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ABSTRACT 

Allergic asthma is an inflammatory disease of the airways and is characterised by chronic 
inflammation, reversible bronchoconstriction and airway hyperresponsiveness (AHR). The 
cyclooxygenases (COXs) are key enzymes in the biosynthesis of prostaglandins, which have 
diverse physiological and pathological functions, and are also important modulators of 
inflammatory responses in the lung. However, the role of COX-derived prostanoids in AHR 
and airway inflammation is still not fully understood. The overall aim of this Thesis was to 
define the role of COX-derived products in allergic airway responses in experimental mouse 
models of asthma.  
 
In the present work, lung physiology was measured using the flexiVent® system for direct 
measurements of respiratory system mechanics. Inflammation was assessed by measuring 
numbers of inflammatory cells in bronchoalveolar lavage (BAL) fluid as well as levels of 
inflammatory mediators in BAL fluid and lung tissue. Histological analysis of the lung tissue 
was also performed to assess possible structural changes. The aim of the first part of this Thesis 
was to develop an improved protocol for experimental studies of AHR and airway 
inflammation in sensitised and challenged mice, in order to optimise the delivery route and 
doses of allergen for antigen challenge. The result established that intranasal challenge of 
BALB/c mice caused a dose-dependent increase in AHR, whereas the BAL fluid cell response 
was augmented to the same extent by all doses of allergen. Intranasal challenge causes a more 
pronounced induction of both AHR and inflammation in sensitised BALB/c mice, compared to 
aerosol delivery of the same antigen.  
 
The second part of this Thesis aimed to define the function of the prostaglandins in the mouse 
models of allergic airway inflammation. The role of the prostaglandins was investigated both by 
using intervention with non-steroidal anti-inflammatory drugs (NSAIDs), as well as genetically 
modified mice where the synthesis of prostaglandin (PG) E2 had been disrupted by removal of 
one of the prostaglandin E synthases (mPGES-1). The findings support the concept that in 
general, COX products have a bronchoprotective function in the airways, i.e. local release of 
PGE2 modulates the airway smooth muscle reactivity and protects against excessive airway 
narrowing. Furthermore, the bronchoprotective effects in allergic airway inflammation are 
mainly due to PGE2, primarily generated by mPGES-1. The two isoenzymes, COX-1 and 
COX-2, also appeared to have separate functions, whereby COX-1 predominantly generated the 
prostaglandins recovered in BAL fluid and COX-2 activity was associated with the 
accumulation of inflammatory cells in BAL fluid. It is not clear, which prostaglandin mediated 
the COX-2 dependent effects on cellular inflammation. However, the observations suggest that 
neither mPGES-1 nor PGE2 are involved in the inhibitory function of COX-2 on cell 
recruitment in the allergic airway reaction.  
 
Taken together, the present Thesis supports the concept that AHR and the inflammatory 
response are distinct, and at least in part, uncoupled events. Furthermore, the findings raise 
awareness that BAL fluid inflammation is not a predictive surrogate marker of AHR. Finally, 
inhibition of PGE2 has been suggested as a target for anti-inflammatory therapies in humans, as 
PGE2 is a pro-inflammatory mediator and is involved in many inflammatory diseases. 
However, it is possible that inhibition of mPGES-1-derived PGE2 may have negative 
consequences in the airways. 
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1 GENERAL INTRODUCTION 

This Thesis summarises investigations into the role of cyclooxygenase (COX) products 
in airway hyperresponsiveness (AHR) and airway inflammation in mouse models of 
allergic asthma. The COXs are key enzymes in the biosynthesis of prostaglandins 
(PGs) which have diverse physiological and pathological functions, and are key 
modulators of inflammatory responses (1, 2). Although the bronchoconstrictive effects 
of primary PGs were described in the early 1970’s (3-5), the role of COX-derived 
eicosanoids in AHR and inflammation is still unclear. The discovery that the two COX 
isoenzymes, COX-1 and COX-2, are amenable to selective pharmacologic inhibition 
(6) has created new opportunities for investigating the role of prostanoids in asthma and 
airway inflammation.  
 
Certain asthmatics display aspirin-intolerant asthma (AIA), and drug regulatory 
authorities in many countries, including Sweden, advise all asthmatics to not use aspirin 
or other non-steroidal anti-inflammatory drugs (NSAIDs). Recent studies have shown 
that the intolerance reaction to NSAIDs in AIA is mainly due to inhibition of COX-1, 
since selective COX-2 inhibitors are tolerated by patients with AIA (7). Furthermore, 
the withdrawal of the COX-2 inhibitor rofecoxib (Vioxx®), because of unacceptable 
cardiovascular side effects, highlights the importance of defining the role of the two 
COX isoenzymes in inflammation (6), but also the subsequent enzymes involved in the 
synthesis of the prostaglandins.  
 
The overall aim of this Thesis was to define the role of the COX isoenzymes during 
allergic airway inflammation and how COX activity affects AHR and airway 
inflammation. This was achieved by intervention with NSAIDs as well as the use of 
genetically modified mice where the synthesis of prostaglandin (PG) E2 had been 
disrupted by removal of one of the prostaglandin E synthases in in vivo mouse models 
of asthma. For studying the pathophysiology of asthma and the role of the two COX 
enzymes, it is important to use in vivo models relevant to human asthma. Therefore, a 
secondary aim was to develop improved protocols for experimental studies of AHR and 
airway inflammation in mice.  
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2 BACKGROUND 

 

2.1 ASTHMA 

Asthma is a complex, multifactorial disease of the airways. The prevalence has been 
increasing worldwide for the past 30 years, however, in some countries the prevalence 
appears to have reached a plateau. Approximately 300 million people have asthma (8) 
and in Sweden about 8-10% of the population are asthmatics (9). The disease may 
develop either early in childhood or later on in life (10, 11) and there is an ongoing 
debate regarding definition of the different asthma phenotypes (12). A number of 
studies have shown gender differences in the prevalence of asthma where during 
childhood, the prevalence is higher in boys than girls, yet after puberty females 
predominate. These gender differences have been suggested to be directly related to 
hormonal changes during development with current hormonal status, airway size, 
inflammatory conditions as well as smooth muscle and vascular functions all being of 
importance (13). 
 
The cardinal features of asthma typically include episodes of airflow obstruction, chest 
tightness, wheezing and cough (10). The airflow obstruction is caused by smooth 
muscle contraction, bronchial wall oedema and mucus plugging leading to a closure of 
the airways, either partial or complete, that is in part reversible following the 
administration of bronchodilator (14, 15). Factors that can provoke asthma 
exacerbations include allergy, viral infections, exercise, and airborne irritants such as 
cigarette smoke, strong odours, dusts and other inhaled irritants (10). Asthma is 
pathophysiologically characterised by epithelial disruption, airway smooth muscle 
hypertrophy and hyperplasia, increased mucus secretion, basement membrane 
thickening, increased cytokine production and chronic infiltration of inflammatory cells 
(10). These structural changes are often referred to as remodelling, a term used to 
define complex morphological changes involving all structures within the bronchial 
wall (10). AHR is associated with asthma, however, this objective measurement is 
assessed with bronchial provocation tests.  
 
The guidelines for treatment of asthma are based on stepwise increases in medication, 
usually inhaled glucocorticoids and β2 adrenoceptor agonists are the main therapies. If 
asthma is not controlled using current therapy, the treatment should be stepped up until 
control is achieved. At each step, bronchodilators such as short-acting β2 adrenoceptor 
agonists are recommended for short-term relief of symptoms in all patients. For further 
treatment of mild asthma, low-dose inhaled glucocorticoids or an anti-leukotriene are 
recommended. In moderate asthma, a treatment with a low-dose of inhaled 
glucocorticoid in combination with a β2 adrenoceptor agonist is often suitable. For 
more severe asthma, a higher dose of glucocorticoid in combination with a long-acting 
inhaled β2 adrenoceptor agonist is often recommended (16). Regular use of long-acting 
β2 adrenoceptor agonists alone may be harmful. Therefore, the long-acting β2 
adrenoceptor agonist is not recommended as a monotherapy in asthma and should 
always be used together with an inhaled glucocorticoid (16).  
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2.2 AIRWAY HYPERRESPONSIVENESS 

AHR is one of the cardinal features of asthma. Our understanding of the allergic, 
inflammatory and immunological mechanisms of asthma has markedly increased, 
however, the mechanisms of AHR are still not fully understood (17). AHR is usually 
measured using bronchial provocation tests where the subject inhales a 
bronchoconstrictive agent. The provoking agents can be divided into direct and indirect 
stimuli. Direct bronchconstrictive agents are methacholine (MCh) or histamine which 
act directly on airway smooth muscle receptors. MCh stimulates contraction by acting 
on the muscarinic cholinergic receptors that are expressed both in the central airways 
and in the lung parenchyma (18). Indirect stimuli, such as allergens, adenosine and 
mannitol, cause stimulation of inflammatory cells to release mediators or stimulation of 
neural pathways that induce airway smooth muscle contraction (19). The airway 
response to the bronchoconstrictive agent is usually measured as forced expiratory 
volume in one second (FEV1; 17).  
 
In the present work, the lung function in mouse models of allergic asthma was 
investigated using the flexiVent® for direct measurements of respiratory system 
mechanics. However, making valid assessments of lung function in mice has been 
challenging, particularly due to the small size of the animal. The ability to measure lung 
function in mice has been greatly improved by the development of measurement 
techniques. The use of mice for studying lung functions has increased dramatically over 
the years and different techniques have been used for this purpose. Since most of the 
techniques used for studying lung functions are highly invasive and suffer from many 
sampling limitations, a need arose to develop methods for measuring overall lung 
function and in particular, the mechanical properties of the peripheral lung (20). 
Technical development has resulted in a method for the analysis of pressure and flow 
signals measured at the airway opening, enabling investigation of all lung regions (20). 
These measurements of lung functions can be assessed by the use of the flexiVent®, 
and by applying mathematical modelling.  
 
 

 

2.3 AIRWAY SMOOTH MUSCLE 

An important role for the airway smooth muscle (ASM) in asthma has long been 
accepted (21). There is remarkable hyperplasia/hypertrophy of the smooth muscle in 
the walls of bronchi and bronchioles in asthmatics (10). As the basic features of asthma 
are airway inflammation and remodelling, it has been believed in the past decade, that 
the smooth muscle was primarily a passive responder to bronchoconstrictive agonists, 
whereas airway inflammation was thought to be the mechanism underlying AHR (21). 
It has recently become clear that the ASM cells not only have contractile and 
proliferative functions, but also appear to be very active in producing pro-inflammatory 
cytokines and growth factors (21-23). Rather than directly influencing ASM cells, the 
released pro-inflammatory mediators may upregulate adhesion molecules that can 
attract inflammatory cells, which in turn can stimulate ASM cells to proliferate (22). 
This implicates that ASM may be, at least in part, a regulator of the inflammatory 
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events leading to the structural changes in asthmatic airways. Although the ASM is 
involved in the pathophysiology of asthma, this does not necessarily mean that the 
muscle itself is abnormal (21). There is evidence demonstrating that asthmatic smooth 
muscle shows a normal sensitivity to bronchoconstricting agents, but there are also 
studies suggesting that a greater smooth muscle mass might generate greater 
constrictive forces and with a greater maximal response (24). In contrast, studies in 
animal models of asthma and in in vitro preparations obtained from asthmatic patients 
have suggested that it is the relaxant response instead that may be impaired (23).   
 
 
 
2.4 INFLAMMATORY CELLS IN AIRWAY INFLAMMATION 

One function of the immune system is to protect multicellular organisms from 
pathogens and form a dynamic network of a variety of cells and molecules that act 
together for the recognition and elimination of foreign invaders. Although the immune 
system is developed to protect the host from infections, inappropriate responses of this 
system can lead to allergy and asthma.  
 
Asthma is associated with pronounced inflammatory changes in the airways and it is 
now accepted that asthma is a chronic inflammatory disease. Evidence of inflammation 
can be observed in mild, moderate and severe conditions of this disease. Many cell 
types are involved in allergic airway inflammation, such as lymphocytes, macrophages, 
eosinophils, neutrophils and mast cells (25). However, the pattern of inflammation in 
the airways, i.e. the type of inflammatory cells and the site of inflammation may differ 
between asthma phenotypes (26).  
 
The main function of the lymphocyte is to respond to invading antigens after activation 
by antigen-presenting dendritic cells. T-lymphocytes (T-cells) can be divided into 
different subpopulations depending on their receptors and functions, T-helper cells and 
cytotoxic T-cells (27). The T-helper cells can be further divided into TH1 and TH2 cells 
and they differ in the repertoire of cytokines produced. The TH1 response results in a 
cytokine profile that activates mainly cytotoxic T-cells (Interleukin-2; IL-2) and 
macrophages (INF-γ) whereas the TH2 response activates mainly mast cells, 
eosinophils, and B-cells (IL-4, IL-5 and IL-13). Several TH2 secreted cytokines, such as 
IL-13, have the potential to initiate and regulate the inflammatory process, including 
tissue eosinophilia. An imbalance between TH1 and TH2 responses is thought to play an 
important role in several immune disorders, which in the case of allergic disease is 
dominated by TH2 cells (27). 
 
Monocytes/macrophages have important functions in the processing and presentation of 
antigens to T-lymphocytes, as well as in the regulation of T-lymphocyte responses. 
They are capable of secreting a variety of enzymes and mediators involved in 
inflammatory reactions, including eicosanoids, lysosomal enzymes and interleukins 
(28). Approximately 80% of the cells in bronchoalveolar lavage (BAL) fluid are 
macrophages. Yet, in most studies the number of macrophages in BAL fluid is not 
increased in asthmatics compared to healthy individuals. However, it has been  
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suggested that activated macrophages contribute to airway inflammation in asthma by 
their capacity to secret inflammatory mediators, though, the precise function of 
monocytes/macrophages in asthma and allergic inflammation is not clear (28).  
 
Eosinophils have for some time been considered the major cell type involved in the 
pathophysiology of asthma, but more recently this view has been questioned (29, 30). 
Once at the site of inflammation, eosinophils release toxic granule proteins and  
pro-inflammatory mediators that contribute to the features of asthma (31). In subjects 
with asthma, increased numbers of eosinophils have been described in lung tissue, BAL 
fluid, bone marrow and blood (32). However, less than 50% of asthma subjects display 
evidence of eosinophilia (33). In most cases of non-eosinophilic asthma, the 
inflammation is associated with increased numbers of neutrophils, although a 
phenotype without either eosinophils or neutrophils has also been described (33).  
 
Following allergen challenge, neutrophils are the first of the inflammatory cells to 
respond and enter the lung but these cells also disappear again very rapidly. It is clear 
that the neutrophil is present in the asthmatic airways and tissues, however, its 
involvement in asthma and allergic inflammation is not fully understood. It is possible 
that the neutrophil is involved in promoting airway remodelling by the release of 
mediators and this cell type does seem to have an important function in the 
inflammatory response (34). 
 
The mast cell plays an important role in allergic disorders and the quantity of mast cells 
has been reported to be increased in the ASM of asthmatics. Furthermore, there is also 
a correlation of mast cell numbers with disease severity (35, 36). Mast cells are found 
in almost all normal human tissues and are especially abundant in tissues forming 
interfaces with the external environment, where they are believed to be important in 
tissue homeostasis, wound healing and host defence (35, 37, 38). They are usually 
divided into two subpopulations, where the granule content of tryptase and chymase is 
used to identify so-called mucosal mast cells (MCT) and connective tissue mast cells 
(MCTC), a common means of classification of human mast cell subtypes (39). In 
healthy individuals, both MCT and MCTC populations are present in all anatomical 
compartments of the lung with a gradual increase in density towards the alveolar 
parenchyma. However, MCT is the most abundant subtype (40). Site-specific size 
differences among MCT and MCTC populations have also been reported, where small 
and large airways, pulmonary vessels and the alveolar parenchyma each possess  
site-specific subpopulations of mast cells beyond the classically determined MCT and 
MCTC populations (40).  
 
 
2.4.1 Mast cell activation and mediator release 

Allergen specific immunoglobulin E (IgE) binds to the high-affinity receptors (FcεRI) 
for IgE on mast cells and thereby sensitises them to respond when re-exposed to the 
allergen. The assumed dominating signal for mast cell activation in asthma is  
cross-linking of FcεRI-bound IgE with allergen which thereby induces the aggregation  
of two or more FcεRI molecules. IgE dependent activation of mast cells results in 
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degranulation and release of both preformed mediators, which are stored in the 
cytoplasmic granules of the cells, and de novo synthesised eicosanoids (41).  
 

Inhalation of an antigen in allergic asthma patients leads to an early allergic reaction 
(EAR), usually within 15-30 min after inhalation of the specific allergen. The EAR is 
initiated after activation of airway mast cells and macrophages by allergen specific IgE. 
The activated cells release mediators such as histamine, prostanoids and cysteinyl 
leukotrienes, which cause bronchoconstriction, vasodilatation, increased airway 
permeability and increased mucus production. In addition, the mediators contribute to 
the development of airway inflammation by promoting an influx of inflammatory cells  
(42-45). 
 
A second wave of airway constriction, the late-phase allergic reaction (LAR), may 
occur within 2-6 h after allergen provocation and is fully developed after 12 h. The 
LAR follows the EAR in 25-50% of subjects and has many features in common with 
the early allergic reaction (46). During the LAR, the airway constriction is more 
sustained and the inflammatory cells are matured, released from the bone marrow into 
the circulation and recruited into the airways (42).  
 
 
 
2.5 EICOSANOIDS 

Eicosanoids are bioactive twenty carbon polyunsaturated fatty acid derivatives that are 
synthesized de novo from membrane-bound arachidonic acid in response to various 
stimuli (47). The eicosanoid family consists of three major groups, the prostanoids 
(prostaglandins and thromboxanes), the leukotrienes and a number of other 
compounds biosynthesised in many different reactions. Individual members of each 
group possess distinct profiles of biological activity (48). Arachidonic acid is the 
major precursor for the generation of eicosanoids in mammalian cells and it is 
liberated from phospholipid cell membranes by phospholipase A2 (PLA2; 2). There are 
several forms of PLA2 but the type IV cytosolic PLA2 is the key enzyme for eicosanoid 
production, since cells lacking this enzyme are not able to produce eicosanoids (47). 
The release of arachidonic acid is usually receptor mediated and is activated by many 
types of stimuli, such as hormones, inflammatory mediators, growth factors, antigens 
and immune complexes (1, 2). 
 
 
2.5.1 Cyclooxygenase pathway of arachidonic acid metabolism 

Prostanoids are synthesised from arachidonic acid and related polyunsaturated fatty 
acid in reactions catalysed by the COX enzymes (47). COXs are key enzymes in the 
biosynthesis of prostanoids. In a two step reaction, COX converts arachidonic acid to 
the prostaglandin endoperoxides PGG2 and PGH2 (2, 47). These two reactions occur at 
distinct but structurally and functionally interrelated sites (49). Finally, PGH2 is 
converted to the various bioactive PGs of the series of D2, E2, I2, F2α and tromboxane  
(TX) A2 (2) by specific tissue isomerases or synthases (50), each with different 
structures and specific distributions (Figure 1).  
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There are two isoforms of COX referred to as COX-1 and COX-2, which both catalyse 
conversion of arachidonic acid to PGH2 (6). The genes for COX-1 and COX-2 are 
located on two different chromosomes but share 60-65% protein homology (49, 51). 
The reason for the existence of two isoenzymes is unknown. Generally, COX-1 is 
constitutively expressed in most tissues and has been considered the “housekeeping” 
isoform which produces prostanoids required for the maintenance of physiological 
responses and homeostasis (1, 2, 6), whereas COX-2 is constitutively expressed to 
some extent but may also be induced upon inflammation. It is suggested that COX-2 is 
responsible for the production of prostanoids that are involved in inflammatory diseases 
and cancer (2, 6). 
 
Both COX-1 and COX-2 are membrane-bound proteins localised in the endoplasmatic 
reticulum (51) but also associated with the nuclear envelope (49, 52). COX-2 appears 
to be more concentrated at the nuclear envelope and it has been suggested that the 
products formed via this enzyme affect nuclear events (1, 49). COX-1 and COX-2 are 
often co-expressed in the same cell and the different requirements of arachidonic acid 
concentrations may be one factor allowing the two COX isoenzymes to function in the 
same cell. Low concentrations may favour prostanoid generation via COX-2, whereas 
high concentrations favour COX-1 (49). The COX enzymes are an important 
pharmacological target. Structural differences between the two isoenzymes, that have 
important pharmacological and biological consequences, have made it possible to 
develop selective COX inhibitors towards the different COX isoenzymes (49).  
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Figure 1. Biosynthesis of the eicosanoids through the COX- and 5-LO pathways.  
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2.5.2 Prostaglandin E synthase and synthesis of PGE2 

The most abundant prostaglandin in the body is PGE2, which is formed by PGE 
synthases (PGES). Three PGES enzymes have been cloned and characterised, cytosolic 
PGE synthase (cPGES), microsomal PGE synthase 1 and 2 (mPGES-1 and mPGES-2, 
respectively; 53, 54). They all act downstream in the COX pathway and catalyse the 
isomerisation of PGE2 from the unstable cyclic peroxide PGH2. mPGES-1 is membrane 
associated (55) and is functionally coupled with COX-2 (55). Colocalisation of the two 
enzymes at the perinuclear membrane is thought to explain the functional coupling 
(53). This allows an effective transfer of the unstable PGH2 between the two enzymes. 
Both COX-2 and mPGES-1 are upregulated after various inflammatory stimuli  
(55, 56). In order to understand the specific effect of PGE2 synthesised via mPGES-1, 
murine models of genetic deletion of mPGES-1 have been generated. Data in these 
models supports the notion that this pathway has a key function in several  
pro-inflammatory conditions such as arthritis, fever and pain (54). However, the 
contribution made by mPGES-1 generated PGE2 to airway physiology and AHR is not 
known. 
 
In contrast, the two other PGES enzymes, mPGES-2 and cPGES, are constitutively 
expressed in most cells (53) and are thought to function as homeostatic regulators of 
prostaglandin production (55). It is believed that cPGES is coupled to COX-1, whereas 
mPGES-2 appears to act upon both COX-1- and COX-2-derived PGH2 (53, 56). 
Microsomal PGES-2 is, however, upregulated in human colorectal cancer indicating a 
functional role in physiological responses other than inflammation (53). It is unclear to 
what extent cPGES contributes to the physiological production of PGE2 and the 
regulation of basal homeostasis (56). 
 
 
2.5.3 Biological effects of the prostanoids 

Prostanoids exert their biological effects via specific prostanoid receptors, seven 
transmembrane spanning proteins known as G-protein coupled receptors (GPCRs), 
almost all of which are located in the plasma membrane, but sometimes also in the 
nuclear envelope. There are nine known prostanoid receptors in humans and several 
additional splice variants (47, 52). Three of these receptors bind PGD2 (DP1, 
DP2/CRTH2 and TP), four bind PGE2 (EP1-EP4) and three bind to PGF2α, PGI2 and 
TXA2 (FP, IP and TP, respectively; (47; Figure 2). The prostanoid receptors are divided 
into three clusters with distinct effects based on their coupling to different  
Gα-subunits. The three clusters include Gs-coupled receptors (IP, DP1, EP2 and EP4) 
that mediate increases in intracellular cAMP, the Gq-coupled receptors (EP1 and FP and 
TP) that mediate increases in intracellular Ca2+ and the Gi-coupled receptors (EP3 and 
CRTH2) that mediate decreases in intracellular cAMP formation (47). 
 
Prostaglandin D2 is a pro-inflammatory mediator in human airways mainly released by 
mast cells during an allergic reaction. PGD2 has been shown to be increased in BAL 
fluid from asthmatic patients (52). PGD2 activates three receptor subtypes. Acting at the 
DP1 receptor, PGD2 mediates a weak relaxation in bronchial and pulmonary vein tissue, 
whereas binding to the CRTH2 receptor mediates effects such as T-lymphocyte 
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and eosinophil chemotaxis as well as degranulation (52). It is also known that PGD2 
can cause airway smooth muscle contraction via the TP receptor (57; Figure 2). 
However, there are species differences of the effects mediated by PGD2, which in 
contrast induce a strong and potent airway smooth muscle relaxation in mouse airways 
(58). 
 
Prostaglandin E2 is able to mediate different biological actions depending on which 
receptor subtype is activated. In addition to the pro-inflammatory actions of PGE2, 
there may also be beneficial bronchoprotective and anti-inflammatory properties within 
the airways of asthmatics (59-62). PGE2 has been proven to inhibit both the early and 
late allergic response to inhaled allergen challenge. All four EP receptors are expressed 
in the airways (63), where the EP2 receptor mediates mainly smooth muscle relaxation 
and  the EP1 receptor mediates smooth muscle constriction (47, 63, 64; Figure 2).  
 
The role of prostacyclin, (PGI2) in the airways is less defined, but it is known to be a 
potent vasodilator. In experimental models, PGI2 has been associated with an inhibition 
of eosinophil recruitment and mediator release suggesting an important function in 
inhibiting the inflammatory response as well as reducing AHR (65, 66). In addition, the 
IP receptor has been shown to be involved in airway remodelling since mice lacking 
the receptor have increased airway goblet cell hyperplasia and subepithelial fibrosis 
(67; Figure 2).  
 
Prostaglandin F2a has been proven to cause ASM contraction in both healthy people and 
asthmatics (68, 69) via activation of the TP receptor (70). The relevance of the effect of 
FP receptor activation in human airways is ambiguous, yet PGF2a has been reported to 
cause ASM contraction in cats and dogs (64), and similar effects have also been 
reported in the airways of mice (71; Figure 2). 
 
Thromboxane A2 is rapidly metabolised to the stable inactive metabolite TXB2 (47). 
TX acts at the TP receptor and causes effects such as smooth muscle contraction, 
vasoconstriction and platelet aggregation (47; Figure 2).  
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Figure 2. Prostanoid receptors and their potential actions in the airways. (Figure drawn by Daniel 

Andersson). 

 
 
 
2.5.4 Non-steroidal anti-inflammatory drugs 

The COX enzymes are important pharmacological targets. NSAIDs are known to 
inhibit COX enzymes with varying degrees of selectivity towards COX-1 and COX-2 
(50). NSAIDs possess analgesic, antipyretic and anti-inflammatory effects. Aspirin was 
the first NSAID introduced in 1889. Later other NSAIDs have been introduced, 
namely, indomethacin (1963), diclofenac (1965) and ibuprofen (1969).  
 
The therapeutic actions of the NSAIDs are believed to be due to inhibition of the 
enzyme that leads to the generation of prostaglandins. COX inhibition is not the only, 
but the main mechanism of action of the NSAIDs. Aspirin causes irreversible 
inactivation of the COX enzyme by acetylation of a serine residue in the active site of 
the COX enzyme (72). Other NSAIDs cause irreversible COX inhibition without 
covalent modification of the enzyme or are competitive inhibitors of COX (73). 
However, other effects of NSAIDs such as modulation of signalling through NF-κB has 
also been suggested (74, 75). NF-κB is located in the cytosol complexed with the 
inhibitory proteins IκB. One possible explanation for the anti-inflammatory effects of 
these NSAIDs is that due to their ability to inhibit the kinase that phosphorylates IκB, 
and thereby prevent degradation of IκB and the activation of NF-κB, that in turn 
inhibits the upregulation of genes involved in inflammatory responses (76). In addition, 
it has been shown that indomethacin exerts CRTH2 agonism (77, 78) and thereby 
promotes accumulation of cells into the airways. 
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NSAIDs are also associated with severe side effects. Non-selective inhibition of both 
COX isoenzymes has been related to gastrointestinal damage, platelet dysfunction, and 
impaired renal function (50, 79). After the discovery of the second inducible COX 
isoform, COX-2, it was suggested that the anti-inflammatory actions of the NSAIDs 
was due to inhibition of COX-2, while the unwanted side effects were caused by 
inhibition of the constitutively expressed COX-1. The inducible COX-2 has been 
identified as a distinct isoform of COX responsible for the generation of prostaglandins 
during acute and chronic inflammation (80). This has led to attempts to identify 
selective inhibitors of COX-2, to avoid the severe side effects caused by ordinary 
NSAIDs (50). The selective COX-2 inhibitors appeared to have the same  
anti-inflammatory efficacy as traditional unselective NSAIDs but with less 
gastrointestinal bleeding (49, 81-84). However, the selective COX-2 inhibitors were 
found to be associated with unacceptable cardiovascular side effects. The physiological 
balance between the pro-thrombotic and vasoconstrictory actions of COX-1-derived 
TXA2 and the anti-aggregatory and vasorelaxant actions of COX-2-derived PGI2 are 
likely to be the major underlying mechanisms involved in the increased cardiovascular 
risk (6, 50, 85). This has consequently limited their use, although selective COX-2 
inhibitors are still valuable drugs as they have shown to be well tolerated in aspirin-
intolerant asthmatics (86).  
 
However, over the years it has become clear that the theory of COX-2 inhibition 
accounting for the generation of pro-inflammatory prostaglandins is more complex than 
it may seem. It has been demonstrated that COX-2 is constitutively expressed in certain 
cells (87, 88) and that COX-2 also plays a role in the biosynthesis of prostaglandins 
under physiological conditions. A third isofom of COX (COX-3) has also been 
proposed (89), the relevance and physiological functions of which are unclear.   
 
To study the role of COX-activity in the present thesis, COX inhibitors with different 
selectivity towards the two COX isoenzymes were used (Table 1).  
 
 
  IC50 towards the COX isoenzymes  

 
 COX-1  

µg·mL-1 
COX-2    
µg·mL-1 

COX-1/COX-2 
ratio 

Diclofenac 0.5 (1.6 µM) 0.35 ( 1.1 µM ) 1.43 

Indomethacin 0.01 (0.03 µM ) 0.6 ( 1.7 µM ) 0.02 

FR122047 0.028 (0.06 µM ) 65 ( 135 µM ) 0.43·10-3 

Lumiracoxib 67 (228 µM ) 0.13 ( 0.44 µM ) 515.38 

 
 
 
 
 
 
 
 
 
 
 
Table 1.  The COX inhibitors and their selectivity towards COX-1 and COX-2 in murine macrophages 

(diclofenac and indomethacin) and from human recombinant or whole blood assays (FR122047 and 

lumiracoxib; 90-92).  
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2.5.5 5-lipoxygenase pathway of arachidonic acid metabolism 

Leukotrienes (LTs) are potent mediators of inflammation and bronchoconstriction in 
asthma but also participate in the modulation of homeostasis. The LTs are synthesised 
from arachidonic acid through the 5-lipoxygenase (5-LO) pathway, a process that 
occurs predominantly in inflammatory cells of myeloid origin such as mast cells, 
macrophages, and leukocytes (93, 94). The 5-LO enzyme is located in the cytosol of 
certain cells (peritoneal macrophages, monocytes, neutrophils and eosinophils), 
whereas in mast cells and alveolar macrophages 5-LO is localised both in the cytosol as 
well as in the nuclear envelope (94). Upon Ca2+-dependent activation, 5-LO is 
translocated to the nuclear envelop and transformation of arachidonic acid to LTA4 is 
initiated by activation of 5-LO-activation protein (FLAP). LTA4 in turn is converted to 
LTB4 by LTA4 hydrolase, or can be converted to LTC4 by LTC4 synthase. LTB4 and 
LTC4 are transported from the cell by different transport proteins. Extracellularly, the 
released LTC4 is converted into LTD4, which in turn undergoes conversion to LTE4 

(95). Furthermore, LTC4, LTD4 and LTE4 are together referred to as cysteinyl 
leukotrienes (CysLTs; Figure 1). 
 

 

2.5.6 Biological effects of the leukotrienes 

Leukotrienes bind to specific GPCR receptors on the outer plasma membrane of 
structural and inflammatory cells (95). LTB4 mediates most, if not all, of its 
chemoattractant and pro-inflammatory actions through the high affinity receptor, BLT1. 
However, LTB4 can also act via the lower-affinity receptor, BLT2, but the physiological 
functions of this receptor are less well known (95). The CysLTs can mediate sustained 
bronchoconstriction, mucus production and cause oedema in the airways through the 
cysteinyl leukotriene receptor 1 (CysLT1). Less is known about the effects of 
leukotrienes acting at the CysLT2 receptor. However, murine studies have revealed that 
CysLT2 is involved in inflammation, vascular permeability and tissue fibrosis through 
this receptor (95).  
 
To inhibit the action of CysLTs in asthma an anti-leukotriene therapy has been 
evaluated and studies in children and adults with asthma have shown improved 
pulmonary function, fewer exacerbations and increased quality of life. However, the 
response to anti-leukotriene therapy varies greatly amongst patients with asthma and 
the discordance in symptom improvement might be due to differences among patients 
regarding their CysLT biology, genotype or clinical characteristics (95). 
 
 
 
2.6 CYTOKINES, CHEMOKINES AND GROWTH FACTORS IN INFLAMMATION 

Cytokines 
Cytokines are a group of low-molecular-weight regulatory proteins that serve as 
messengers in the immune system. Cytokines generally act locally and bind to specific 
high affinity receptors on the membranes of target cells, triggering alterations in gene 
expressions that evoke specific biological activities. Cytokines can be produced by  
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almost all cell types and may activate an entire network of interacting cells (27). In the 
present work, a panel of cytokines were measured that are important mediators of 
allergic airway inflammation. Table 2 summarises the source, receptors and actions of 
the cytokines that have been investigated in this Thesis (adapted from ref nr 96).  
 
 

Cytokines Source Receptor Action 

IL-1α Mo, Epi IL-1R1, IL-1R2 T-cell and Mo activation (type-1, mediates 
inflammatory effects, type-2, suppressor of this 
activity) 

IL-1β Mo, Epi IL-1R1, IL-1R2 T-cell and Mo activation (type-1, mediates 
inflammatory effects, type-2 suppressor of this 
activity) 

IL-2 TH1, Eos IL-2R T-cell growth factor, differentiation and survival 
(lymphocytes) 

IL-4 TH2, Eos, 
MC, Bas 

IL-4R B-cell switch to IgE synthesis, MC development, 
Eos and Bas activation and recruitment, AHR, 
mucus secretion, favours TH2 production 

IL-5 TH2, Eos, 
MC, Bas 

IL-5Rα  Eos, Bas differentiation, maturation and activation 

IL-6 TH1/TH2, 
Mo, Endo 

IL-6R,           
sIL-6R 

T- and B-cell growth factor, cofactor for IgE 
synthesis, inhibitory effects on TNF-α and IL-1 

IL-10 T reg 
T (TH1), Mo 

IL-10Rα Suppresses TH1/TH2 function, activation of Eos, 
MC, Bas, favours Treg production 

IL-12 Mo, B IL-12R         
(IL-12Rβ1,     
IL-12Rβ2) 

Favours TH1 production, inhibits IgE synthesis,          
IL-12Rβ2 is considered to play a key role in IL-12 
function 

IL-13 TH2, Eos, 
MC, Bas 

IL-4Rα,          
IL-13R 

MC develop, B-cell switch to IgE production, 
eosinophilia, AHR, mucus production 

IL-17 T memory 
cells, TH17  

IL-17R,              
IL-17RA,           
IL-17RB,           
IL-17RC 

Induces cytokine production by Fib, Mo, Epi, Endo, 
provokes neutrophilia. IL-17R is a heteromeric 
complex consisting of at least IL-17RA and  
IL-17RC but there are existing variants including 
IL-17RB 

IFN-γ, TH1, TH2, 
NK 

IFNGR1,  
IFNGR2  

Inhibits IgE synthesis, inhibits TH2 induction, 
activates Eos, Mo 

TNF-α Mo, NK, T TNFR1, TNFR2 Activation of Epi, Endo, involved in systemic 
inflammation and stimulates acute phase reaction. 
The receptor type 1 is expressed in most tissue and 
type 2 in cells in the immune system 

GM-CSF TH1/TH2, 
Mo, Eos, 
MC, Bas, 
Fib, Epi, 
Endo 

GM-CSFR  Differentiation and activation of  Eos, Neut, Bas, 
MC, Mo 

Table 2. Bas, basophil; B, B-cell; DC, dendritic cell; Endo, endothelial cell; Epi, epithelial cell; Eos, 

eosinophil; Fib, fibroblast; L, lymphocyte; MC, mast cell; Mo, monocyte/macrophage; Neut, neutrophil; 

NK, natural killer cell; T, T-cell, TH, T helper cell; Treg, regulatory T-cell. 
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Chemokines 
The primary function of chemokines is to direct cellular trafficking along a 
concentration gradient (chemotaxis), either to sites of lymphoid activation for 
production of cellular immunity (antibody secretion) or to direct cell migration. 
Chemokines can also activate many cells, such as T-cells, monocytes, eosinophils and 
basophils, to secret a wide variety of mediators, for example leukotrienes, histamine, 
cytokines and chemokines (27). In the present work, a panel of chemokines were 
measured that are important for cell activation, degranulation and chemotaxis, and 
which are of particular importance in allergic airway inflammation. Table 3 summarises 
the source, responding cells and actions of the chemokines that have been investigated 
in this Thesis (adapted from ref nr 97).  
 
 

Chemokines Former designation Source Receptor Responding cell 
CCL2 MCP-1 Mo, L, Fib, Endo, 

Epi, Neut, MC, 
DC 

CCR2 Mo, DC, T, Neut 

CCL3 MIP-1α Mo, L, Neut, Eos, 
Fib, MC 

CCR1, CCR5 Mo, DC, Eos, T, 
NK 

CCL5 RANTES Mo, T, Fib, MC CCR5, CCR1, 
CCR3 

Mo, Eos, T, MC, 
NK, DC 

CCL11 EOTAXIN Epi, Endo, Eos, 
MC 

CCR3, CCR5 
 

Eos, T, MC 

CXCL1 KC/GRO-α Mo, Neut, Endo, 
Fib, MC 

CXCR2 Neut, Mo 

CXCL9 MIG Mo, Neut CXCR3 
 

T, MC 

CXCL10 IP-10 Mo, Neut, Fib, 
Endo 

CXCR3 T, MC 

Table 3. DC, dendritic cell; Endo, endothelial cell; Epi, epithelial cell; Eos, eosinophil; Fib, fibroblast; L, 

lymphocyte; MC, mast cell; Mo, monocyte/macrophage; Neut, neutrophil; KK, natural killer cell; T, T-

cell. 

 

 

Growth factors 
Growth factors are hormone-like proteins capable of regulating a variety of cellular 
processes, such as cell growth, proliferation and cellular differentiation (98). Growth 
factors usually act as signalling molecules between cells and bind to specific receptors 
on the surface on their target cells. In this Thesis two different growth factors, fibroblast 
growth factor 2 (FGF2; previously basic FGF) and vascular endothelial growth factor 
(VEGF) have been measured.  
 
FGF proteins are one of the largest families of growth factors and their biology is 
unique because they often function together as intracellular signalling molecules 
mediating communication between adjacent tissues. FGF is named after its capacity to 
stimulate the proliferation of fibroblasts. FGF2 is the most studied member of the FGF 
family although its role in the pathogenesis of asthma is not yet known. It has been 
demonstrated that FGF2 is overexpressed in asthmatics and is believed to induce ASM 
cell hyperplasia in asthmatic airways (99).  
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VEGF is a central growth factor for endothelial cells and it also has an extensive impact 
on endothelial cell function, such as triggering of mitosis, survival and differentiation. 
VEGF has been suggested to play a role in chronic inflammation and remodelling, 
causing hypervascularity of the airways, mucosal oedema and stimulating the 
recruitment of eosinophils. However, further studies are required to establish a function 
for VEGF in asthma and inflammatory disease (100). 
 

 

 

2.7 MOUSE MODELS AS A TOOL IN ALLERGIC AIRWAY DISEASES 

Since asthma is a complex disease, there is a need for in vivo models to study features 
relevant to human asthma (101, 102). The mouse is currently the most widely used 
species in asthma research due to the availability of transgenic animals and because of 
the wide range of tools available for the analysis of cell and mediator responses  
(101, 102).  
 
There are, however, limitations with the use of murine models in asthma research. 
Laboratory rodents do not spontaneously develop characteristics that can be considered 
to represent human asthma, and the allergic airway response has to be induced (101). A 
typical sensitisation protocol of airway inflammation generally involves two main 
phases. First, the animals are sensitised to produce antibodies towards a foreign antigen, 
most often ovalbumin (OVA). Intraperitoneal (i.p.) injections with antigen and adjuvant 
once a week for two weeks, is the most simple and effective method of inducing 
antigen sensitisation in mice (103-105). The animals are thereafter repeatedly 
challenged with inhalation of the same antigen to induce allergic airway inflammation. 
This challenge induces an inflammatory process through an allergic reaction that leads 
to increased numbers of inflammatory cells in the lungs or BAL fluid (106). Several 
experimental protocols have been developed for the induction of allergic responses in 
mice to closely resemble the clinical pathology of human asthma (105). They all 
include different allergens in varying doses, administration routes and time points, with 
sensitisation carried out with or without adjuvant. Animal models of airway 
inflammation can offer valuable information and are useful for understanding the 
pathophysiological mechanisms of human asthma and for studying potential new drug 
therapies (101). However, the interpretation of results obtained from animal models and 
extrapolation of the results to human asthmatics is dependent on the outcome studied 
and the species used (101).  
 
It is known that there is strain-specific phenotype variation of lung function parameters 
among common inbred mouse strains. This significant variability may be attributed to 
differences in genetic background. Hence, the genetic background of the mice used is 
important when inducing inflammatory disease. Different strains might therefore be 
more suitable for modelling particular asthma characteristics than others, i.e. AHR and 
airway inflammation (101, 107), and this needs to be considered when trying to 
extrapolate findings to human asthma.  
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Histamine and leukotrienes are known to be important inflammatory mediators in 
human asthma. In contrast, mice do not respond, or respond only weakly to these 
mediators. However, the actions of prostaglandins in the airways of mice are 
reasonably similar to known effects of the prostaglandins in the human lung. Thus, the 
use of mouse models for studying prostaglandin-mediated mechanisms can be of 
relevance to human disease. 
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3 AIMS OF THE THESIS 

The overall aim of this Thesis was to understand the role of COX products on AHR and 
airway inflammation in mouse models of allergic asthma. In addition, a secondary aim 
was to develop improved models for experimental studies of AHR and airway 
inflammation in sensitised and challenged mice.  
 

Specific aims: 

 

 The primary objective of paper I was to optimise the delivery route and 
doses of allergen for antigen challenge in mice with respect to the induction 
of AHR and airway inflammation, but also to compare two commonly used 
strains of mice (BALB/c and C57BL/6). 

 

 The aim of paper II was to study the effects of NSAIDs on AHR and airway 
inflammation induced by OVA challenge in allergic mouse models of 
asthma, and to define time points of action of COX inhibition on AHR and 
airway inflammation. 

 

 The aim of paper III was to study the effects of NSAIDs on AHR and airway 
inflammation induced by OVA challenge in an adjuvant-free allergic mouse 
model of asthma. 

 

 The aim of paper IV was to define the role of PGE2 synthesised via  
mPGES-1 in a model of chronic allergic airway inflammation using 
genetically modified mice where mPGES-1 has been disrupted.  
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4 MATERIAL AND METHODS 

Detailed description of the material and methods used in the present studies can be 
found in the publications and the manuscript included in this Thesis. The following 
sections provide an overview of methods used.  
 
 
 
4.1 ANIMALS 

Female BALB/c (papers I-III) and C57BL/6 (paper I) mice (8-13 weeks of age) were 
purchased from Charles River (Sulzfeld, Germany). For paper IV, mPGES-1 gene-
disrupted female and male mice (ptges-/- mice) and C57BL/6 wild-type littermates  
(6 weeks of age) were kindly provided by AstraZeneca (Mölndal, Sweden). The 
animals were housed in plastic cages with absorbent bedding material and were 
maintained on a 12 h daylight cycle. Food and water were provided ad libitum. All 
animal experiments were approved by the regional committee of animal 
experimentation ethics (Dnr: 168/03, 201/04, 348/05, 152/06, 343/06; Stockholm North 
ethical committee for animal welfare, Stockholm, Sweden). 
 
 
4.1.1 Targeted disruption of the mPGES-1 (ptges) gene 

Generation of mPGES-1 null and conditional mice 

In order to build up a mPGES-1 gene targeting vector, 4.0 kb, 0.9 kb and 1.8 kb 
genomic DNA fragments, for 5’ homology, deletion and 3’ homology regions 
respectively, were prepared by means of bacteria homologous recombination from a 
BAC clone which contains about 150 kb of 129/Sv genomic sequence including the 
mPGES-1 gene (ResGen, Invitrogen Corporation). The fragments were cloned into a 
modified loxP floxed PGKneo plasmid applying a standard cloning technique. To 
generate the mPGES-1 targeting construct, a 0.9 kb fragment containing exon 2 of 
mPGES-1 was floxed by an isolated loxP site and loxP-flanked neo cassette  
(Figure 3A). The targeting vector was linearized and electroporated into R1 mouse 
embryonic stem (ES) cells and ES cell clones were selected using G418 (300 g/ml). 
The candidate ES cell clones underwent homologous recombination, were then 
screened by PCR and the result was confirmed by Southern blotting (Figure 3B). The 
targeted ES cells were injected into C57BL/6 blastocysts and the injected embryos 
were implanted into the uterus of pseudopregnant B6CBA female mice. Chimeric 
animals were mated with C57BL/6 mice to produce agouti heterozygous animals (F1). 
For reproduction of mPGES-1 null mice, the heterozygous F1 males were bred with 
Rosa26Cre transgenic mice that had a C57BL/6 background to delete the loxP floxed 
region including exon 2 and the neo cassette as well. The mPGES-1 null mice were 
obtained by intercrossing. Offspring were genotyped by PCR using primers 822, 823 
and 824 that detected the wild type allele (0.279 kb fragment) and null allele (0.470 kb 
fragment), respectively (822, forward: 5'- AAGGTTGATGGTGCACGTCTA-3’; 823, 
reverse: 5’-TTTGTTTGGCCTCACTCTACA-3’; 824, forward: 5’- 
CTCAGGCAGGGCTCATCTACC-3’). For generating mPGES-1 conditional (floxed) 
mice, the heterozygous F1 mice were bred with EIIaCre transgenic mice that had a 
C57BL/6 background in order to delete the loxP flanked PGKneo cassette. 
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The genotyping for conditional mice was achieved by PCR using primers 822 and 823 
to identify the wild-type allele (0.279 kb fragment) and floxed allele (0.399 kb 
fragment), respectively. 
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Figure 3.  Targeted disruption of the mPGES-1 gene. A, mPGES-1 gene targeting strategy. Native 5’ 

region of mPGES-1 gene and targeting vector (top), targeted and conditional allele (middle) and the 

disrupted mPGES-1 gene (bottom) were shown. A region containing exon 2 was deleted. The open 

rectangles with number indicate the exons. The filled rectangle shows untranslated region (UTR). 

Horizontal bars indicate probe used for Southern blotting. DTA, diphtheria toxin. A fragment gene 

cassette. S, SpeI. Triangle indicates loxP site. Arrow indicates the oligos used for genotyping. B; 

Southern blot analysis of the targeted ES clones. Genomic DNA was digested with SpeI and probed with 

a 3’ flanking probe shown in (A). Expected sizes of DNA fragments of the wild-type and mutant alleles 

are indicated in (A). Lane 1 and 2, marker; Lane 3-14, targeted clones. Lane 15, wild type ES clone. C; 

mPGES-1 transcript (top) and RT-PCR analysis (bottom). Tissues from littermates of ptges+/+ ptges+/- 

and ptges-/-. Arrows indicate the oligos used for RT-PCR. (Figure kindly provided by Xiufeng Xu at 

AstraZeneca). 
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RT-PCR analysis 
The brain, lung and muscle were dissected from 8-week littermates of mPGES-1 null, 
heterozygous and wild-type mice, respectively. Total RNA was extracted with a 
standard method. Reverse transcription was run with SuperScript First-Strand 
(Invitrogen) followed by PCR using primers located in a deleted exon and up- and 
down-stream intact exons (855, reverse: 5'- CGCTCCACATCTGGGTCACTC-3'; 854, 
forware: 5'- CCAGGTGCTCCCGGCCTTTCT-3' and 856, reverse: 5'- 
GTAGGCCACGGTGTGTACCAC-3' (Figure 3C). 
 

 

4.2 ALLERGEN PROVOCATIONS 

Sensitisation and challenge of animals 

In the present studies, three different protocols for OVA-induced airway inflammation 
have been used with respect to the routes of delivery, dose and time intervals for the 
sensitisation and challenge phases. The protocols range from an acute 18-day protocol 
to a chronic 91-day protocol. Mice were sensitised by i.p. injection of 10 μg OVA 
(grade II, Sigma-Aldrich, St. Louis, MO, USA) with or without 1 mg Al(OH)3 (Sigma-
Aldrich) in a total volume of 200 μL phosphate-buffered saline (PBS; Sigma-Aldrich). 
The allergic airway inflammation was induced by challenge (Figure 4), with either 
aerosolised OVA (1 or 6%) for 30 min, or with different doses of OVA (20, 50, 100 
and 200 μg) given intranasally following light anaesthesia (3.5% isoflurane, Forene, 
Abbot Scandinavia, Solna, Sweden). Control mice were immunised by i.p. injection of 
10 µg OVA with or without 1 mg Al(OH)3 and challenged with PBS. 
 
 
 

A; Aerosol challenge B; Intranasal challengeA; Aerosol challenge B; Intranasal challenge

 
 
 
Figure 4. Mice challenged with OVA either as an aerosol (A) delivered with a nebulizer (UltraNeb® De 
Vilbiss) or intranasally (B) following light anaesthesia (3.5% isoflurane). (Photos taken by Jesper 
Säfholm). 
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Acute airway inflammatory protocol (18 days) 

Mice were sensitised by i.p. injections of 10 μg OVA together with 1 mg Al(OH)3 in 
PBS on days 1 and 8. The allergic airway inflammation was induced on days 15, 16 
and 17 by challenge with OVA either as an aerosol or intranasally (Figure 5A). The 
outcome was assessed 24 or 48 h after the last challenge (Papers I-II). 
 

Intermediate adjuvant-free airway inflammatory protocol (47 days) 

Mice were sensitised by i.p. injections of 10 μg OVA in PBS on days 1, 3, 5, 7, 9, 11 
and 13. The allergic airway inflammation was induced by intranasal challenge of 100 
µg OVA in a total volume of 20 µL PBS on day 40, 43 and 46 (Figure 5B). The 
outcome was assessed 24 h after the last challenge (Paper III). 
 

Chronic airway inflammatory protocol (91 days) 

Mice were sensitised by a i.p. injection of 10 μg OVA together with 1 mg Al(OH)3 in 
PBS on day 1 followed by both i.p. injection and intranasal instillation on day 11. The 
allergic airway inflammation was induced with 50 µg OVA given intranasally on two 
constitutively days every second week for 12 weeks (Figure 5C). The outcome was 
assessed 24 h after the last challenge (Paper IV). 
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Figure 5. The three allergic airway inflammatory protocols used in the thesis; (A) the acute, (B) the 

adjuvant-free intermediate and (C) the chronic protocols.  
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4.3 TREATMENT 

Intervention with COX inhibitors (papers II-III) 

Animals were treated with injections of either diclofenac sodium (1 mg·kg-1 body 
weight; non selective COX inhibitor; Cayman Chemicals, Ann Arbor, Michigan, USA), 
indomethacin (4 mg·kg-1 body weight; non selective COX inhibitor; Sigma-Aldrich), 
FR122047 (5 mg·kg-1 body weight; selective COX-1 inhibitor; Cayman Chemicals), 
lumiracoxib (1 mg·kg-1 body weight; selective COX-2 inhibitor; SynphaBase, Muttenz, 
Switzerland) or solvent control i.p. 1 h before each OVA challenge, 1 h before the MCh 
challenge and as an intravenous injection (i.v.) at the start of the anesthesia. The doses 
of the COX inhibitors have previously been described to be both effective and selective 
(90-92). The doses of diclofenac and indomethacin used were selected from the IC50 
described in mice (90) and the doses of FR122047 and lumiracoxib used were selected 
from in vitro studies in mice and rats (Table 1; 91, 92). 
 
 
 
4.4 IN VIVO LUNG FUNCTION MEASUREMENTS 

 
4.4.1 Lung mechanics 

In this Thesis direct measurements of the respiratory system mechanics have been 
assessed using the flexiVent® system (Scireq, Montreal, PQ, Canada) and evaluated 
assuming two different models, a single compartment model (overall lung resistance 
and compliance) and a constant phase model (forced oscillation, separation of central 
and peripheral airways). 
 
 
Single compartment model 
A classic approach to assess lung mechanics in animals is the measurement of dynamic 
resistance (RL) and compliance (CL) assuming the single compartment model (108). 
This is the simplest model used for modelling pulmonary mechanics and is often 
described as a single homogenously ventilated tube connected to an elastic 
compartment (20, 108-110). RL reflects both narrowing of the conducting airways and 
alterations in the lung periphery (108). Decreases in CL reflect mainly events in the 
lung periphery, in particular, airway closure and lung unit derecruitment (108). This 
simple model is suitable if the lungs behave in a linear fashion. However, 
heterogeneous ventilation can occur, i.e. different distributions of ventilation 
throughout the lung (109). Consequently, the contribution of airway and tissue 
resistance is highly dependent on breathing frequency as well as lung volume, and 
measuring these parameters at a given frequency may not provide the most suitable 
information about the lung mechanics (111, 112). This insight led to the development 
of a more complex model, the constant phase model, and the use of the forced 
oscillation technique (FOT) for measuring lung function. 
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Constant phase model  
FOT is applied to anaesthetised and tracheostomised animals to measure the impedance 
(Zrs, Figure 6) of the lungs. Measurement of the pressure and volume displacement 
inside the cylinder can be used to calculate the Zrs (111). The respiratory mechanics are 
calculated with a computer program, fitting a more complex model of the lung, the 
constant phase model, which allows partitioning of the lung mechanics into central and 
peripheral events in the lung (108-110, 112). During the forced oscillation, the 
ventilator piston interrupts the mechanical ventilation and oscillates (ranging from 0.25-
20.5 Hz) the airflow into the airway for 2-16 seconds depending on the perturbation. 
The obtained parameters (Figure 6) are the Newtonian resistance (RN), a close 
approximation of resistance in the central airways, tissue damping (G) reflecting energy 
dissipation in the lung tissue, tissue elastance (H) characterising tissue stiffness (reflects 
energy storage in the tissue) and inertance (I) representing the inertive properties of the 
gases in the airways (108-110, 113). However, the inertance in mouse airways is so 
small, it can be considered insignificant, although this is not the case in humans. 
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Figure 6. Zrs was determined from each frequency contained in the flow signal applied by the flexiVent®

and analysed using the equation above (the constant-phase model).   

 

 

 

Preparation of animals for measurement of lung mechanics 

Before the assessment of lung mechanics, mice were anaesthetised with pentobarbital 
sodium i.p. (70-90 mg·kg-1 body weight; Apoteket Produktion & Laboratorier AB, 
Stockholm, Sweden), to achieve an optimal sedation and placed on a 37 °C-heating pad 
to maintain body temperature during the anaesthesia. Mice were tracheostomised with a 
metal 18-gauge cannula and mechanically ventilated in a quasi-sinusoidal fashion (114) 
using the flexiVent® system at a sinusoidal frequency of 2.5 Hz and a tidal volume of 
12 mL·kg-1 body weight. Once the ventilation was started, bilateral thoracotomies were 
performed to equalise the pleural pressure to atmospheric pressure and to exclude any 
chest wall contribution to pulmonary mechanics. The positive end-expiratory pressure 
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was set to 3 cmH2O. To stabilise respiratory lung baseline readings and ensure similar 
volume history, four sigh manoeuvres at three times the tidal volume were performed at 
the beginning of the experiment defined as incremental increases and decreases of lung 
volume during a period of 16 seconds (papers I-III), or four total capacity 
measurements during a 6 seconds period were performed (paper IV). The animals were 
allowed a five-minute resting period before the measurements of lung mechanics 
began.  
 

 

Measurement of airway responsiveness  

The small animal ventilator has a piston pump that ventilates the animals mechanically. 
The computer controls the movement of the piston and the timing of the inspiratory and 
expiratory valves. During a perturbation the piston interrupts and sends a predetermined 
volume perturbation into the airways.  
 
Airway responsiveness was used as a measurement of AHR to MCh (acetyl--
methylcholine chloride; Sigma-Aldrich) according two different approaches. In papers 
I-III, RL and CL were measured continuously using a standardised script and the piston 
delivered the predetermined volume perturbation every eighth breath for approximately 
3 min (50 measurements). Changes in reactivity and sensitivity were assessed using 
non-linear regression analysis to calculate the maximum responses to each MCh dose 
and the effective dose for half maximal response (ED50). CL is expressed as the 
maximal decrease to each MCh dose. 
 
In papers I and IV, the airway responsiveness was assessed by the use of FOT. During 
a forced oscillation manoeuvre the ventilator piston interrupts the mechanical 
ventilation and delivers 13 superimposed sinusoidal frequencies, ranging from 1 to  
20.5 Hz, as an input signal during a period of 3 seconds (referred to Quick Prime-3; 
QP-3). The maximum response of each MCh dose for RN, G and H was assessed by 
altered measurements of RL/CL and QP-3 in similar standardised scripts as described 
previously for approximately 3 min (20 measurements of each perturbation). Since the 
animals are prepared in an open chest system, RN gives a good approximation of the 
resistance of the conducting airways, while G and H characterise the peripheral airways 
and lung tissue.  
 
To assess airway responsiveness, the animals were given injections of increasing doses 
(0.03, 0.1, 0.3, 1 and 3 mg·kg-1 body weight; in paper IV up to 10 mg·kg-1 body weight) 
of MCh  through the lateral tail-vein at four-minute intervals. Heparin (10 U·mL-1PBS) 
was added to prevent clotting of the i.v. catheters. As a dose of 10 mg·kg-1 body weight 
of MCh sometimes causes such bradycardia that it results in cardiac arrest with no 
further increases in AHR, the maximal resistance was reached at 3 mg·kg-1 or, in some 
experiments, even earlier due to the same phenomenon.  
 
 

 



Prostaglandin modulation of airway hyperresponsiveness and inflammation in murine models of asthma 

   25

 

4.5 SAMPLE COLLECTION, PROCESSING AND ANALYSIS 

Bronchoalveolar lavage fluid 

Directly after AHR measurements, collection of BAL fluid was performed to monitor 
inflammatory processes of the airway lumen. A total volume of 1 mL PBS containing 
0.6 mM EDTA was used to lavage the lungs three times. When required, red blood 
cells were removed by resuspending the BAL fluid cells in 100 µL lysis buffer for 2 
min at room temperature (RT) followed by washing in 1 mL PBS. The total number of 
cells was then counted and adjusted back to cells·mL-1 BAL fluid. For differential cell 
counts, a minimum of 300 cells were counted per BAL fluid sample.  
 

 

IgE and IgG1 analysis  

Following collection of BAL fluid, blood was sampled by cardiac puncture and sera 
were stored at -20 °C for measurement of antibody titres using enzyme-linked 
immunosorbent assay (ELISA) as described previously (115). Plates were coated with 
5 µg·mL-1 OVA or 2 µg rat anti-mouse IgE (BD Biosciences, San Diego, CA, USA). 
Values were expressed in units of optical density (OD). 
 

 

Lung histology and morphometry 

Following the collection of blood, lungs were fixed by inflation with 4% formalin 
(Sigma-Aldrich) under a pressure of 20 cmH2O for 24 h. Lung histology and 
morphometry were performed as previously described (116-121). The left lobe was 
separated transversely into two segments, just below the first-generation of airways, 
and the upper segment was embedded with the trimmed side down (116). Three μm 
thick lung sections were cut and assessed using the following stains: hematoxylin 
(Sigma-Aldrich) and eosin (Sigma-Aldrich) to quantify tissue eosinophils, α-smooth 
muscle actin (α-SMA, DAKO, Glostrup, Denmark) to evaluate changes in smooth 
muscle thickness, picro-sirius red stain (PSR, Sigma-Aldrich) to assess the presence of 
collagen, periodic acid-Schiff (PAS, Sigma-Aldrich)  to assess mucin-containing goblet 
cells and toluidine blue (Sigma-Aldrich) to quantify mast cells. Morphometric analyses 
of the stained sections were performed using a digital image analysis system (Northern 
Eclipse, Version 7.0; Empix Imaging Inc., Mississauga, Ontario, Canada).  
 

 

Immunohistochemical staining for COX-1 and COX-2  

Initially, the paraffin-embedded lung sections were hydrated to tap water. Slides were 
then treated with proteinase K for 8 min to digest tissue samples prior to pre-treatment 
with 3% hydrogen peroxide for 5 min to inhibit endogenous peroxidases and protein 
block (Dako, X0909) for 10 min to prevent nonspecific reactivity. The sections were 
then incubated with COX-1 (1:400, RT for 1 h) or COX-2 (1:100, 4 °C over night) 
primary antibody (Cayman Chemicals). Following incubation with COX antibodies,  
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sections were treated with secondary antibody (1:100, AbCam, 6720) for 2 h at RT. 
After washing, sections were incubated with streptavidin peroxidase for 45 min. Colour 
was developed by adding AEC chromogen for 20 min (Sigma-Aldrich). The slides 
were counterstained with hematoxylin and mounted with faramount (DAKO). Negative 
control sections were treated in exactly the same way but primary antibodies were 
omitted. 
 

 

Measurements of eicosanoid levels in BAL fluid 

To define whether the two COX isoenzymes are responsible for the formation of 
different eicosanoids, the levels of PGD2, 6-keto-PGF1α (a stable metabolite of PGI2), 
PGE2, TXB2 (a stable metabolite of TXA2) and CysLTs (measured as LTE4, the end 
metabolite of LTC4 and LTD4) were measured in BAL fluid by Enzyme Immunoassay 
(EIA; Cayman Chemicals). The assay is based on competition between free eicosanoid 
in the sample and an added eicosanoid-acetylcholinesterace (AchE)-linked tracer. The 
complexes formed, subsequently bind to an antibody that has previously been attached 
to each well on a 96-well plate. After washing, Ellerman’s reagent containing 
acetylthiocholine, a substrate for AchE was added. This reaction yields a coloured 
product that can be measured spectrophotometrically at 412 nm. The assay detection 
limits for the different mediators were 3.9 pg·mL-1 for PGD2 and 6-keto-PGF1α,  
7.8 pg·mL-1 for PGE2, TXB2, and LTE4. Results below the detection limit were set at 
the detection limit for statistical evaluation. The EIA specificity for cross-reactivity 
between the different mediators was less than 0.01% with a few exceptions; TXB2 EIA 
cross-reacted with PGD2 (0.53%), PGE2 (0.09%) and 6-keto-PGF1α (0.08%), PGE2 EIA 
cross-reacted with 8-iso-PGE2 (37.4%) and 6-keto-PGF1α (1%), 6-keto-PGF1α EIA 
cross-reacted with PGE2 (1.5%) and TXB2 (0.5%) and CysLT EIA cross-reacted with 
LTC4 (50%) and LTD4 (100%). PGD2 was measured with the PGD2-MOX assay where 
methoxime treatment of all samples creates a PGD2 derivative that does not cross-react 
with PGF2α or F-type isoprostanes. 
 

 

Measurement of inflammatory mediators in BAL fluid and lung homogenate 

To examine whether prostaglandins are able to modulate the release of cytokines, 
chemokines and growth factors, which also may contribute to manifestations of allergic 
reactions, these mediators were measured in BAL fluid or homogenised lung using 
cytometric bead arrays or Luminex® methodology.  
 
In paper II, the levels of certain cytokines in BAL fluid were analysed in all control and 
treated animals by the flow cytometric analysis of fluorescence-labelled beads 
(Cytometric Bead Array, BD Biosciences BD™), following the manufacturer's 
protocol, and compared with known standards (detection levels were 5 pg·mL-1). 
 
In paper III, a mouse 20-plex bead set (Invitrogen, Carlsbad, CA, USA) was used for 
the assay and measured using Luminex® methodology. Labelled antibodies against 
various cytokines/chemokines and growth factors were used to analyse multiple  
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cytokine responses in BAL fluid according to manufacturer’s instructions. Values 
below the detection limit were set at the detection limit for statistical evaluation.  
 
In paper IV, the levels of 19 cytokines/chemokines and growth factors were measured 
in BAL fluid and homogenised lung using a milliplexTM map kit (Millipore 
Corporation, MA, USA) and assayed by Luminex® methodology. Lung tissue was 
homogenised with tissue extraction reagents according to the manufacturer’s protocol 
(Invitrogen). Results below the detection limit were set at the detection limit for 
statistical evaluation. In addition to evaluating the influence of each mediator 
individually, a multivariate statistical analysis of the cytokine data was performed in 
order to explore correlations between the cytokine levels in BAL fluid and lung 
homogenate, as well as to examine how levels of mediators in lung homogenate 
correlate between treatments (PBS/OVA), between the different genotypes 
(wildtype/ptges-/-) and between the genders.  
 

 

Statistical Analysis  

All data are presented as mean ± S.E.M. Differences among the treatment groups were 
assessed by unpaired t-test, one-way or two-way analysis of variance (ANOVA). 
Significant ANOVA was analysed further using the Bonferroni post hoc test. The two-
way ANOVA test was used to analyse the dose-response curves and unpaired t-test or 
one-way ANOVA was used in all other statistical analyses, except for the analysis of 
cytokines, chemokines and growth factors in paper IV where multivariate modelling 
also was used. Changes in reactivity and sensitivity were assessed using non-linear 
regression analysis to calculate the maximum responses (Emax) and ED50 values. Log-
values of ED50 were expressed in order to fit a normal distribution. A p-value of less 
than 0.05 was considered significant. Statistical analysis and graphics were all 
performed using Graph Pad Prism (version 5.0 GraphPad software Inc., San Diego, 
CA, USA). 
 
For multivariate modelling, the principal component analysis (PCA) and orthogonal 
partial least squares regression of latent structure (OPLS) analyses (SIMCA-P+12, 
Umetrics, Lund, Sweden), were performed on the cytokine data. PCA analysis is a 
useful unsupervised approach for studying general trends in sample sets containing 
multiple variables. Mathematically it is a multivariate projection method designed to 
extract and display the systematic variation in a data matrix X. OPLS is a regression 
extension of PCA, which is used to connect the information of two blocks of variables 
X and Y to each other. OPLS is a supervised approach for studying the relationship 
between a single Y variable, such as gender or treatment and a range of measured 
variables (X) in a biological system. All variables used during PCA and OPLS analysis 
were subjected to mean centering and univariate scaling prior to modelling. Model 
performance was reported as cumulative correlation coefficient for the model (R2) and 
predictive performance based on cross validations (Q2).  
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5 RESULTS AND DISCUSSION 

 
5.1 RATIONALE AND MAIN FINDINGS 

Summary of the main results obtained in this Thesis: 
 
Paper I: 
The primary aim of this paper was to optimise the delivery route and dose of allergen 
used for antigen challenge in mice, with respect to the induction of AHR and airway 
inflammation.  
 
Aerosol challenges using different concentrations of OVA and at different time points 
caused similar increase in both AHR and the infiltration of cells into the BAL fluid. 
Intranasal challenge of BALB/c mice caused a dose-dependent increase in AHR, 
whereas the BAL fluid cell response was augmented to a similar extent by all doses 
tested. Intranasal challenge caused a more pronounced induction of both AHR and 
inflammation in sensitised BALB/c mice, compared to aerosol delivery of the same 
antigen.  
 
The intranasal dose of OVA that resulted in the greatest increase in AHR and 
infiltration of cells into the BAL fluid in BALB/c mice was applied to C57BL/6 mice. 
Intranasal OVA challenge caused strong inflammatory cell responses in BAL fluid to a 
similar extent in both C57BL/6 and BALB/c mice, but no change in AHR was 
observed in the C57BL/6 mice, indicating that this strain may not be optimal for the 
study of AHR.  
 
 
Paper II: 
The aim of this paper was to study the effects of NSAIDs on AHR and airway 
inflammation in allergic mouse models of asthma and to define time points of action of 
COX inhibition on AHR and airway inflammation. 
 
Administration of FR122047 (COX-1 inhibitor) during OVA challenge and prior to 
MCh challenge enhanced AHR without affecting the inflammatory cell response. In 
contrast, administration of lumiracoxib (COX-2 inhibitor) during the same time period 
had no effect on AHR but reduced the inflammatory cells in BAL fluid. Non-selective 
COX inhibition with diclofenac both enhanced the AHR and reduced the inflammatory 
cells. Furthermore, investigation of the time point of action of the COX inhibition 
revealed that administration of diclofenac only during OVA challenge reduced the cells 
in BAL fluid without any changes in AHR, whereas administration of diclofenac only, 
prior to MCh-challenge enhanced AHR but did not affect the cells in BAL fluid. 
 
It was concluded that COX-1 activity predominantly generated prostanoids that are 
bronchoprotective and serve to protect against increases in AHR. The 
bronchoprotective effect of COX-1 activity could presumably be explained in terms of 
the removal of PGE2 and PGD2. COX-2 activity was associated with an infiltration of 
inflammatory cells into the lung, lending support to a pro-inflammatory function.  
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It was not clear which prostaglandin mediated the COX-2 dependent effects on cellular 
inflammation. These findings demonstrate that AHR and the inflammatory response are 
distinct and at least in part, uncoupled events.  
 
 
Paper III: 
It is not known whether the distinct roles of prostanoids generated by the COX-1 and 
COX-2 pathways in paper II were dependent upon specific experimental conditions in 
that study, or whether the findings may be generalised. The aim of this paper was to 
study the effects of NSAIDs on AHR and airway inflammation in an adjuvant-free 
allergic mouse model of asthma. 
 
Administration of either diclofenac, indomethacin, FR122047 or lumiracoxib enhanced 
AHR. Only diclofenac and lumiracoxib reduced the inflammatory cell content of BAL 
fluid. Moreover, levels of prostaglandins in BAL fluid were reduced by diclofenac, 
indomethacin and FR122047 but were unaffected by lumiracoxib. However, none of 
the COX inhibitors displayed major effects on the production of cytokines, mast cells, 
smooth muscle mass, number of goblet cells, or collagen deposition in the airways.  
 
It was concluded that, in a prolonged adjuvant-free protocol, both COX-1 and COX-2 
generated prostanoids were able to protect against increases in AHR. The 
bronchoprotective action of COX activity would seem to be explained by the removal 
of PGE2, PGD2 and PGI2. However, the two COX isoenzymes also appear to have 
separate functions whereby COX-1 activity predominantly generates prostaglandins 
found in BAL fluid, whereas products of the COX-2 pathway regulate the 
inflammatory response in BAL fluid. Paper III provides further evidence that AHR on 
the one hand, and the inflammatory response and generation of prostanoids on the 
other, are dissociated uncoupled events. 
 
 
Paper IV: 
The aim of this paper was to define the role of mPGES-1 in a mouse model of chronic 
allergic airway inflammation. Our hypothesis was that, during inflammation, the 
production of PGE2 is increased via upregulation of mPGES-1 expression. Hence, 
removal of mPGES-1 activity in genetically modified mice where this particular 
enzyme has been disrupted, would result in a loss of PGE2-mediated bronchoprotection.  
 
Absence of mPGES-1 resulted in a further increase in AHR after antigen challenge 
without affecting the infiltration of inflammatory cells in BAL fluid, or cytokine, 
chemokine and growth factor profiles in the lung. PGE2 generated by mPGES-1 has a 
bronchoprotective function. The experiments with mPGES-1 deleted animals provided 
evidence to support the involvement of PGE2 in protection against further increases in 
AHR, and also suggests it may be the main COX product to mediate the 
bronchoprotective function. This paper also indicates that the inflammatory response 
observed during allergic airway inflammation may not be regulated by the activity of 
mPGES-1.  
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5.2 MODEL CHARACTERISATION (PAPER I) 

 
5.2.1 Optimisation of allergen dose and delivery route for the antigen 

challenge protocol 

Although a variety of different sensitisation and challenge protocols have been used, 
one basic model for acute allergic airway inflammation is consistently applied. This 
type of sensitisation protocol usually requires multiple systemic administration of the 
allergen together with an adjuvant. OVA derived from chicken egg is a frequently used 
allergen that induces a robust allergic reaction in the airways of laboratory animals 
(122). Thus, a standard short protocol using OVA as an allergen was used to evaluate 
the optimal dose and delivery route of allergen for antigen challenge with respect to the 
outcomes of AHR and inflammation. 
 
Initially, the effects of aerosol delivery were investigated using two different 
concentrations of OVA at two different time points. Aerosol challenge with both OVA 
concentrations tested (1 or 6%), as well as the two different time points (24 or 48 h), 
resulted in similar development of AHR and eosinophil-driven inflammation in the 
airways. The protocol using 1% OVA, and assessment 24 h after challenge was 
considered more suitable for studying AHR and airway inflammation, since the 
magnitude of the BAL fluid cell responses were similar and these conditions were 
associated with a lower variability in reactivity and cell responses, as well as an 
increased sensitivity to MCh at 24 h.   
 
The aerosol delivery technique was then compared to different doses of OVA given 
intranasally. The main findings were that intranasal challenge caused a dose-dependent 
increase in AHR, whereas the BAL cell response was augmented to a similar extent by 
all doses of allergen delivered intranasally. Consistent with previous studies in mice, 
eosinophils were the dominating inflammatory cell type in allergic airway reactions 
induced by OVA (105). Furthermore, intranasal challenge caused a more pronounced 
induction of both AHR and inflammation compared to aerosol delivery. It was 
presumed that the AHR and BAL fluid cell responses were lower following aerosol 
challenge compared to the intranasal procedure, due to the aerosol exposure causing a 
less efficient distribution of aerosolised antigen within the lung. The findings suggest 
that separate pathways cause AHR and inflammation since the thresholds for reaching 
maximal allergen-induced AHR and inflammatory responses appear to be dissociated. 
Thus, intranasal challenge was more effective than aerosol challenge in inducing both 
AHR and airway inflammation in BALB/c mice. One potential limitation with the 
intranasal challenge is that it requires light isoflurane anaesthesia. It has been suggested 
that isoflurane may have an anti-inflammatory effect (123, 124). The substantial 
inflammatory responses obtained, would suggest that any possible inhibitory effects of 
isoflurane were insignificant under these particular experimental conditions. 
 
Histological analysis of the pulmonary tissue demonstrated an increased infiltration of 
eosinophils, as well as elevated numbers of goblet cells in OVA treated mice compared 
to controls, regardless of whether OVA was administrated intranasally or as an aerosol. 
Intranasal OVA induced a greater influx of eosinophils into the tissue compared to 
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aerosol challenge, but there were no differences in goblet cell numbers between the two 
procedures. Neither aerosol nor intranasal challenge induced changes in the smooth 
muscle area or collagen deposition. These findings suggest that structural changes in 
the airways are not necessary for the development of AHR. 
 
 
5.2.2 Comparison between BALB/c and C57BL/6 mice using the intranasal 

challenge protocol 

The intranasal challenge procedure that resulted in the greatest increase in AHR and 
BAL fluid cells in BALB/c mice was selected for further comparisons between the two 
most commonly used strains of mice, BALB/c and C57BL/6 mice using the forced 
oscillation technique. As expected, BALB/c mice displayed an increase in AHR and a 
clear effect of MCh on both central resistance (RN) and peripheral tissue dampening 
(G). In contrast, the same procedure did not change these parameters in C57BL/6 mice, 
but did result in a similar accumulation of cells in BAL fluid. Furthermore, the baseline 
physiological measurement of tissue elastance (H) was enhanced in both BALB/c and 
C57BL/6 mice. These alterations in both strains may be caused by infiltration of cells 
into the parenchyma which in turn may lead to airway closure due to mucus production, 
leakage of plasma proteins onto the airway surface and an increase in airway surface 
tension (125). The study confirms the difficulties C57BL/6 mice have in developing 
AHR after antigen challenge (107, 126-130) and this strain is not optimal for studying 
AHR in a short standard eosinophil-driven murine model of allergic airway 
inflammation. The findings also demonstrated that forced oscillation is a valuable 
method for evaluating mechanical parameters of both the central airways and peripheral 
lung. 
 
 
 
5.3 EFFECTS OF INHIBITION OF PROSTAGLANDIN SYNTHESIS ON AIRWAY 

RESPONSES (PAPER II-IV) 

In this Thesis, three different protocols for OVA-induced airway inflammation have 
been used to gain a more detailed understanding of the role of the different COX 
isoenzymes in mouse models. This was achieved by the application of COX inhibitors 
with differing selectivities towards the COX isoenzymes, or by using mPGES-1 gene-
disrupted mice. The protocols have induced different types of airway inflammation that 
can be classified as acute eosinophil-associated, adjuvant-free model as well as a more 
chronic airway inflammation in which several types of inflammatory cells are involved, 
particularly neutrophils.  
 
 
5.3.1 COX products as modulators of airway responsiveness 

Regardless of the protocol used for antigen sensitisation and challenge, OVA challenge 
consistently increased the AHR to MCh in mice. When examining the total lung 
resistance, the maximal response to MCh differed, both between protocols and between 
different strains of mice, although the extent of the antigen-induced increases  
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in total lung resistance are similar when compared to PBS challenged control mice 
(Figure 7).  
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Figure 7. A; Maximal lung resistance (RL max) to MCh in three mouse models of allergic airway 

inflammation and two different strains of mice, B; Antigen-induced maximal lung resistance, percentage 

of increase from PBS controls. The results represent mean±SEM. a, p<0.05 compared to PBS controls. 

 
 
 
In paper II, treatment with the non-selective COX inhibitor diclofenac, as well as the 
selective COX-1 inhibitor FR122047, caused further increases in airway reactivity to 
MCh, whereas selective COX-2 inhibition by lumiracoxib did not change the AHR 
induced by OVA alone (Figure 8). Thus, the findings from paper II identified that 
COX-1 activity is critical for modulation of AHR.  
 
In contrast, in paper III, the administration of diclofenac, indomethacin, FR122047 and 
lumiracoxib during OVA challenge resulted in significantly enhanced airway reactivity 
compared to OVA control mice (Figure 8). Although paper II indicates that COX-1 
mainly regulates the production of prostaglandins that in turn could have a direct effect 
on the airway smooth muscle, paper III indicates that in addition to COX-1, COX-2 
activity may also contribute to this effect when tested in an adjuvant-free model. 
 
The discrepancy in AHR after COX-2 inhibition in papers II and III may be partly 
related to the use of different challenge procedures. Another possible explanation might 
be the differences in pharmacokinetics amongst the COX inhibitors used, which 
presumably attained significance as the COX inhibitors were given every day before 
each antigen challenge in paper II, and every third day before each antigen challenge in 
paper III. The findings implicate that the effect of COX activity on AHR can be 
generalised and is not dependent on specific experimental conditions since consistent 
results were obtained in two separate independent experiments. Thus, prostaglandins 
generated by both COX isoenzymes have a bronchoprotective role. From these  
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experiments it was assumed that PGD2 and PGE2 were presumably responsible for the 
effect as both induce a strong and potent relaxation of mouse airway smooth muscle 
(58, 61). This also highlights that the protocol selected for sensitisation and challenge 
has a clear impact on COX activity and its regulation of AHR. 
 
In paper IV, the role of the mPGES-1 enzyme was investigated in a chronic mouse 
model of airway inflammation. It was discovered that removal of PGE2 synthesised via 
mPGES-1 in OVA challenged ptges-/- mice caused an increase in AHR mainly in the 
central airways, along with a reduction of BAL fluid PGE2 regardless of gender. The 
data established that the total lung resistance in ptges-/- mice and AHR induced by the 
COX inhibitors in papers II and III were increased to a similar extent (Figure 8). These 
findings strengthen the importance of COX enzymes in regulating the reactivity of 
airway smooth muscle by protecting against increases in AHR and PGE2 may be the 
main COX product to mediate the bronchoprotective function.  
 
The experiments with mPGES-1 deleted animals also showed that ptges-/- mice 
displayed normal baseline physiology and respiratory mechanics in both females and 
males, which supports the notion that mPGES-1 is involved in the production of 
prostaglandins during inflammation but is not necessary for the regulation of basal 
airway tone. Paper IV reveals for the first time that the major bronchoprotective 
function of PGE2 is generated by mPGES-1 in allergic airway inflammation.  
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Figure 8. Maximal lung resistance (RL max) to MCh induced by either COX inhibition or by genetically 

deleted mPGES-1 in three different mouse models of allergic airway inflammation and two different 

strains of mice. The results represent mean±SEM. Antigen-induced maximal lung resistance, percentage 

of increase from PBS controls. Diclo, diclofenac; Indo, indomethacin; FR, FR122047; Lumira, 

lumiracoxib. 
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The further decrease in compliance caused by COX inhibition that was observed in 
paper II could not be confirmed in paper III. A decrease in compliance is thought to be 
dominated by changes in airway closure, particularly in the peripheral small airways 
(108), however, CL is influenced by increases in RL. In addition, the change in CL is 
also fairly small. Therefore, the COX-induced increase in AHR is probably located at 
the level of the proximal airways and the primary bronchi, as an effect on airway 
smooth muscle reactivity. This finding was also supported by the substantial response 
observed in the central airways after the removal of mPGES-1-derived PGE2 in paper 
IV. Consistent with this observation, the increased AHR measured after COX inhibition 
was a result of modulation at the level of the central airways, which also suggests that 
the decreased CL observed in paper II after COX inhibition is most likely a 
consequence of the great increase in RL.  
 
 
5.3.2 COX products as modulators of inflammatory cells in BAL fluid  

Regardless of the protocol used for antigen sensitisation and challenge of mice, OVA 
induced an infiltration of cells into the airway lumen (Figure 9A). Although the cellular 
composition in BAL fluid differs between protocols as well as between strains of mice, 
the antigen induces a significant increase in the total lung resistance compared to PBS 
challenged controls. 
 
As shown in Figure 9B, total numbers of BAL fluid cells were decreased by the 
different COX inhibitors with various degrees of efficacy relative to OVA controls, 
however, only diclofenac and lumiracoxib were able to significantly reduce BAL fluid 
cell numbers. Eosinophils were the predominating inflammatory cell type and COX-2 
inhibition mainly decreased this eosinophilic inflammation. This indicates that COX-2 
generates prostaglandins that mediate the accumulation of cells in the airways.  
 
In paper III, indomethacin showed a similar lack of effect to that observed with the 
COX-1 inhibitor on the OVA induced cellular response, in contrast to the other non-
selective COX inhibitor, diclofenac. The finding that diclofenac and indomethacin gave 
rise to contrasting results regarding the reduction of cells in BAL fluid is most likely 
due to the differing selectivities of the two drugs towards the COX isoenzymes, with 
diclofenac being more COX-2 selective and indomethacin more COX-1 selective (90). 
Another possible explanation might be that indomethacin exerts DP2/CRTH2 agonism 
(77, 78) and thereby promotes accumulation of cells into the airways, which may have 
contributed.  
 
In paper IV, the OVA induced infiltration of cells into BAL fluid was similar in 
mPGES-1 disrupted mice compared to wild-type mice, an effect therefore not 
dependent on mPGES-1 (Figure 10). During the chronic allergen exposure, the major 
inflammatory cell type found in the BAL fluid was the neutrophil (Figure 10). 
Furthermore, the findings from paper II and III support the fact that COX-2 inhibition 
reduced the infiltration of inflammatory cells into the BAL fluid, and together with the 
observations in paper IV allow for a more comprehensive interpretation of the findings. 
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As the deficiency of mPGES-1-derived PGE2 did not reduce inflammatory cell numbers 
in BAL fluid, this suggests that mPGES-1 is not involved in the inhibitory function of 
COX-2 products on cell recruitment. The observations suggest that PGE2 does not 
mediate the inflammatory cell response in the allergic airway reaction in this particular 
model. This is in line with data where inhalation of PGE2 in mPGES-1 deleted mice 
actually suppressed the infiltration of cells into the airway lumen (131).  
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Figure 9. Antigen-induced accumulation of cells in BAL fluid. A; Total cells induced by PBS or antigen 

challenge in three mouse models and two different strains of mice. B; Antigen-induced total cells in BAL 

fluid, percentage of decrease from OVA controls by COX inhibition. The results represents mean±SEM. 

a, p<0.05 compared to PBS controls. Diclo, diclofenac; FR, FR122047; Indo, indomethacin, Lumira, 

lumiracoxib. 
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Figure 10. Total cells and composition of cells in BAL fluid in ptges+/+ (wild-type mice) and ptges-/- mice 

challenged with PBS or OVA (n=8-12). The cellular response in BAL fluid in A; males and B; in 

females. Data are represented as mean ± SEM. a, p<0.05 OVA challenged ptges+/+ (wild-type) mice 

compared to controls, b, p<0.05, OVA challenged ptges-/- mice compared to controls.  

 
 
Taken together, these findings suggest that the two COX isoenzymes have separate 
functions with respect to regulation of the cellular inflammatory response where only 
COX-2 activity was found to be associated with the accumulation of cells in BAL fluid. 
However, the data do not define which prostaglandin mediated the COX-2 dependent 
effect on cellular inflammation. It is possible that locally released prostaglandins may 
act directly, by an as yet undiscovered mechanism, on cellular recruitment in a way that 
may not be reflected by the pattern of COX product formation recovered in BAL fluid. 
Further investigations using selective agonists and antagonists are required to identify 
which particular prostaglandins might be responsible for the cellular response implied 
by the COX inhibitors. Although a decrease in inflammation was observed following 
COX-2 inhibition in paper II and III, the allergen-induced AHR was further enhanced, 
indicating that these processes are distinct and not always coupled events.  
 
 

 36 



Prostaglandin modulation of airway hyperresponsiveness and inflammation in murine models of asthma 

 
5.3.3 Time point of action of COX inhibition 

In paper II, the time point of action of COX inhibition was defined by administration of 
the non-selective COX inhibitor diclofenac, using two different protocols. Thus, the 
effects on AHR and BAL fluid cell responses were compared when diclofenac was 
given either only during the OVA challenge, or only prior to the MCh challenge. The 
findings showed that administration of diclofenac only during the OVA challenge 
reduced the cell response in BAL fluid without any effect on the increased AHR 
induced by the antigen itself (Figure 11A and B). In contrast, administration of 
diclofenac only prior to the MCh challenge enhanced the allergen-induced AHR to 
MCh but did not affect the cell response in the BAL fluid (Figure 11C and D). These 
findings indicate that there is a difference in the time taken for the two separate 
reactions to occur during antigen challenge. 
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Figure 11. The time point of action of COX inhibition. OVA sensitisation and challenge in mice treated 

with diclofenac only during OVA challenge (A-B) or only during the MCh challenge (C-D). A; Lung 

resistance to MCh, B; total cell count in BAL fluid, C; lung resistance to MCh, D; total cell count in BAL 

fluid. Datapoints represented as mean ± SEM. a, p<0.05 compared to PBS challenged controls and b, 

p<0.05 diclofenac compared to OVA controls. 
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5.4 EFFECTS OF THE INHIBITION OF PROSTAGLANDIN SYNTHESIS ON 

MEDIATOR RELEASE (PAPER II-IV) 

To define whether the distinct effects of the two COX isoenzymes on AHR and the 
accumulation of cells in BAL fluid were associated with differential formation of 
eicosanoids, prostanoids and CysLTs were measured in BAL fluid (paper II-IV). A 
possible modulatory effect of prostaglandins on the inflammatory mediator profile was 
also investigated and a panel of cytokines, chemokines and growth factors were 
measured in BAL fluid (paper II-IV) and lung homogenate (paper IV). 
 
 
5.4.1 Prostanoid and leukotriene levels in BAL fluid  

Measurements of prostanoids in BAL fluid showed that PGD2, PGE2, TXA2 and 6-keto-
PGF1α (the metabolite of PGI2) increased significantly above basal levels in OVA 
challenged mice. The relations of the levels of these mediators measured were 6-keto-
PGF1α>>PGE2 >PGD2>TXA2. 
 
In consistency, both paper II and III, showed that COX-1 inhibition by diclofenac, 
indomethacin and FR122047 resulted in a reduction in the levels of PGD2, PGE2 and 
TXA2, whereas inhibition of COX-2 by lumiracoxib had no or little effect on these 
mediators. The observation that the levels of the prostaglandins reduced by COX 
inhibition were different between the two studies may again be explained by the 
different challenge procedures and the different types of inflammation being induced in 
these particular studies. These data support a predominantly COX-1 mediated release 
of prostanoids in the airways and lends support to the concept that the two COX 
isoenzymes have separate roles regarding the generation of prostanoids in the airways 
during allergic airway inflammation.  
 
As shown in paper IV, when using mPGES-1 gene-disrupted mice, it was concluded 
that approximately half of the antigen-induced PGE2 production (50% in males and 
26% in females) in BAL is catalysed by mPGES-1 in chronic airway inflammation 
(paper IV). Thus, the bronchoprotective action of COX products in allergic airway 
inflammation is presumably explained in terms of the removal of local PGE2 that is 
mainly synthesised by mPGES-1. The effect of PGE2 on airway responses to allergen 
may be due to smooth muscle relaxation via the EP2 receptor (60, 61) and by inhibition 
of the release of mast cell mediators (132). However, in mice, PGD2 also induces a 
potent relaxation of airway smooth muscle (58) and it is possible that this prostaglandin 
may have contributed as well. A novel finding in paper III was the high level of the 
PGI2 metabolite 6-keto-PGF1α present in BAL fluid after antigen challenge. It is not 
unlikely that PGI2 may also be involved in the allergic inflammatory process. In fact, 
PGI2 has been suggested to be one of the prostaglandins with an inhibitory role in 
allergic responses and large amounts of this mediator are produced during allergic 
reactions in the human lung (133, 134).  
 
The levels of CysLTs were significantly increased above basal levels when mice were 
challenged according to the short standard eosinophil-driven protocol. Similarly, mice 
challenged with OVA according to the adjuvant-free protocol had higher levels of  
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CysLTs compared to PBS challenged controls, although these differences did not reach 
statistical significance. This variance may again be explained by the different challenge 
procedures used in these particular studies. However, consistent with these findings, 
COX inhibition did not alter or change the level of CysLTs.  
 
 
5.4.2 Inflammatory mediators in BAL fluid and lung homogenate  

The levels of cytokines, chemokines and growth factors were measured in BAL fluid in 
paper II-IV. Generally, an increase in IL-4 and/or IL-5 was observed in OVA 
challenged mice regardless of the protocol used for sensitisation and challenge. In the 
short standard protocol (paper II), an increase in IL-13 levels was also observed that 
could not be confirmed in models of adjuvant-free induced inflammation (paper III) or 
chronic airway inflammation (paper IV). Interestingly, indomethacin was the only 
COX inhibitor to cause increased levels of IL-4, IL-5, IL-13, MIG and MIP-1α 
compared to OVA controls. The finding that it was essentially only indomethacin and 
not the other non-selective COX inhibitor, diclofenac, that had significant effects on 
BAL fluid cytokine levels indicates that this effect may not be due to the inhibition of 
COX but result of another mechanism, possibly involving the by activation of CRTH2  
(77, 78). Moreover, the enhanced cytokine levels measured following indomethacin 
treatment could not be correlated with the observed increase in AHR.  
 
As OVA challenge and intervention with indomethacin had effects on cytokine release 
as shown in papers II and III, it was decided to investigate these inflammatory 
mediators as in both BAL fluid and lung homogenate in paper IV. Instead of only 
evaluating each mediator alone, a multivariate data analysis was performed. The data 
showed that antigen-induced mediators were more readily detectable in lung 
homogenate than those in BAL fluid. We speculated as to whether the inflammatory 
mediators found in BAL fluid were a consequence of “spill-over” of mediators released 
in the tissue or whether they might be released by the cells found in BAL. To address 
this query, we decided to perform an analysis to explore possible correlations between 
antigen-induced inflammatory mediators in BAL fluid and lung homogenate. The data 
revealed that MCP-1, MIG, IP-10, MIP-1α, TNF-α and IL-4 correlated closely between 
lung homogenate and BAL fluid and may be related to a “spill-over”. However, this 
phenomena could not be applied to all mediators since the correlation between lung 
homogenate and BAL fluid was not a general event as certain mediators correlated well 
but others did not. Due to the fact that several BAL fluid mediators were below 
detection limits, we decided to focus the analysis of mediator profiles to the lung 
homogenate.  
 
Further analysis of the lung homogenate established that the different mediator profiles 
found in the lung homogenate of OVA and PBS challenged mice were dependent on 
antigen treatment rather than genotype and gender. It was clear that the main 
contribution to the separation between the two treatments was related to MIG, MIP-1α, 
IL-17 and IP-10. Interestingly, three of those mediators were the same mediators that 
also correlated well with the mediators in BAL fluid. However, the contributions made 
by these inflammatory mediators to this particular model is not clear. MCP-1, MIG, 
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IP-10 and MIP-1α can be produced by many cells in the airways, including neutrophils 
(135), which were the major inflammatory cell type in BAL fluid induced in the present 
study of chronic airway inflammation. It is not unlikely that secretion of chemokines by 
the accumulated neutrophils found in BAL fluid may be responsible for the correlation 
found between lung homogenate and BAL fluid. These findings indicate that lack of  
mPGES-1-derived PGE2 does not alter the inflammatory mediator profiles. Thus, the 
findings demonstrate that the cytokine levels in BAL fluid are not affected by COX 
inhibition in general, nor specifically by PGE2.  
 
 
 
5.5 EFFECTS OF INHIBITION OF PROSTAGLANDIN SYNTHESIS ON 

STRUCTURAL CHANGES (PAPER III) 

In paper III, it was investigated whether AHR caused by COX inhibition could possibly 
be directly related to structural changes, i.e. remodelling in the airways.  
 
 
5.5.1 Effects on tissue eosinophilia 

Using the adjuvant-free mouse model, a substantial infiltration of eosinophils was 
observed in OVA sensitised and challenged mice compared to PBS controls. Although 
a significant decrease in BAL fluid eosinophils was observed after COX-2 inhibition, 
no decrease in tissue eosinophilia was found following treatments with any of the COX 
inhibitors tested. The findings implicate that the increased total number of cells in BAL 
fluid may not necessarily reflect the accumulation of cells in the lung tissue. 
Accordingly, other observations confirm that factors regulating the accumulation of 
cells in these two compartments do not always correlate (136, 137). 
 
 
5.5.2 Effects on mast cells 

The importance of mast cells in asthma has been highlighted by increased mast cell 
numbers found in the smooth muscle layer of asthmatics (36). Previous data obtained 
by Williams et al which showed that the number of mast cells in the lung was 
unaffected by antigen challenge was confirmed in the present work. However, this does 
not exclude the possibility that mast cells are key regulatory cells and may drive the 
response in this particular adjuvant-free model (138). Indeed, it is known that a 
relatively small number of activated mast cells can mediate AHR in mice (139) and 
also be important triggers of subsequent responses by virtue of mast cells being 
stationary rather than early migrating cells. Treatment with COX inhibitors had no 
effect on the number of mast cells in lung tissue. However, regardless of the influence 
of mast cells, the data suggest that COX products do not regulate the infiltration of mast 
cells into the lung.  
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5.5.3 Effects on smooth muscle  

An increase in smooth muscle mass was observed in OVA sensitised and challenged 
mice compared to PBS controls. However, the increase in smooth muscle mass after 
COX administration was at the same high level as in that observed in OVA controls. 
These findings suggest that the enhanced AHR caused by COX inhibition is due to an 
effect on smooth muscle hyperreactivity. In line with the findings, there are 
observations in asthmatics that support a primary modulation of airway smooth muscle 
induced by drug treatments (140, 141). Thus, it is possible that COX inhibition 
modulates airway smooth muscle reactivity as a distinct effect of AHR. 
 
 
5.5.4 Effects on goblet cells  

Antigen challenge induced an increase in goblet cell numbers compared to PBS 
controls. However, COX inhibition did not affect the goblet cell hyperplasia which was 
at the same high level as that in OVA controls. As COX inhibition did not affect the 
allergen-induced goblet cell hyperplasia, it is concluded that this is not the mechanism 
underlying AHR in the current model. 
 
 
5.5.5 Effects on collagen formation 

Antigen challenge according to the adjuvant-free intermediate protocol did not affect 
collagen composition in the lung tissue nor did COX inhibition affect the amount of 
collagen deposition. This would suggest that collagen is not necessary for development 
of the AHR. Studying changes in the airways related to collagen deposition would 
require repeated exposures using OVA as an allergen for longer periods of time. 
 
 
5.5.6 Summary of structural changes in the airways 

In summary, it was concluded that the enhanced AHR observed after COX inhibition is 
rather due to altered functional properties of the airways than alterations in the 
structural changes, since the current findings show that COX inhibition did not affect 
the structural features examined. Accordingly, structural changes in the airways are not 
necessary for the development of AHR. 
 
 
 
5.6 EXPRESSION OF COX-1 AND COX-2 (PAPER III) 

In an attempt to explain the increased activity of COX after OVA challenge, the 
expression and location of the two COX isoenzymes was investigated in lung tissue. 
Expression of COX-1 was found to be located in epithelial cells, large inflammatory 
cells in the lung tissue and the smooth muscle layer. The most striking observation was 
that COX-1 expression decreased in the epithelium after OVA exposure, which may be 
due to the elevated numbers of goblet cells (Figure 12). Expression of COX-2 was 
concentrated in airway smooth muscle in both PBS and OVA challenged mice, the 
latter also displaying a greater smooth muscle mass (Figure 12). The discrepancy 
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between the effects of COX-2 on AHR in papers II and III may possibly be explained 
by the short standard protocol used in paper II not inducing an increase in smooth 
muscle (paper I). The expressions of the COX isoenzymes were not affected by antigen 
challenge, however, the enzymatic activity is not only determined by protein expression 
but also by factors that regulate the action of the enzymes. Although our data indicate 
that COX-1 is central in regulating the production of prostaglandins that affect the 
airway smooth muscle, the finding in an adjuvant-free mouse model indicates that 
COX-2 activity during inflammation also contributes to the smooth muscle response. 
Since COX-2 expression was concentrated in the airway smooth muscle it is possible 
that COX-2 generates a local autocrine release of prostaglandins that directly acts on 
the airway smooth muscle to regulate AHR.  
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Figure 12. Immunohistological staining showing the expression of COX-1 and COX-2 in lung tissue 

from OVA sensitised mice. Representative pictures after challenge with PBS (A and C) or OVA (B and 

D). Expression of COX-1 was located in epithelial cells as well as large inflammatory cells in the lung 

tissue and in the smooth muscle layer whereas the expression of COX-2 was concentrated in the airway 

smooth muscle of both PBS and OVA challenged mice. 
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5.7 SUMMARY 

On the basis of the studies in this Thesis, it is possible to assess the relative contribution 
of the two COX isoenzymes to the events produced in the airways by allergen 
challenge of sensitised mice (Figure 13). Thus, both COX-1 and COX-2 generated 
prostanoids that inhibited the reactivity of the airway smooth muscle. The experiments 
with mPGES-1 deleted animals provides, for the first time evidence to support PGE2 
being directly involved in regulating AHR, although release of PGD2 and PGI2 may 
contribute as well. 
 
Furthermore, whereas COX-1 predominantly generated the prostaglandins recovered in 
BAL fluid, COX-2 activity is associated with the accumulation of inflammatory cells 
found in BAL fluid. This difference was not explained by the present experiments and 
it remains unclear which prostaglandin mediated the COX-2 dependent effects on 
cellular inflammation. The experiments in the mPGES-1 deficient animals, however, 
argue against PGE2 being a mediator responsible for the inflammatory cell response in 
the allergic airway reaction observed in this particular model. 
 
 

Antigen
COX‐2 COX‐1

COX‐1 
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Figure 13. A simplified illustration on how the two COX isoenzymes might function in response to 

antigen challenge.  (Figure drawn by Daniel Andersson).  
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6 GENERAL DISCUSSION 

The findings in this Thesis support the concept that COX products have an overall 
bronchoprotective function in the airways of mice. The conclusion is based on a series 
of experiments where intervention with non-selective or isoenzyme selective COX 
inhibitors has caused enhanced AHR in animals with allergic inflammation. Treatment 
with COX inhibitors did not change baseline airway responsiveness to MCh in animals 
without allergic airway inflammation. In the study where the effect of interventions at 
different time points was studied (paper II), it was shown that enhanced AHR could 
only be produced when animals with induced airway inflammation were treated with a 
COX inhibitor on the day of the experiment. It is therefore possible to conclude that the 
allergic inflammation appears to cause increased biosynthesis of bronchoprotective 
prostanoids that serve to protect against excessive increases in AHR which was a 
consequence of allergen challenge. 
 
The enhancement of AHR by COX inhibitors, or by deletion of mPGES-1, was 
observed in a short protocol with eosinophilic inflammation, an intermediate adjuvant-
free protocol associate with mast cell activity, as well as in a chronic protocol involving 
the activation of several inflammatory cell types, which is also known to induce airway 
remodelling. This would suggest a common mechanism for AHR that is independent of 
the type of inflammation and structural changes involved. Further support for a general 
mechanism is provided by observations that the enhanced AHR after COX inhibition 
was independent of the different composition of cells within the airway lumen, as well 
as the cytokine, chemokine and growth factor profiles produced. However, the 
enhancement in AHR was related to changes in the formation of COX products, in 
particular PGE2.  
 
The specific roles of the different COX products on the various effects observed, 
remains to be conclusively established. The experiments with mPGES-1 deleted 
animals indicated that PGE2 may be the main COX product to mediate the 
bronchoprotective function that is lost after treatment with NSAIDs and accordingly, 
the biosynthesis of PGE2 was diminished to about half of the levels measured in  
wild-type littermates. Interestingly, the effect of the mPGES-1 deletion was very 
similar to the effect of the COX inhibitors, suggesting that PGE2, with its airway 
relaxing properties, is indeed the main mediator of COX-dependent bronchoprotection. 
However, as PGD2 also is a bronchodilator in mice (58) and PGI2 has been shown to 
have an inhibitory role on inflammation in certain mouse models (65, 66), the role of 
these two prostaglandins remains to be defined in the future. In view of the findings 
that the level of PGI2 in BAL fluid after allergen challenge was actually higher than 
those of PGE2, one may speculate that there is a role for PGI2. In the future, 
investigations using selective receptor agonists and antagonists are required to 
identify exactly which prostaglandins mediate the responses implied by the COX 
inhibitors. 
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Whereas intervention with different COX inhibitors generally caused an increased 
AHR in mice with allergic airway inflammation, COX-2 inhibitors often attenuated the 
accumulation of inflammatory cells in BAL fluid. This consistently observed 
dissociation between the effects of the COX inhibitors on inflammation and AHR 
questions the dogma that the degree of airway inflammation determines the extent of 
AHR.  
 
Several other observations from the experiments included in this Thesis support the 
lack of correlation between BAL fluid cells and AHR. Firstly, intranasal allergen 
challenge caused dose-dependent increases in AHR, but constant stereotypical 
increases in BAL fluid cells (Paper I). Secondly, C57BL/6 mice displayed the same 
BAL fluid inflammatory cell response after allergen challenge as BALB/c mice, but 
only BALB/c mice developed AHR (Paper I). Thirdly, there were differences in time 
for development of AHR and BAL fluid cells after COX inhibition during the allergen 
challenge (Paper II). Fourthly, mPGES-1 deleted animals displayed enhanced AHR, 
but no change in inflammatory cell numbers in the BAL fluid (paper IV).  
 
In this context, it is worth considering that several investigators make claims about 
mechanisms in AHR, based on the effects of drugs or other interventions on BAL fluid 
cell counts in experiments where airway physiology not is assessed. Perhaps some of 
the disappointing results associated with new molecular targets that have been 
identified in mice models relate to incorrect conclusions drawn from studies using less 
relevant end-points. It is important to note that eosinophils and neutrophils in BAL 
fluid are not the sole determinants of AHR and additional mechanisms seem to be 
involved in explaining this feature. Inflammatory cell infiltration into BAL fluid is not 
an appropriate surrogate marker of AHR.  
 
The investigations also provide insight into the importance of evaluating lung 
morphology. The findings implicate that the increased total number of cells in BAL 
fluid may not necessarily reflect the accumulation of cells in the lung tissue, and that 
regulation of the inflammatory cell response in these two compartments does not 
always correlate. However, this phenomenon has to be further investigated. Again, 
there are studies in this field where the inflammatory cell response in lung tissue is 
assumed to be an indicator of AHR, whereas in actual fact, such a correlation may not 
exist. With regard to the ongoing debate on therapies directed towards different 
phenotypes of asthma (12) it should also be recognised that the type of airway 
inflammation may not predict the degree of AHR in subjects with asthma (142). 
 
Several of the observations in this series of experiments support the hypothesis that the 
main target of the bronchoprotective COX products induced during allergic 
inflammation is in fact the airway smooth muscle. Furthermore, it is likely that these 
products are produced locally in the airways. For example, the biosynthesis of PGE2 is 
known to be prominent in both the airway epithelium and the smooth muscle itself 
(143, 144), and it is possible that the induced allergic inflammation causes an increase 
in PGE2 release that in turn dampens the AHR.  
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The studies attempted to assess the role of the two COX isoenzymes in allergic airway 
inflammation. In the short protocol, the COX-2 inhibitor lumiracoxib inhibited BAL 
fluid cell levels but did not increase AHR, whereas the COX-1 inhibitor FR122047 
enhanced AHR without affecting cell accumulation found in BAL fluid, supporting the 
conventional interpretation of COX-2 as being a pro-inflammatory pathway. However, 
when the effects of the selective inhibitors were studied in an adjuvant-free model, the 
outcome was more complex, and lumiracoxib was also able to enhance AHR. This 
suggests that with a more prolonged inflammation, COX-2 activity was also induced in 
tissues that regulated AHR. Thus, both COX-1 and COX-2 generated products may 
regulate AHR.   
 
Furthermore, COX-2 activity was associated with the accumulation of inflammatory 
cells in BAL fluid. It is acknowledged that the present experiments do not define which 
prostaglandins mediated the COX-2 dependent effects on cellular inflammation. It is 
possible that locally released prostaglandins may act directly on cellular recruitment, 
which is not reflected by the pattern of COX products found in BAL fluid. The 
experiments in the mPGES-1 deficient animals, further, suggested that PGE2 is not the 
mediator responsible for the inflammatory cell response underlying the allergic airway 
reaction in this particular model. In support of these findings, inhalation of PGE2 in 
mPGES-1 deleted mice actually suppressed the infiltration of cells into the airway 
lumen (131). Taken together, the present findings indicate that the effects of the COX 
inhibitors on AHR is due to primary modulation of airway smooth muscle reactivity, 
rather than a consequence of the effects of the inhibitors on the inflammatory response 
in the airways, as monitored by the numbers of inflammatory cells in BAL fluid.  
 
In many inflammatory diseases, PGE2 is a pro-inflammatory mediator and inhibition of 
PGE2 has therefore been a target for the development of new anti-inflammatory 
therapies. Indeed, in several models of pain and inflammation, mPGES-1 deleted mice 
display anti-inflammatory phenotypes (145-147). Attention has therefore been drawn 
towards mPGES-1 as a novel target for selective treatment of several inflammatory 
disorders. The need for new therapies lacking side effects is apparent, as the recently 
developed anti-inflammatory COX-2 inhibitors were associated with unacceptable 
cardiovascular side effects (6, 54, 148, 149). The findings in this Thesis implicate that 
inhibition of mPGES-1 may have negative consequences in the airways. Further 
preclinical and clinical studies are required to resolve potential safety issues related to 
mPGES-1 inhibition in human airway diseases. 
 
As asthma is a complex disease, it is unlikely that one animal model of asthma replicate 
all of the morphological and functional features of the chronic human disease will ever 
be developed. Therefore, it is of great importance to improve and validate in vivo 
models so that they closely resemble the clinical pathology of human asthma. For 
improvement of the methodology, studies in paper I evaluated the effects of the 
delivery route and the doses of allergen for antigen challenge with respect to the 
induction of AHR and inflammation. The BALB/c mice displayed substantial airway 
reactivity to MCh. This phenomenon was observed regardless of the route of 
administration, dose of antigen or protocol used for sensitisation and challenge.  
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However, intranasal challenge caused a more pronounced induction of both AHR and 
inflammation compared to aerosol delivery, and the airway responsiveness increased in 
a dose-dependent fashion. It may also be necessary to adjust the dose of antigen used 
depending upon the aim of the outcome of the study. If a pharmacological treatment is 
expected to cause an increase in AHR, it may be more suitable to use a lower dose 
making it possible to detect an enhancement in AHR, whereas for studies of inhibition 
of AHR it might be more suitable to use a higher dose of antigen instead. Moreover, 
when the intranasal dose of OVA that resulted in the greatest increase in airway 
responses in BALB/c mice was applied to C57BL/6 mice, there was a similar, strong 
inflammatory cell response in the BAL fluid, but no change in AHR, indicating that this 
strain may not be optimal for studying AHR.  
 
Several different protocols were used to resemble features of human asthma that 
included OVA models of acute airway inflammation (papers I and II), an intermediate 
adjuvant-free model (paper III) or a more chronic model of airway inflammation (paper 
IV). Eosinophils are present in the model of acute airway inflammation, whereas 
neutrophils are the predominant cell type in the chronic model of airway inflammation. 
Acute models reproduce many key features of clinical asthma, however, these models 
lack chronic inflammatory markers, airway remodelling and long-term AHR. From a 
clinical point of view, the chronic models are considered to be better at resembling 
human asthma. However, the design of the protocol used in different studies needs to 
be developed, depending on the objective of the study. So far, potential new asthma 
therapies that have been successfully developed in acute murine models of asthma but 
these promising results have failed to be reproduced, both in more chronic models of 
asthma and in human subjects with asthma (150).  
 
Nevertheless, the consequences of COX inhibition on AHR, cellular inflammation and 
levels of prostaglandins recovered in BAL fluid were independent of the mouse model 
employed, and thus, the findings support the concept that COX products are involved in 
several mechanisms, as well as the fact that COX-induced bronchoprotection is a 
general event in mouse models. As inhalation of PGE2 can protect against 
bronchconstriction induced by allergen-, exercise- and aspirin in humans (62, 151-153), 
it seems that the bronchoprotective functions of the prostaglandins in the mouse are 
similar to those in humans. Therefore, despite well founded criticism of the uncritical 
use of mouse models of asthma (154, 155), the use of mouse models for studying the 
bronchoprotective mechanism of prostaglandins appears highly relevant to the human 
situation. It is therefore concluded that the mouse models used in this Thesis are 
relevant for the analysis of bronchoprotective mechanisms mediated by prostaglandins 
in humans. 
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7 CONCLUSIONS 

 
The main conclusions obtained from this Thesis are: 
 
 

 Intranasal challenge was more effective than aerosol exposure in inducing 
both AHR and airway inflammation in BALB/c mice (paper I) 

 

 The protocol that induced the maximal AHR in BALB/c mice failed to cause 
AHR in C57BL/6 mice (paper I) 

 

 COX-1 predominantly generated prostanoids found in BAL fluid  
(papers II and III) 

 

 COX-1 and COX-2 mainly generated bronchoprotective prostanoids that 
protect against increases in AHR (papers II and III) 

 

 COX-2 products were associated with the accumulation of cells in BAL fluid 
(papers II and III) 

 

 The experiments in mPGES-1 deficient mice supported PGE2 as the main 
COX product mediating the bronchoprotective function in the airways  
(paper IV) 

 

 PGE2 synthesised via mPGES-1 was not responsible for the inflammatory 
cell response in the allergic airway reaction (paper IV) 

 

 Several observations supported BAL fluid cell inflammation as an 
inappropriate surrogate marker of AHR (papers I-IV) 

 
 

 
 



Linda Swedin 

 50 

8 POPULÄRVETENSKAPLIG SAMMANFATTNING 

Astma är en folksjukdom vars förekomst ökar över hela världen. I Sverige och i ett 
flertal andra länder har 8-10% av befolkningen astma, med tendensen att hos vuxna 
drabba fler kvinnor än män. Astma kännetecknas av luftvägsinflammation och 
luftvägsobstruktion i varierade svårighetsgrader. Sjukdomen är ofta relaterad till 
specifika antikroppar (IgE) som bildas vid exponering för olika allergen. Dessa IgE 
antikroppar kan bindas till mastceller som finns i lungorna. Denna reaktion stimulerar 
frisättning av inflammatoriska mediatorer från mastcellen. En del av dessa mediatorer 
är leukotriener, tromboxan och prostaglandiner som tillsammmans kallas för 
eikosanoider. Det enzym som genererar prostaglandiner kallas för cyclooxygenase. Den 
biologiska effekten av dessa eikosanoider är utbredd och dessa är involverade i många 
inflammatoriska processer i kroppen. Det är dock inte klarlagt vilken relativ betydelse 
de olika eikosanoiderna har i astma och allergiska svar. Syftet med studierna i denna 
avhandling var att definiera betydelsen av produkter genererade av cyclooxygenase i 
allergiska luftvägssvar i experimentella musmodeller av astma. De metoder som vi har 
använt syftar till att studera lungfunktion och inflammatoriska reaktioner efter olika 
interventioner av anti-inflammatoriska läkemedel i möss. Lungfunktionen har i denna 
avhandling studerats med hjälp av ett flexiVent® system där man mäter direkta 
förändringar av lungmekanik som svar på ett luftvägssammandragande ämne. Med 
denna teknik kan man mäta vanlig lungfunktion som beskriver variabler för lungans 
luftvägsmotstånd och tänjbarhet, samt precisionsmätning av lungmekanik i både 
centrala och perifera delar av luftvägarna. 
 
Olika djurmodellsystem är viktiga för att studera mekanismer som finns vid humana 
sjukdomar. Det är dock viktigt att ha en kontinuerlig utveckling och utvärdering av 
modellerna för att de ska vara så relevanta för den humana situationen som möjligt. 
Musluftvägar är på många sätt lika människans, men dagens djurexperimentella 
protokoll har vissa brister. Därför var första delen av avhandlingsarbetet en 
modellutveckling där syftet var att optimera dos och administreringssätt för att göra 
möss allergiska mot äggalbumin. Studien påvisade att administrering av allergenet via 
nosen var mer effektivt än luftburet äggalbumin i att framkalla både allergisk 
luftvägsinflammation samt ökad luftvägskänslighet efter tillförsel av ett 
luftrörssammandragande ämne.  
 
Den andra delen av avhandlingen syftar till att utreda betydelsen av prostaglandiner, 
dels med hjälp av anti-inflammatoriska läkemedel som selektivt hämmar olika 
enzymsystem och dels genom att använda möss där prostaglandin E syntesen är delvis 
utslagen, för att kartlägga de funktioner olika eicosanoider har vid allergenutlöst 
bronkkonstriktion i olika musmodeller. Studierna visar att luftvägshyperreaktivitet 
nedregleras av endogena prostaglandiner, sannolikt främst av prostaglandin E2, medan 
ännu ej definierade prostaglandiner ökar invandringen av inflammatoriska celler i 
lungan. Dessa resultat styrker att prostaglandin E2 har en skyddande effekt på 
luftvägarna och förmodligen inte är den mediator som reglerar det inflammatoriska 
cellsvaret vid  det allergiska svaret i luftvägarna.  
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Sammanfattningsvis, studierna visar att luftvägskänslighet och luftvägsinflammation är 
parallella men ibland oberoende fenomen, samt att tidpunkten för behandling med   
anti-inflammatoriska läkemedel avgör vilken prostaglandineffekt som blockeras. 
Resultaten visar att studier av luftvägsinflammation utan bestämning av 
luftvägsfysiologi har begränsat värde då luftvägsinflammation och känslighet i 
luftvägarna inte alltid följs åt och att dessa dessutom delvis regleras genom olika 
mekanismer. Detta fynd stämmer också överrens med vad som ses i studier av personer 
med astma där inflammationen inte alltid är korrelerad till ökad luftvägskänslighet. 
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