL in mice. Therefore the next step would be to investigate
the other prostanoid receptor knock outs (DP++2, FP, IP and TP) in this OVA-induced
MVL model.

7.2.5 Modelling airway MVL in other airway disease models

Microvascular leak is a prominent feature in both acute and chronic airway diseases
and increased levels of plasma proteins has been measured in the sputum of COPD
patients (Hill et al, 1999; Minikata et al, 2005; Bessa et al, 2012). Studies would

include acute Lipopolysaccharide (LPS)-exposure, which provides a model of acute
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innate immunity-derived inflammation and is a contaminant of tobacco smoke that
has been implicated in the development of COPD. Additionally, both in vitro and in
vivo LPS models have yielded significant protein extravasation (Hele et al, 2000; Irie
et al, 2001; Bogatcheva et al, 2009; Schlegal et al, 2012; Jian et al, 2013; Sun et al,
2013). Acute cigarette smoke exposure acts as a model of airway inflammation
using the same causative agent for the vast majority of COPD cases (Rabe et al,
2007) and has shown considerable MVL in a number of different models (Lundberg
& Saria, 1983; Geppetti et al, 1993; André et al, 2008; Sharma et al, 2008;
Schweitzer et al, 2011). Additionally, data generated in our lab (unpublished,
personal commincation by Birrell et al) using both of these models have

demonstrated significant increases in protein levels in the BAL fluid (see figure 7.1).
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Figure 7.1. The effect of (A) LPS and (B) Cigarette smoke on total protein in BAL fluid
of C57BI6 mice. (A) Mice were exposed to aerosolised saline or LPS (1 mg mI" for 30 minutes)
and BAL fluid samples were taken 2, 6, 24, 48, 72 and 96 hours after challenge and analysed using a
Bradford Assay to quantify protein levels. (B) Mice were exposed (for 50 minutes) twice a day (four
hours apart) to cigarette smoke or air for 3, 7, 10, 14, 17, 21, 24 and 28 days. 24 hours after last
exposure BAL fluid samples were taken and analysed using a Bradford Assay to quantify protein
levels. n=5. * p<0.05; Unpaired t-test for parametric data or Mann-Whitney t-test for non-parametric
data.

Having demonstrated measurable increases in airway MVL in our OVA it would be
interesting to replicate this in other airway disease models. Furthermore, the role that

EP receptors place in mediating these effects has not been extensively investigated.
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7.2.6. Modelling MVL in Human Lung Microvascular Endothelial Cells

All the data that | have presented on airway MVL has been observed in vivo in
rodents. It would therefore be important to investigate the role of PGE, in a human
cell based system. The method for measuring endothelial cell permeability to
albumin was outlined in chapter 2. Preliminary work using Human Lung
Microvascular Endothelial Cells (HLMVECSs) highlighted a possible role for the TP
receptor in mediating endothelial monolayer permeability (Figure 7.2) and gene
expression studies have demonstrated that HLMVECs express EP4, EP4, FP, IP, TP
and DP; receptors (Figure 7.3).
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Figure 7.2. Effect of the TP agonist, U46619, on Human Lung Microvascular
Endothelial Cell (HLMVEC) permeability. The movement of FITC-albumin was used as a
measure of permeability across the endothelial cell monolayer. N=1, n=6. The MTT Assay indicated

that none of prostanoid agonists had an effect on cell viability.
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Figure 7.3. mRNA expression of prostanoid receptors (EP,4, DP,,, FP, IP, TP) in
HLMVEC. n=2.

This work with the human lung microvascular endothelial cells is preliminary and only
performed in one patient. Therefore it would be important to repeat this set of
experiments with more patients if and when they become available. Additionally |
would also investigate the various prostanoid receptor antagonists in this system.
As | outlined in chapter 6, this may not be the best way of modelling MVL in vitro,
certainly not by itself. However, in terms of equipment, costs and expertise this was
all that was available for this thesis. If | could repeat this | would run this alongside a
system that used electrical resistance or impedance (TEER or ECIS) as a measure
of barrier integrity as these provide a more accurate representation of the stability of

the endothelial barrier.

7.2.7. Modelling MVL in Mouse Lung Microvascular Endothelial Cells

The preliminary work described above was done using human endothelial cells.
However, the majority of the work presented in this thesis was from mice, therefore
to make the data more translatable | would repeat the cell work in mouse lung
microvascular endothelial cells (MLMVEC). The extraction of these cells has been
described by several groups (Licht et al, 2006; Rao et al, 2007; Farley et al, 2008;

Schniedermann et al, 2010) and would be a great addition to the data that | have
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obtained through my in vivo studies. In addition, Rao et al (2007) also examined EP
receptor mRNA expression on primary mouse microvascular endothelial cells and
detected expression of EP4, EP, and EP4. Finally, | would examine the effects of

prostanoids in microvascular endothelial cells from the knock-out mice.

7.3. Concluding Remarks

In summary, the data presented in this thesis provides evidence that PGE; is able to
increase airway microvascular leak via the activation of EP, and EP4 receptors and
so | am therefore able to accept the hypothesis for this thesis. In addition, both
receptors also appear to play a key role in OVA-induced airway MVL. However, this
data is only illustrated using EP receptor knock-out mice and so warrants further
investigation. The exact mechanism behind PGE,-induced MVL is not clear and it is
possible that haemodynamic changes may be responsible. Furthermore, preliminary
data indicates a role for the other prostanoids in mediating plasma extravasation.
The future work outlined in section 7.2 will hopefully provide further insight into

prostanoid-induced airway MVL.
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Appendix

Chemicals and Reagents

The following table lists all the chemical reagents and compounds that were used in
this thesis. The vehicles have also been described where necessary.

Drug / Reagent Source Vehicle
5-Hydroxytryptamine Sigma-Aldrich 1% ethanol in saline
C\}Eﬁ:-:-m(ré)i;oAT Chicken Egg Sigma-Aldrich (Ssaelinnseiti(scizgl)lenging); Alum:saline
Agarose Sigma-Aldrich 2% in 1XTBE
Boric Acid Sigma-Aldrich -

CaCl, VWR -
Chloroform Sigma-Aldrich -

Extracta DNA PCR kit

Quanta Biosciences

EDTA Promega -

EGM™-2 MV Bulletkit Lonza -

Ot e cellose, 02 e
Ethanol VWR -

Evans Blue Sigma-Aldrich Saline

FITC-Albumin Sigma-Aldrich Cell Media

Formamide Sigma-Aldrich -

Glucose VWR -

Hyperladder Il and IV Bioline Ltd -

0.1% DMSO in Media (in vitro);

lloprost Cayman Europe 1% Ethanol in Saline (in vivo)
Isopropanol Sigma-Aldrich -
KCl VWR ;
KH,PO, VWR .
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Methylcellulose

Sigma-Aldrich

MgSO, VWR -

NaCl VWR -

NaH,PO, VWR -

NaH,PO, 2H,0 VWR -

NaHCO; VWR -

Nuclease-free water Promega -

PAF Sigma-Aldrich 0.1% DMSO in Media

PGD: Cayman Ewope | 3y Eipanel in Saiie (in wive)
Camn Eurpe | om0 TN 1 )
PGF,, Cayman Europe 0.1% DMSO in Media (in vitro);

1% Ethanol in Saline (in vivo)

PF-04418948

Pfizer

0.5% methylcellulose, 0.2% tween
80 in water (p.o.) or saline (i.p.)

Safeview

NBS Biologicals

Saline (0.9% sterile)

Fresenius Kabi

Sodium pentobarbitone

Merial Animal Health

TRI Reagent Sigma-Aldrich -

Trizma Base Sigma-Aldrich -

Tween 20 Sigma-Aldrich -

Tween 80 Sigma-Aldrich -

46619 Cayman Europe | Ju1 E i Saime (in ive)
Urethane Sigma-Aldrich Saline
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