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Introduction 

Allergic asthma 
Asthma is one of the most common diseases and is increasing in prevalence 
worldwide 1. Asthma is a complex chronic inflammatory disease of the 
airways characterized by reversible airflow obstruction, hyperresponsiveness 
to bronchoconstriction and also remodeling of the airways 2-5. During an 
asthma attack, the smooth muscle of smaller bronchi and bronchioles 
constrict and the airway partially or completely close 6, 7. Exposure to an 
allergen is one prominent trigger of bronchoconstriction 4. Airway 
inflammation is a distinct feature of asthma and is characterized by airway 
smooth muscle contraction that leads to wheezing, breathlessness, chest 
tightness and coughing 3, 8, 9. The inflammation of bronchial asthma involves 
the recruitment and activation of inflammatory cells. In the asthmatic lung, 
the number of eosinophils is increased 3, 10, 11. Inflammation causes basement 
membrane thickening, epithelial cell loss, airway smooth muscle 
hypertrophy and hyperplasia 4, 12. Activation of inflammatory cells leads to 
the increased formation and secretion of inflammatory mediators that 
promote inflammation and induce airway hyperresponsiveness (AHR) 3, 4. 
Inflammatory mediators may also promote airway remodeling 12, 13 and 
tissue damage 14, 15 and generate oxidative modification of tissues 15-18 by the 
formation of reactive oxygen species and reactive nitrogen species 17, 19, 20. In 
addition to contracting or relaxing in response to mediators or drugs, airway 
smooth muscle may display proliferation or differentiation and induce the 
synthesis of mediators, cytokines and growth factors 21, 22. 

Murine models of allergic asthma 
Murine in vivo models have been developed to study airway inflammation 
and effects on lung physiology in asthma 23, 24. Sensitization and exposure to 
aerosolized antigen in animals may lead to inflammatory characteristics 
similar to those associated with human asthma and prolonged exposure to 
allergen has been suggested to be important for the development of airway 
hyperreactivity and remodeling in asthma 25, 26. Ovalbumin (OVA) derived 
from chicken egg is a frequently used allergen that induces a robust, allergic 
pulmonary inflammation in laboratory mice, and it has been used to study 
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mechanisms and mediators that lead to asthmatic responses and airway 
inflammation 27-29. After allergen exposure, a variety of inflammatory cells 
are present in the airways and allergic asthma is characterized by infiltration 
of eosinophils 23, 29, 30. When subjected to short acute OVA-challenge 
protocols 31, mice develop inflammation almost completely localized to the 
proximal airways, while chronic exposure to OVA leads to inflammation 
throughout the airway tree 32, 33. Compared to short-term exposure, long-term 
exposure to aerosolized antigen may lead to airway remodeling. Airway 
remodeling has also been commonly described as a hallmark of asthma 2, 4, 12. 
Airway remodeling is characterized by bronchial smooth muscle 
hypertrophy, smaller airway diameters, inflammatory cell infiltration and 
increased bronchial mucus. The structural changes are irreversible 25, 34. 
After bacterial infections e.g. lipopolysaccharide (LPS), the airway disease is 
characterized by local accumulation of neutrophils and macrophages in the 
airways 35, 36. LPS is a major structural component of the cell wall of a gram-
negative bacteria and is ubiquitous in the environment 37. LPS has been 
considered to contribute to worsening of asthma symptoms e.g. airway 
inflammation and the timing of LPS exposure is of relevance since LPS can 
have complex effects on the allergic responses depending on the timing of 
the exposure 38-41.  

Measuring airway responsiveness 
A standard way of measuring airway reactivity in mice is to give them 
incremental doses of an airway-constricting agonist, the most commonly 
used being methacholine (MCh), and then record the response of the lung to 
each dose 23. External bronchoconstrictor agonists can simulate asthma 
responses, and the mode of administration and type of spasmogen can have 
different effects on the lung mechanics 42-45. The responsiveness of the 
airways can be studied in a dose-response curve showing the relationship 
between the response and the dose of the agonist. The constrictor agonists 
may act on airways, lung parenchyma or both and airway hyperreactivity is 
an indicator of the sensitivity of the airways and also of abnormal airway 
function 46. Hyperresponsiveness may relate to the degree of airway 
inflammation 47. MCh causes contraction of airway smooth muscle by 
stimulating the muscarinic cholinergic receptors that can be found in both 
airways and lung parenchyma 48-51. The pattern of effect depends on whether 
the MCh is inhaled or i.v. delivered 43, 45, 52, 53. Receptors located on the 
airway smooth muscle may be more easily reached by intravenously 
delivered MCh, since inhaled MCh has to diffuse across the respiratory 
epithelium before reaching the muscle. On the other hand, it has been 
suggested that muscarinic receptors located on the alveolar wall are involved 
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in the parenchymal response 49 and these are probably reached more easily 
by inhaled MCh 45. 

Lung mechanics 
Measurement of lung mechanics by the use of a ventilator and special 
analyzing techniques (e.g. the single compartment model and the forced 
oscillation technique, FOT) for small animals can offer an overall evaluation 
of lung function in mice. The single compartment model provides values for 
overall lung resistance and compliance. FOT permits measurement of both 
airway and tissue mechanics with the potential to distinguishing between 
central and peripheral airways 54-56. In the work presented in this thesis, a 
computer-controlled research animal ventilator was used, which was first 
presented in 1995 57 and later on commercialized under the name flexiVent 
(SciReq, Montreal, Canada). The results of lung function measurements are 
dependent on where these pressures and flows are measured, and on the 
amplitude and frequency ranges over which they span. In our experimental 
model, both pressure and flow have been measured at the airway opening 
during sinusoidal ventilation with constant tidal volumes and frequencies.  

Single compartment model  
Measurement of lung resistance (RL) and lung compliance (CL) is the 
classical approach to assessing lung mechanics in animals. RL reflects both 
narrowing of the conducting airways and alterations in the lung 58. The 
measurement of CL reflects events in the lung periphery, indicating airway 
closure that causes lung unit derecruitment 59, 60. The calculation of RL and 
CL requires the single compartment model, and the respiratory system is 
often described using a basic mechanical model composed of an elastic 
compartment at the end of a single cylindrical flow-resistive pipe 59, 60 
(Figure 1). The single compartment model gives a good representation of the 
lungs if they behave linearly. The lung can demonstrate non-linearity for 
example due to the viscoelasticity of the respiratory tissues, together with 
heterogeneities of mechanical function of the lung e.g. that different regions 
of the lung are ventilated differently and airflow in the airways becomes 
turbulent. However, both resistance (R) and elastance (E) in this model vary 
markedly with frequency, and the determination of R and E at a single 
frequency may not provide all the information about the airway mechanics. 
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Figure 1. The respiratory system is modeled as a balloon with a pipe. The distal 
parenchymal tissue is represented by the elastic balloon and the resistance in the 
conductive airways is represented by the pipe. The classical approach to estimating 
respiratory system mechanics is based on the single compartment model of motion, 
consisting of a resistance term and an elastance term in series, E is elastance, R is 
resistance and, P0 represents a finite pressure remaining when V and V both are zero 
59, 60. 

Constant-phase model  
In the studies described in this thesis, the lung mechanics have been 
evaluated using the forced oscillation technique, where the ventilator piston 
delivers superimposed sinusoidal frequencies (Table 1), ranging from 0.25 to 
20.5 Hz, over 16 seconds (Prime 16), 4 seconds (Prime 4) or 2 seconds 
(Prime 2), at the mouse’s airway opening. Considerably more information is 
obtained if RL and CL are measured over a range of frequencies. 

Table 1. Forced oscillation frequencies for each perturbation 

Perturbation Length (s) Number of 
frequencies Frequency content (Hz) 

 Prime 2 2 13 1, 1.5, 2.5, 3.5, 5.5, 6.5, 8.5, 
9.5, 11.5, 14.5, 15.5, 18.5, 
20.5 
 

 Prime 4 
 

4 13 same as Prime 2 

 Prime 16 16 19 0.25, 0.625, 1.375, 2.125, 
2.875, 3.875, 5.125, 5.875, 
7.375, 8.375, 9.125, 10.375, 
12.125, 12.875, 13.625, 
15.875, 17.125, 18.625, 
19.625 

Harmonic distortion in the system is avoided by using mutually prime 
frequencies 55. Knowing the dynamic calibration signal characteristics, the 

. 
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Fourier transformations of the recordings of pressure and volume 
displacement within the ventilator cylinder can be used to calculate the 
respiratory system input impedance (Zrs, Figure 2) 61. Fitting the Zrs to an 
advanced model of respiratory mechanics, the constant phase model 55 
makes it possible to divide the lung mechanics into central and peripheral 
components. The parameters obtained from the constant-phase model 
(Figure 2) are the Newtonian resistance (RN), a close approximation to the 
resistance in the central airways, tissue damping (G), which is closely related 
to tissue resistance and reflects energy dissipation in the lung tissues, and 
tissue elastance (H), which is characteristic of tissue stiffness and reflects 
energy storage in the tissues 56, 59, 60, 62. G reflects the parenchymal distortion 
that occurs when the airways constrict, and G increases with an elevated 
degree of regional airflow heterogeneity throughout the lung. H increases 
due to airway closure and to increased intrinsic tissue stiffness, which can 
result from the distortion of the parenchyma as the airways narrow. Tissue 
stiffness can also increase through the development of regional 
heterogeneities in the lung tissue 43. Changes in G and H can also reflect 
different mechanisms such as derecruitment of lung units when airways 
close and temporal shifts of tissue movement 59. 

Figure 2. Zrs was determined from broadband perturbations applied by the 
flexiVent and the data were analyzed using the equation above (constant-phase 
model). 

Airway smooth muscle 
Airway smooth muscle (ASM) plays a critical role in the pathophysiology of 
acute airflow obstruction in asthma patients 2, 9, 63-66. The ASM is recognized 
as being the major end-effector of acute airway narrowing in asthma. The 
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ASM cell is sensitive to its physical environment, and can alter its structure 
and/or function 67. An altered airway environment can result in a shortening 
and excessive constriction of the airways that squeeze circumferentially the 
surrounding tissues into folds that invade the already compromised open 
space for airflow 68, 69. The lung parenchyma is a contractile tissue consisting 
of airways, alveolated ducts and blood vessels 70. Generally, at high levels of 
contractile stimulus, the ASM eventually reaches a plateau, meaning that the 
ASM is activated maximally and is therefore shortened as much as possible 
against a given elastic load. On the plateau, a further increase in stimulus can 
produce no additional active force, muscle shortening, or airway resistance. 
The plateau is not sustained because of removal of airway constricting 
agonist by the circulation but, once the ASM has been constricted, it does 
not fully relax back to its initial configuration unless it is physically 
stretched 58. In inflamed airways, after constriction the airways may remain 
closed and not open spontaneously and they therefore need a deep inhalation 
to reopen again 58. Length adaptation is the process of force recovery after a 
change in muscle length. The adaption could make the partially narrowed 
airways more resistant to stretching which could in turn make the airways 
more resistant to deep inspirations and relaxation in asthmatic airways. 
Adaptation could also contribute to AHR 71. The airways of an asthmatic 
person possess an enhanced capacity for narrowing, even in the presence of a 
deep inspiration, and thereby remain in a constricted, shortened state for a 
longer period of time 2. When the muscle is contracted, it becomes stiffer 
and more elastic and possibly more stable and eventually the muscle 
becomes both easily to rapidly shorten and difficult to relax 67.  

The basic contractile elements in ASM are actin and myosin filaments. It 
has been shown that chronic shortening of ASM will result in a complete 
readjustment of its length-tension relationship 69, 72. In asthmatic ASM, the 
contractile architecture is rearranged and the actin filaments are increased 73. 
In asthma, mechanical dysfunction could possibly be a result of abnormal 
actin dynamics within the airways 68. ASM cells may also undergo 
remodeling, where the cells undergo cytoskeleton deforming which can be 
spontaneous and/or forced 67.  

Deep inspirations 
Deep inspirations (DI) have been shown in human subjects to cause a 
decrease in airway resistance, to have bronchoprotective effects in healthy 
subjects, and to reverse bronchoconstriction 74-78. DI are deficient or absent 
in the asthmatic lung and it has been proposed that a lack of 
bronchoprotective or bronchodilatory effects of DI may play a major role as 
an underlying abnormality leading to airway hyperreactivity in asthma 76, 78-

81. The protective effects of DI have also been investigated in various animal 
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studies 82-84. The effectiveness of a DI is related to the number of DI before 
administration of a bronchoconstricting stimulus 75. 

Several hypotheses for the mechanisms underlying the bronchoprotective 
effect of DIs have been put forward 9, 85, in which it has been suggested that 
the mechanisms are neural, nitric oxide(NO)-mediated, or mechanical. Other 
hypotheses are that DI reduces bronchoconstriction through inhibition of 
cholinergic tone or activation of the nonadrenergic, noncholinergic (NANC) 
system 78, and it has been suggested that airway stretch could release 
substances such as NO 86 or cyclooxygenase products 87. The mechanisms 
through which DI may act on airway smooth muscle may simply be airway 
smooth muscle stretching, which can directly influence the functional state of 
the contractile apparatus or changes in airway smooth muscle contractility 
due to neural reflexes or release of mediators altering the airway smooth 
muscle 79, 88-90. For stretch to be exerted on the airway wall, the anatomical 
and functional interdependence between the lung parenchyma and the 
airways needs to be intact 68. In airways decoupled from the surrounding 
parenchyma, the airway response to a DI may convert from dilatory to 
constrictive 91, most probably because of the reduced load that is offered to 
the airway smooth muscle by damaged lung parenchyma. An example of 
disease with decoupling is emphysema 92, 93. The limited or worsening of 
airway function after a DI could also be explained by elongated actin 
filaments, which would lead to a greater overlap of the myosin filaments and 
thus a better contractile capacity over a wider range of muscle lengths 73.  

In asthma, there is a correlation between reduced DI-induced broncho-
dilatation and the number of mast cells within the ASM bundles 94. ASM 
contraction may be induced by inflammatory mediators released by mast 
cells such as histamine and prostaglandins 95, 96. Slats et al speculate that this 
could result in a modification in the intrinsic contractile function, leading to 
an increased formation of actin and myosin cross bridges 94. 

Nitric oxide 
Nitric oxide (NO) is a ubiquitous molecule in the body 97-101 that plays a 
central role in physiological regulation of the airway function and is 
involved in airway disease such as asthma 100, 102. NO is a weak 
bronchodilator and shows bronchoprotective effects against broncho-
constriction and airway reactivity 31, 99, 103-107. NO is normally present in the 
exhaled air of animals and humans 31, 108-111. NO has a short half-life in vivo 
because of its reactivity with biological compounds. NO has multiple 
functions in normal lung tissue e.g. participating in the regulation of airway 
and vascular tone 104, 112 and providing additional host defense against 
invading pathogens 113. NO may also promote plasma exudation and edema, 
and NO facilitates cell recruitment to the tissue. NO is endogenously 
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released in the airways by many different cells and the production of NO is 
catalyzed by nitric oxide synthase (NOS) 100, 102. NOS catalyzes the 
production of NO by oxidizing L-arginine using molecular oxygen and the 
reaction generates NO and produces L-citrulline 102. Functionally, two 
isoforms of this enzyme exist: constitutive and inducible. There are two 
different kinds of constitutive NOS (cNOS); the endothelial isoform (eNOS) 
and the neuronal isoform (nNOS) 100. The inducible isoform (iNOS) 
regulates the function, growth, death and survival of many immune and 
inflammatory cell types 114 and has a modulatory role in inflammatory 
disorders of the airways such as asthma 99. In the respiratory tract, expression 
of iNOS has been reported in e.g. airway and vascular smooth muscle cells, 
airway epithelial cells, mast cells, endothelial cells and neutrophils 115. The 
stimuli that cause transcriptional activation of iNOS in these cells vary 
widely and include endogenous mediators (such as chemokines and 
cytokines) as well as exogenous factors such as bacterial toxins, allergens, 
environmental pollutants (ozone, oxidative stress), and hypoxia 105, 116, 117. 

NO triggers physiological responses in numerous tissues by binding and 
activating soluble guanylate cyclase (sGC), thus generating the intracellular 
messenger cyclic guanosine 3’,5’-monophosphate (cGMP) that is a key 
signal in several cell-signaling functions 118-120. sGC is the primary receptor 
for NO and is generally considered to contribute to the beneficial properties 
of NO 105. Guanylate cyclases are enzymes that exist as soluble and 
membrane-associated enzymes 120, 121. Basal NO/cGMP signaling maintains 
a resting state in target cells, but acute exposure to NO triggers a rapid 
response such as smooth muscle relaxation 121. The main effector cells for 
NO in the lung are vascular smooth muscle and airway smooth muscle. sGC 
has been localized in the bronchial and vascular smooth muscle in the lungs 
of various species 121, 122. In smooth muscle cells, the sGC that occurs is 
mainly NO-sensitive and the sensitivity has been shown to vary in different 
cell types 122. A change in enzyme reactivity could be caused by a 
posttranslational modification, or an alteration in the amount of enzyme 
present, or a sensitization or desensitization of sGC. An alteration could lead 
to a change in the NO/cGMP response to a given NO-challenge 122. sGC may 
play important roles in asthma pathophysiology and the NO produced by 
NOS may play a physiological role in reducing airway smooth muscle 
proliferation. In asthmatic airways there are increased quantities of NO, 
possibly as a result of iNOS induction. This excess NO could potentially 
desensitize sGC in ASM, thereby impairing NO-mediated bronchodilatation 
123. LPS may also reduce the expression of sGC 124. The quinoxalin 
derivative 1H-[1,2,4]oxadiazolo[4,3-a]-quinoxalin-1-one (ODQ) has been 
shown to be a potent and selective inhibitor of NO-stimulated sGC activity 
122, 125. ODQ does not interfere with NO formation or inactive NO. ODQ has 
been widely used both in vitro and in vivo to characterize the function of the 
cGMP pathway in NO signal pathways 122. 



 17

Inhaled NO may exert some of its beneficial activities through cGMP-
independent reactions in the airway epithelium such as relaxation of 
pulmonary vascular smooth muscle, and relaxation of airway smooth muscle 
125-127. In the cGMP-independent pathway, the main target of NO is instead 
believed to be cystein residues in proteins, an event called S-nitrosylation 126, 

128. Endogenous S-nitrosothiols (SNOs) are naturally occurring moieties on 
proteins in which a sulfur atom from cysteine or homocysteine reacts with 
NO to form an S-NO bond. S-nitrosylation of protein thiols may occur on 
exposure of specific redox-active motifs to NO, or as a result of 
transnitrosation/transfer reactions from low-mass carrier SNOs or transfer 
from other protein SNOs. Under certain circumstances, SNOs could also 
serve as “NO donors” in the sense that they are activated by homolytic 
cleavage to form NO radicals which, in turn, diffuse to a site of bioactivity 
127, 129. S-nitrosylation would not exclude activation of sGC and it has also 
been shown that S-nitrosylation may be involved in desensitization of sGC 
130, 131. Within mammalian tissues, S-nitrosothiols, can vary from nanomolar 
to micromolar levels and reactions occur widely on proteins involved in 
signalling pathways and reactions 132. S-nitrosylation reactions cause specific 
physiological or pathophysiological activity by modifying protein function 
whereas the protein activity may be increased or inhibited by S-nitrosylation 
127. SNO bioactivities include the neural regulation of ventilation, heart rate, 
and blood pressure as well as the regulation of peripheral and vascular 
smooth muscle tone 127. S-nitrosothiols are naturally occurring 
bronchodilators, and their diminution has been associated with the 
pathophysiology of asthma 126, 133. NO is believed to be anti-inflammatory 
through the S-nitrosylation and inactivation of components of the NF-�B 
pathway 134. NOS activity leads directly to SNO formation; each NOS 
isoform being capable of producing SNOs in multiple tissues, cells, and 
subcellular compartments 126. A loss of S-nitrosothiols has been observed in 
asthmatic patients 133.  

NO-donors 
Sodium nitroprusside salt (SNP) and diethylamine NONOate (DEA/NO) 
serve as a source of nitric oxide 107, 135. With a NO-donor such as SNP, the 
NO released is determined by the cellular enzyme activity and redox status, 
which vary depending on cell type. NONOate (1-subsituted diazen-1-ium-
1,2-diolates) classes are compounds that release NO in a controlled manner 
and are used to study the effects of NO in vivo and in vitro 136.  

Nitric oxide and oxidative stress in allergic asthma 
NO plays a central role in the regulation of airway function but NO may 
have deleterious and harmful effects in the airways that may lead to airway 
inflammation and increased airway reactivity. Reactive oxygen species 
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(ROS) is a collective term that includes a large variety of free oxygen 
radicals (e.g. super oxide anion (O2

-) and hydroxyl radicals (OH-) and also 
derivatives of oxygen that do not contain unpaired electrons (e.g. hydrogen 
peroxide (H2O2), hypochlorous acid (HOCl), peroxynitrite (ONOO-), and 
ozone (O3)). The univalent reduction of O2 to O2

- is the first step in the 
formation of ROS. These compounds can either spontaneously or 
enzymatically dismutate to hydrogen peroxide 137, 138. NO may undergo 
spontaneous oxidation to the inactive metabolite nitrite (NO2

-) and the major 
metabolite nitrate (NO3

-) 105, 139. The spontaneous oxidation may also lead to 
the production of reactive nitrogen species (RNS) 140. NO can form nitrating 
agents in a number of ways including reacting with superoxide to form 
peroxynitrite, which is a highly reactive anion. NO and RNS may have 
deleterious effects on the airways and may damage DNA, lipids, 
carbohydrates leading to impaired cellular functions and enhanced 
inflammatory reactions 138, 140. Oxidative stress in asthma is characterized by 
an imbalance between an increased exposure to free radicals and the 
antioxidant defense, e.g. low molecular weight compounds such as 
glutathione and the enzymatic antioxidants e.g. super oxide dismutase 137, 141. 
The free radical NO is elevated in asthmatic patients and may be 
bioconverted into more potent RNS at the site of inflammation, where it may 
then amplify the deleterious and harmful effects in the airways 113, 142. During 
eosinophil activation, a respiratory burst occurs which may subsequently 
contribute to tissue damage in the airways by producing ROS/RNS 143, 144. 
Oxidative stress and low pO2 prevents S-nitrosylation by NO 145, and it has 
therefore been suggested that chronic obstructive pulmonary disease 
(COPD) should be viewed not only as a disease with oxidative and 
nitrosative stress but also as a disease with an imbalanced nitrosylation 
system 146. The same seems to be true for asthma, since recent evidence 
suggests that increased levels of NO in asthmatic airways are beneficial to 
airway function if the NO retains its S-nitrosylation ability 147.  

8-Iso-prostaglandin F2�  
A reliable indicator of oxidative stress is 8-iso-prostaglandin F2� (8-iso-
PGF2�), which is a major F2-isoprostane. The prostaglandin–like F2-
isoprostanes are formed in vivo through the free-radical catalysed 
peroxidation of arachidonic acid 148-150. F2-isoprostanes, specifically 8-iso-
PGF2� is the most abundant and well-studied bioactive isoprostane formed 
by reactive oxygen species in vivo through the peroxidation of arachidonic 
acid, independent of cyclooxygenases (COX) 151-153. The formation of 
isoprostanes in vivo through the COX pathway is minimal. The F2-
isoprostane is isomeric with the F2-prostaglandin, PGF2. Unlike F2-
isoprostane, primary prostaglandins demand COX for their bioformation 154. 
Isoprostanes are increased in various lung diseases, such as asthma, COPD, 
cystic fibrosis, and acute respiratory distress syndrome 16, 152, 153, 155.  
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8-Iso-PGF2� is a noninvasive biomarker of airway inflammation that makes 
it possible to monitor the efficacy of treatment and is also related to ongoing 
oxidative/nitrosative stress in the airways 16, 141, 144, 151, 156. F2-isoprostanes are 
assumed to be a biochemical link between airway inflammation and 
oxidative stress, and to be associated with various forms of in vivo oxidant 
injury 16, 152, 153, 157. Allergen challenge in human atopic asthmatics causes 
oxidative stress, and measurement of F2-isoprostanes appears a reliable 
approach for the quantitative detection of oxidant stress in this acute 
condition 16, 144, 151, 157. The major enzymes that are responsible for the 
metabolism of 8-iso-PGF2� are phopholipase, 15-PGDH (15-prostaglandin 
dehydrogenase) and �13-reductase) 158, 159. Bioactive 8-iso-PGF2�s are 
regularly formed in various tissues and rather small amounts of these potent 
compounds are found in an unmetabolized form in plasma and higher levels 
in urine under normal basal conditions 154. The metabolism of 8-iso-PGF2� is 
fast and 15-PGDH and �13-reductase are abundant in lung, liver, and kidney, 
these key organs being the main sites of metabolism for isoprostanes 154, 160.  

Nitrotyrosine 
In asthma, nitrotyosine is a stable product of peroxynitrite and is a detector 
of NO-induced inflammation and NO production 17, 19. Nitrotyrosine actively 
contributes to cellular dysfunction and to the development of tissue injury 
associated with acute and chronic inflammation 138. In sensitized mice and 
atopic asthmatic persons following allergen exposure, the tyrosine nitration 
increases 17, 161. Non-asthmatic lungs show little or no nitrotyrosine staining, 
but in mild asthma there is an increased nitrotyrosine formation 162 and 
elevated levels of free nitrotyrosine are found in exhaled breath condensate 
(EBC) during asthma exacerbation 163, although nitrotyrosine formation in 
airway epithelial and inflammatory cells is significantly higher in COPD 
than in asthma 164. 

Glucocorticoids and glucocorticoid receptor 
Glucocorticoids (GCs) are key hormones involved in the modulation of 
allergic inflammatory responses and they have potent anti-inflammatory and 
immunosuppressive properties. GCs only suppress inflammation and do not 
cure the underlying disease process, but the development of irreversible 
changes in the airways may be prevented by the early use of GCs 165. GCs 
have inhibitory effects on the accumulation and activity of inflammatory 
cells like eosinophils, lymphocytes and macrophages 166. Asthma may be 
successfully treated with bronchodilators and controller drugs, such as 
inhaled GC 167 but patients with severe asthma benefit less from GC therapy, 
and some GC-resistant patients exhibit no effect at all 168-172.  
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GCs are lipophilic molecules that cross the cell membrane by free diffusion 
173 and they interact with ubiquitous cytoplasmatic and nuclear 
glucocorticoid receptors (GR), through which they exert their effects 174, 175. 
GR belongs to the steroid thyroid/retinoic acid receptor superfamily 176. 
Expression of GRs can be seen in almost all cell types, but the density varies 
from 200 to 30,000 per cell. The highest amount of GR has been found in 
endothelial and epithelial cells 177. GRs are widely distributed in the airways 
and are expressed on inflammatory and structural cells 177. The human GR 
gene is located on chromosome 5 and consists of 9 exons. Two isoforms of 
GR, GRα and GRβ, are produced by alternative transcript splicing of exon 9 
117, 178. GRα has a widespread distribution and is responsible for the 
induction and repression of target genes, whereas GRβ can act as a dominant 
negative inhibitor of GRα-mediated transactivation and transrepression 179. 
The relative amounts of GRα and GRβ can then determine the degree of GC 
sensitivity. High expression of GRβ has been seen in the airways of patients 
with steroid-resistant asthma 177. However, the expression of GRβ is absent 
in mice 180. Inactive GR is located in the cytoplasm in a large multi-protein 
complex that assists proper GR folding, and maintains the GR in a 
transcriptionally inactive state that is ready to bind to hormone 117. This 
complex prevents GR from entering the nucleus and binding to DNA. When 
a GC ligand enters the cell and binds to the complex, GR translocates to the 
nucleus. GC binding to GR can have a dual effect on gene transcription. In 
asthma, there are two pro-inflammatory transcription factors that are 
particularly involved in the regulation of gene transcription; nuclear factor-
�B (NF-�B) and activator protein-1 (AP-1) 117, 165, 181. NF-�B regulates many 
of the inflammatory genes that are abnormally expressed in asthma and is 
distinctly expressed in epithelial cells. This leads to the synthesis of 
cytokines, adhesion molecules, chemokines, growth factors and enzymes 182. 
When activated by a ligand, GR interacts with NF-�B and AP-1 and prevents 
them from binding to DNA and following transcription of pro-inflammatory 
mediators 117, 183. GR may be modified, and this may alter the response to GC 
by affecting ligand binding, translocation to the nucleus, protein-protein 
interactions or recruitment of cofactors 184, 185. Sensitivity to GC varies 
considerably among individuals and, even within the same individual, 
responsiveness to GC differs among tissues and the sensitivity could be 
directly determined by the level and molecular nature of GR. Inflammation, 
NO and LPS exposure may alter the function of GR and also affect the 
number, binding and affinity of GR 169, 186-194.  

GCs may also exert their anti-inflammatory actions by histone 
deacetylase 2 (HDAC2) 169. HDAC2 may deacetylate the acetylated GR after 
GC-binding so that it can repress NF-�B-regulated inflammatory genes. 
Nitrosative and oxidative stress can reduce the HDAC2 activity that makes 
GCs less effective as a result of severe inflammation 195. Since ROS and 
RNS are frequently found in severe and GC-resistant inflammatory diseases, 
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inactivation of HDAC2 may be an important mechanism of GC resistance 
196, 197. Nitric oxide is another agent that can interact with and inhibit NF-�B 
and AP-1 198, 199. The interaction between NO, inflammatory pathways and 
airway function seems complex. According to studies regarding asthma and 
NO, NO can be both a pro- and an anti-inflammatory mediator 31, 139, 200, 201. 
NO can act in an anti-inflammatory manner by inhibiting the expression of 
many genes thought to be involved in inflammatory diseases 36, 198, 201-203. NO 
could also be merely a by-product of airway inflammation and previous 
studies have shown that there are points of interaction between the effector 
pathways of glucocorticoids and NO 187-189, 204-208.  
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Aims of the thesis 

The overall aim of the work described in this thesis was to investigate 
mechanisms of airway inflammation and thereby contribute to a better 
understanding of asthma using murine models. In the studies presented in 
this thesis, we aimed to further develop the methods and protocols to 
improve our understanding of how to assess lung mechanics and the use of 
murine models of asthma. The specific aims were: 
 
1. to evaluate the effects on lung mechanics of different routes of delivery 

of methacholine and to examine whether the site of action of 
methacholine differs depending on whether the methacholine was 
inhaled or administered intravenously. Two different mouse strains with 
and without airway inflammation were used; 

 
2. to characterize the effects of deep inspirations (DIs) on lung mechanics 

during mechanical ventilation in healthy mice and in mice exposed to 
allergen in order to simulate asthma and to investigate whether this 
mouse model could be used to identify the site of action of DIs and 
whether it is a good model of the response to DIs in normal and 
asthmatic subjects; 

 
3. to investigate and identify markers of oxidative and nitrosative stress in 

two different murine models of ovalbumin-induced inflammation; 
 
4. to characterize the interplay between glucocorticoids and nitric oxide 

and their effects on airway function in murine models of asthma. 
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Materials and methods 

Animals 
Female mice (Charles River, Sulzfeld, Germany, and Taconic (M&B), 
Denmark) were used in these studies. The mouse strains used were: BALB/c 
mice (papers I-IV) and C57BL/6 mice (paper II). They were chosen, since 
they are commonly used for murine asthma models and have been widely 
used in studies of lung physiology. Both strains are also well characterized 
with the respect to their response to ovalbumin and are commonly used for 
generating genetically manipulated mice. Their care and the experimental 
protocols were approved by the Regional Ethics Committee on Animal 
Experiments in Sweden (Stockholm N348/05, Uppsala C86/5 and Uppsala 
C64/8). 

Inflammation protocols 
OVA challenge 
Airway inflammation was induced with a method relevant to human airway 
inflammation that provokes an allergic airway inflammation in our 
laboratory mice 59. The degree of airway inflammation was assessed by lung 
histology, and by total and differential cell counts of bronchoalveolar lavage.  

In the present studies, three different ovalbumin(OVA)-induced airway 
inflammation protocols have been used, ranging from acute 17-day protocols 
to more chronic 98-day protocols (OVA-17, OVA-24 and OVA-98 
respectively). Airway inflammation was induced by intraperitoneal 
injections of 10 �g OVA emulsified in Al(OH)3 on days 0 and 7. Mice were 
then challenged several times via aerosol exposure with 1% OVA diluted in 
phosphate-buffered saline (PBS, Sigma-Aldrich) (Figure 3). 
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Figure 3. Aerosol exposure was performed in 
a chamber coupled to a nebulizer (DeVilbiss 
UltraNeb®). The chamber was divided into 
pie-shaped compartments with individual 
boxes for each animal, providing equal and 
simultaneous exposure to the allergen (photo 
by S. Jonasson). 

 

 
 

1. Shorter acute protocol (OVA-17): Mice were exposed to aerosolized 
OVA for 30 min, on days 14, 15 and 16 (Papers I-IV, Figure 4A). 

 
2. Sub-acute (OVA-24) protocol: Mice were exposed to aerosolized OVA 

for 30 min, on days 14, 15, 16, 21, 22 and 23 (Paper III, Figure 4C). 

The protocols ended with the assessment of lung mechanics on day 17 or 
on day 24, 24 h after the last allergen exposure. Control mice were 
sensitized with OVA i.p. and challenged with aerosolized PBS using the 
same protocol (PBS-17, PBS-24). 
 

3. Chronic airway inflammation (OVA-98): Mice were exposed to 
aerosolized OVA for 30 min, three days a week between days 14 and 93 
(Paper II, Figure 4D).  

In OVA-98, the experiment ended with an assessment of lung mechanics 
on day 98, five days after the last allergen exposure. Control mice were 
sensitized with OVA i.p. and challenged with aerosolized PBS using the 
same protocol (PBS-98). 

Endotoxin challenge 
In paper IV, one group of animals was exposed to aerosolized endotoxin 
(lipopolysaccharide, (LPS, Escherichia coli serotype 0111:B4; Sigma-
Aldrich) dissolved in H2O) simultaneously with OVA for 30 min, on days 
14, 15 and 16. Aerosol exposure was performed as described in Figure 3 and 
4B. The control group received no endotoxin. The concentration of OVA in 
the nebulizer was 1% w/v and the concentration of LPS in the nebulizer was 
0.005% w/v. A second group of mice in paper IV received LPS via aerosol 
without any OVA. 
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Figure 4. Schematic presentation of inflammation protocols used in papers I-IV. A) 
Acute airway inflammation (OVA-17), papers I-IV. B) Airway inflammation 
(OVA/LPS), paper IV. A second group of mice in paper IV received LPS via 
aerosol without any OVA. C) Sub-acute airway inflammation (OVA-24), paper III. 
D) Chronic airway inflammation (OVA-98), paper II.  

Glucocorticoid treatment 
In paper IV, a group of mice was treated with an injection of 
glucocorticosteroid (GC) (Hydrocortisone Sodium Succinate 37.5 g·kg-1, 
Pfizer, local suppliers) intraperitoneally (i.p.). Control groups were given 
vehicle (PBS). Mice were given i.p. injections of GC or vehicle on days 14, 
15 and 16 before being challenged with OVA or OVA/LPS and one hour 
before the experiment on day 17.  

Preparation of animals 
Before the assessment of lung mechanics, animals were weighed and 
anesthetized with pentobarbital sodium intraperitoneally (i.p.) (BALB/c, 90 
mg·kg-1and C57BL/6, 68 mg·kg-1, from local suppliers). The dose of 
pentobarbital sodium was carefully adjusted to achieve the optimal sedation 
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for each strain. Mice were tracheostomized with an 18-gauge cannula and 
mechanically ventilated in a quasi-sinusoidal fashion with an animal 
ventilator (flexiVent, SciReq, Montreal, PQ, Canada) at a frequency of 2.5 
Hz and a tidal volume (VT) of 12 mL·kg-1 body weight. Once ventilation was 
established, bilateral holes were cut in the chest wall so that the pleural 
pressure would equal the body surface pressure and the rib cage would not 
interfere with lung movement. This made strict lung mechanical assessment 
possible. A positive end-expiratory pressure (PEEP) of 3 cmH2O was 
applied by submerging the expiratory line in water. A warming pad 
prevented cooling of the animal. Four sigh maneuvers at three times the tidal 
volume were performed at the beginning of the experiment to establish 
stable baseline lung mechanics and to ensure a similar volume history before 
the experiments. The mice were then allowed a five-minutes resting period 
before the measurements of lung mechanics began. 

Measurements of lung mechanics 
The ventilator is built around a computer-controlled piston pump that 
ventilates the animal mechanically. This piston pump is coordinated by the 
computer which controls for the movement of the piston and the timing of 
the inspiratory and expiratory solenoid valves. During a perturbation the 
piston stops and instead sends a predetermined volume perturbation into the 
airways. The flexiVent set-up also permits the administration of inhaled 
substances e.g. NO-donors by routing the inhalation air flow via a nebulizer. 
See Figure 5 for a schematic drawing of the technical set-up.  

Dynamic lung mechanics were measured by applying a sinusoidal 
standardized breath and the resulting data were analyzed using the single 
compartment model and multiple linear regression, to give lung resistance 
(RL) and compliance (CL) 59. RL and CL were measured continuously using a 
standardized script and the maximum response to a given concentration of 
methacholine (MCh) was reported. During the standardized script the piston 
pump sent a predetermined volume every eighth breath for 3.5 min (papers 
I-III). Responsiveness was also expressed (paper I) as the effective dose 
(ED) of MCh required to induce a 200% increase in RL (ED200). 

During the forced oscillation, the piston pump oscillates the airflow into 
the airways for 2-16 sec depending on the perturbation. The Prime 16 was 
delivered before the dose-response curve of MCh (papers I and II). The 
Prime 4 perturbation was applied to the animal immediately before RL and 
CL measurements (papers I, II, and III). To investigate the maximum 
response of each dose of MCh for RN, G and H, Prime 2 was continuously 
measured for a duration of 2 minutes using a standardized script in a way 
similar way to that for RL and CL (paper IV). In our animal preparations the 
lung was investigated alone (i.e. in an open-chest animal), in which case RN 
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is a good approximation to the resistance of the conducting airways, while G 
and H characterize the lung parenchyma 58, 59. 

Figure 5. Schematic presentation of the animal ventilator set-up with; (A) ventilator 
cylinder with piston pump, (B) valve for ingoing air, (C) online computer-controlled 
nebulizer, (D) valve for outgoing air connected to positive end-expiratory pressure 
(PEEP).  

Methacholine delivery 
Intravenous (i.v.) delivery of MCh  
To assess airway responsiveness, mice were given incremental doses of 
MCh i.v. in the lateral tail vein (0 = PBS, 0.03, 0.1, 0.3, 1, and 3 mg·kg-1) at 
three-minute (paper IV) or four-minute (papers I-III) intervals. MCh (MCh, 
acetyl-�-methylcholine chloride) was diluted in PBS with 10 U·mL-1 of 
heparin, and a volume of 2000 μL·kg-1 was given at each injection. Heparin 
was added to prevent clotting of the i.v. catheters. 

Inhaled (i.h.) delivery of MCh  
To investigate the effect of incremental doses of i.h. MCh delivery into the 
trachea, doses of MCh (0 = PBS, 1.67, 5, 25, 50, 100, and 200 mg·mL-1) 
were given at four-minute intervals (paper I). MCh was diluted in PBS and a 
volume of 10 μL was given over 10 seconds. The nebulizer delivers an 
aerosol with a volume diameter between of four to six �m (Aeroneb™). 
Each solution was aerosolized without interfering with the ventilation 
pattern.  
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Nitric oxide delivery 
NO-donors (paper IV) 
Animals were subjected to aerosolized SNP (5 mg·kg-1) or DEA/NO (2.6 
mg·kg-1) into the trachea. Nitric oxide donors were diluted in PBS and a 
volume of 10 μL was given during 10 s as an aerosol (Aeroneb™) before 
each dose of PBS and MCh. These procedures were performed without 
interfering with the ventilation pattern. Solutions were kept cool in the dark 
before loading the nebulizer. NO-donors were aerosolized in this study to 
prevent systemic effects and to allow only local administration of the drug.  

NO gas (paper IV) 
NO gas exposure (40 ppm for three or six hours) was carried out in a 
chamber coupled to an INOvent delivery system for nitric oxide therapy 
(Datex-Ohmeda Inc., WI, USA). The chamber was divided into pie-shaped 
compartments with individual boxes for each animal, providing equal and 
simultaneous exposure to NO. There were no detectable levels of NO2 in the 
system. Mice exposed to NO gas underwent a longer OVA/LPS protocol for 
24 days. 

ODQ-treatment (paper IV) 
Mice were treated with an injection of an inhibitor of soluble guanylate 
cyclase 209, 1-H-[1,2,4]-Oxadiazolo-[4,3-a]-quinoxalin-1-one (ODQ, 20 
mg·kg-1, Calbiochem), intraperitoneally (i.p.). Control groups were given 
vehicle (DMSO:PBS). Mice were given i.p. injection of ODQ or vehicle one 
hour before the experiment, day 17. 

Postmortem analysis 
Bronchoalveolar lavage  
After completion of the lung mechanics experiment (24 h after the final 
aerosol challenge), the mice were exsanguinated and immediately subjected 
to bronchoalveolar lavage (BAL). The lungs were lavaged three times via 
the tracheal tube with a total volume of 1 mL PBS containing 0.6 mM EDTA 
(EDTA, Ethylenediamine-tetra-acetic acid, Sigma-Aldrich). The BAL fluid 
was then immediately centrifuged (10 min, 4�C, 1200 rpm). After removing 
the supernatant, the cell pellet was resuspended for 2 min at room 
temperature in 100 μL of erythrocyte lysis buffer containing 0.15 M NH4Cl, 
1.0 mM KHCO3, and 0.1 mM EDTA. The suspension was then diluted with 
1 mL PBS and recentrifuged (10 min, 4�C, 1200 rpm). Leukocytes were 
counted manually in a hemocytometer so that 50,000 cells could be loaded 
and centrifuged using a Cytospin® centrifuge (Shandon© cytospin 3 cyto-
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centrifuge, cell preparation system). Cytocentrifuged preparations were 
stained with May-Grünwald-Giemsa reagent and differential cell counts of 
pulmonary inflammatory cells (macrophages, neutrophils, lymphocytes, and 
eosinophils) were made using standard morphological criteria and counting 
300 cells per cytospin preparation.  

Histology 
Following BAL, the lungs were inflated with 4% paraformaldehyde solution 
to a pressure of 20 cmH2O. The trachea was tied off, and the lungs were then 
removed and stored overnight in 4% paraformaldehyde, and then stored in 
70% ethanol at room temperature until the time for embedding. After being 
embedded in paraffin, the tissue was cut into 4 �m thick sections and 
mounted on positively charged slides. To assess inflammatory cell 
infiltration, the sections were deparaffinised, dehydrated, and stained with 
hematoxylin and eosin (H&E). H&E-stained sections were examined by 
bright field microscopy (Axioskop 40 microscope, Carl Zeiss, Göttingen, 
Germany) and images were captured with a high-resolution digital camera 
system (AxioCam, Axiovison 2007, Carl Zeiss Imaging Systems, Göttingen, 
Germany). Repeated blind histopathological analyses were performed and 
representative images have been selected.  

Assay of 8-iso-PGF2�  
To obtain an index of oxidative stress, BAL samples were analyzed in for 
free 8-iso-PGF2� by a radioimmunoassay method developed and 
characterized by Basu 210. In brief, an antibody was raised in rabbits by 
immunization with 8-iso-PGF2� coupled to BSA at the carboxylic acid group 
by the 1,1´-carbonyl-diimmidazole method. The cross-reactivities of the 
antibody with 8-iso-15-keto-13,14-dihydro-PGF2�, 8-iso-PGF2�, PGF2�, 15-
keto-PGF2�, 15-keto-13,14-dihydro-PGF2�, TXB2, 11�-PGF2�, 9 � -PGF2� 
and 8-iso-PGF3� were 1.7%, 9.8%, 1.1, 0.01%, 0.01%, 0.1%, 0.03%, 1.8% 
and 0.6%, respectively. The detection limit of the assay was 23 pmol·L-1.  

Immunohistochemistry protocols  
After being embedded in paraffin, the tissue was cut into 4 �m sections and 
mounted on positively charged slides. Tissue sections were deparaffinized in 
xylene and alcohol. Slides were rinsed in running water for 5 min. All slides 
were then heated in a microwave oven (750W) in a citrate buffer (citric acid 
and dH2O, pH 6.0) for 2 x 5 min. After cooling, the tissue sections were 
rinsed in PBS and thereafter incubated in 3% H2O2 for 30 min to block 
endogenous peroxidase activity. Slides were rinsed in PBS before following 
the protocols for each primary antibody. After the specific procedure for 
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each primary antibody, slides were incubating for 1h with a streptavidin-
biotin complex, (ABC technique) using standard procedure (VECTASTAIN 
Elite ABC Kit). Staining was carried out using DAB (3.3'-diaminobenzidine 
tetra-hydrochloride, Vector SK4200) for 5 min. Sections were lightly stained 
in haematoxylin for 40 s and rinsed in running water for 10 min. Slides were 
then dehydrated with ethanol and xylene. Stained sections were examined 
using the same equipment as for the histology evaluation. 

8-Iso-PGF2�  
The tissue slides were carefully rinsed with PBS after blocking endogenous 
peroxidase activity and incubated (in a humidified box, at room temperature 
(RT)) with 10% normal blocking goat serum (NGS, no: X0907 DAKO) in 
PBS/1% bovine serum albumin (PBA) for approximately 30 min. The excess 
PBA was shaken off and the primary antibody 8-iso-PGF2� (1:1000 211, 
diluted in PBA + 5% NGS, was added to the slides which were stored 
overnight at 4°C in a humidified box. On the next day, the slides were rinsed 
in PBS, followed by incubation for 60 min with biontinylated secondary 
antibody, goat anti-rabbit in PBA, (1:200, DAKO). All these procedures 
were also carried out on sections of lung tissue that had been incubated in 
the absence of primary antibody (negative control). The slides were then 
processed using the protocol above.  

Nitrotyrosine  
After the endogenous peroxidase activity had been blocked followed by 
rinsing, sections were blocked with PBA for 60 min at RT, followed by 
incubation with 2% normal blocking goat serum in PBA (No: X0907, 
DAKO) for approximately 30 min at RT to reduce immunologic binding of 
antibody. The excess PBA was shaken off and the primary antibody anti-
nitrotyrosine was diluted in PBA (1:142, No 06-284, Upstate Cell Signaling 
Solutions) and added to the sections and stored overnight at 4°C in a sealed 
humidity chamber to prevent air drying of the tissue sections. On the next 
day, the slides were rinsed twice in PBS, followed by incubation for 45 min 
at RT with secondary antibody, goat anti-rabbit in PBA (1:100, DAKO). All 
these procedures were also carried out in sections of lung tissue that had 
been incubated in the absence of primary antibody (negative control). For 
positive control, slides were incubated after having been deparaffinized for 
20 min in a solution of 1mM sodium nitrite, 1mM hydrogen peroxide in 100 
nM sodium acetate pH 5.0. Slides were then processed using the protocol 
above.  

Glucocorticoid receptor 
The tissue slides were carefully rinsed with PBS after blocking the 
endogenous peroxidase activity and incubated (in a humidified box, at RT) 
with 1.5% normal blocking goat serum (no: X0907 DAKO) in PBS for 
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approximately 1 h. Thereafter, the sections were incubated overnight at 4°C 
with primary antibody rabbit anti-GR (glucocorticoid receptor, P-20, 1:400, 
Santa Cruz Biotechnology). The overnight incubation was followed by 
incubation for 45 min with secondary antibody, goat anti-rabbit in PBS+ 
1.5% normal goat serum, (1:100, DAKO). Slides were then processed using 
the protocol above.  

Protein assays 
After the assessment of the lung mechanics, the lungs were resected. The 
tissue was immediately frozen in liquid nitrogen and stored at –70°C. Protein 
extracts were prepared with NE-PER® Nuclear and Cytoplasmic Extraction 
Reagents for the preparation of cytoplasmic and nuclear protein extracts 
from tissue in accordance with the manufacturer's instructions (Nordic 
Biolabs AB, Sweden). All samples were stored at –70°C. To determine 
protein concentrations, absorbance was measured with the Quant-iT™ 
Protein Assay Kits for use with the Qubit™ fluorometer (Invitrogen, 
Sweden). Protein samples were diluted with distilled water to make even 
loading and were boiled for 5 min together with sample buffer (Tris pH 6.8 
(0.5M), 20% SDS, glycerol and mercaptoethanol (Sigma-Aldrich)). Samples 
were then separated by 8% SDS-polyacrylamide gelelectrophoresis. After 
separation, proteins were transferred to a nitrocellulose membrane (Trans-
Blot®, BIO-RAD). The membranes were incubated overnight with 10% 
blocking solution, 10 g skim dry milk powder (local suppliers) in 100 mL 
TBS-Tween (TBST) (10 mM Tris-Cl, 100 mM NaCl, 0.1% Tween-20, pH 
7.4) at 4°C. The membrane was treated with primary antibody (GR (M-20), 
Santa Cruz Biotechnology, Santa Cruz, CA in 5% blocking solution, in 
which the antibody was diluted 1:400, overnight at 4°C. After incubation, 
the membrane was rinsed in TBST 5 times for 25 min. A secondary antibody 
(Santa Cruz Biotechnology) – horseradish peroxidase conjugated and diluted 
1:5000 in 5% blocking solution – was added to the membrane for 60 min on 
a rocker followed by a rinse with TBST 5 times for 25 min. The membrane 
was soaked in Lumi-LightPLUS (Roche Diagnostics Corporation, Sweden) 
reagents for detection with chemiluminescence using a Gel Doc XR 
documentation system (BIORAD). The evenness of protein loading was 
assessed using a MemCode™ Reversible Protein Stain kit (Nordic Biolabs, 
Sweden). 

Statistical analysis 
Results are presented as the mean ± standard error of mean (SEM). 
Statistical significance was assessed by parametric methods using a two-way 
analysis of variance (ANOVA) to determine differences between groups, 
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followed by a Bonferroni post hoc test. When appropriate, a one-way 
ANOVA or Student’s unpaired t-test was used. A statistical result with p < 
0.05 was considered significant. The sample size for all groups was more 
than six animals. The statistical analyses were carried out and graphs were 
prepared with GraphPad Prism (version 4.0 GraphPad software Inc., San 
Diego, CA, USA).  

Summary of experimental protocols for papers I-IV 
Paper I:  
Mice with airway inflammation (OVA, Figure 4A) and control mice (PBS, 
Figure 4A) were randomized and allocated to the following groups;  

 
1. Intravenous (i.v.) delivery of MCh: To assess airway responsiveness, 

BALB/c mice and C57BL/6 mice were given incremental doses of MCh 
i.v. in the lateral tail vein at four-minute intervals.  

2. Inhaled (i.h.) delivery of MCh: To investigate the effect of incremental 
doses of i.h. MCh delivery into the trachea on BALB/c mice and 
C57BL/6 mice, doses of MCh were given at four-minute intervals.  

Lung resistance and compliance were measured with the single compartment 
model and before each dose of PBS and MCh, a perturbation of forced 
oscillation technique (FOT) was performed for 4 s (Prime 4, Zrs 
measurements). After the lung mechanics measurements, bronchoalveolar 
lavage (BAL), and tissue sampling were performed.  

Paper II:  
Deep inhalations (DI) were given twice during one minute immediately 
before the assessment of lung mechanics. DI is defined as the incremental 
increase and decrease of three times VT during a period of 16 s. Mice not 
receiving DI were given normal ventilation for 16 s. Lung resistance and 
compliance were measured with the single compartment model and, before 
each dose of PBS and MCh, a perturbation of FOT was performed for 4 s 
(Prime 4, Zrs measurements) which was used in the acute 17-day and 
chronic 98-day protocols.  

Healthy mice were allocated into the following groups: 
1. the TIME group: To investigate the effect of time, lung mechanics were 

assessed at five-minute intervals in mice randomly selected to receive DI 
or no DI. 
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2. the PBS group: This group received i.v. injections of PBS containing 10 
U·mL-1

 of heparin, six times, at five-minute intervals. Mice either 
received DI before each injection and measurement of lung mechanics or 
received no DI.  

3. the MCH group: To assess airway responsiveness this group was given 
incremental doses of MCh at five-minute intervals. Lung mechanics 
were measured immediately before and after the injections at the same 
time points used for the TIME and PBS groups. Control mice received 
no DI before the MCh doses while another group of mice received DI 
before the injection of MCh. 

Mice with acute and chronic airway inflammation were allocated to the 
following groups: 
4. Acute airway inflammation (OVA´17) with and without DI before 

injection of incremental doses of MCh i.v.. PBS-challenged mice 
without acute airway inflammation (PBS`17) with and without DI before 
assessment of lung mechanics (Figure 4A). 

5. Chronic airway inflammation (OVA´98) with and without DI before 
injection of incremental doses of MCh i.v.. PBS-challenged mice 
without chronic airway inflammation (PBS´98) with and without DI 
(Figure 4D). 

Lung resistance and compliance were measured immediately after each DI 
or normal ventilation. To further evaluate the ability of DI to reverse a fall in 
lung compliance (CL), we calculated the total fall, denoted �CL, from the 
baseline to the last measured CL value. 

Paper III:  
Lung mechanics were assessed in mice with airway inflammation (OVA-17 
and OVA-24) and control groups (PBS-17 and PBS-24) on day 17 or day 24 
(See Figures 4A and C for OVA-protocols). Lung resistance and compliance 
were measured with the single compartment model and before each dose of 
PBS and MCh, a perturbation of FOT was performed for 4 s (Prime 4, Zrs 
measurements). After the lung mechanics measurements, bronchoalveolar 
lavage (BAL), and tissue sampling were performed. The levels of 8-iso-
prostaglandin F2� were measured in BAL and tissue. 

Paper IV:  
Lung mechanics were measured with FOT and the constant-phase model 
every eighth breath during 2 s (Prime 2, Zrs measurements) during 
incremental doses of i.v. MCh. 
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Mice were allocated to the following groups; 
1. OVA inflammation: One group of OVA-inflamed mice received GC or 

vehicle (PBS) and were then exposed to a NO-donor (SNP) during the 
assessment of lung mechanics (Figure 4A).  

2. LPS inflammation: A second group of mice were challenged to LPS 
(lipopolysaccharide) without any OVA on days 14, 15 and 16. This 
group received GC and then NO-donor (SNP) during the assessment of 
lung mechanics (Figure 4B). 

3. OVA/LPS inflammation: A third group of animals with OVA/LPS-
inflamed airways received GC and then NO-donors (SNP or DEA/NO) 
during the assessment of lung mechanics (Figure 4B).  

After the lung mechanics measurements, bronchoalveolar lavage (BAL), and 
tissue sampling were performed. Postmortem analyses were carried out later. 
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Results and discussion 

In this section, the main results from the work are summarized and 
discussed, and conclusions are drawn. In addition, some unpublished data 
are presented. For further details, the reader is referred to the individual 
papers (I-IV).  

Paper I - Comparisons of effects of intravenous and inhaled 
methacholine on airway physiology in a murine asthma model. 
When deciding on a murine asthma model it is important to consider the 
choice of strain because some strains are more airway hyperresponsive to 
e.g. MCh than other strains. Some strains develop more airway 
hyperresponsiveness, stronger eosinophilic inflammation and more vascular 
and parenchymal changes than others after having been sensitized and 
challenged with ovalbumin 27, 30, 212. Lung parenchyma plays an important 
role in determining mechanical behavior and in our study we saw disparate 
effects on the parenchyma if MCh was inhaled or intravenously administered 
(paper I).  

The results show that there are differences in the physiological responses 
to i.h. and i.v. MCh delivery in animals with and without acute airway 
inflammation. In this study, two commonly used murine strains, C57BL/6 
and BALB/c, were used. Studies focusing on AHR have suggested that 
C57BL/6 mice are hyporesponsive to MCh compared to other strains 30, 212-

215, but this mouse appears to develop AHR, strong eosinophilic 
inflammation and also vascular and parenchymal changes after having been 
sensitized and challenged with ovalbumin. BALB/c mice are good 
responders to bronchoconstrictor stimuli 58, 216, 217. Challenging this mouse 
with allergens resulted in an eosinophilic inflammation and AHR. Baseline 
levels of tissue resistance and tissue stiffness were slightly elevated in 
inflamed C57BL/6. The stronger eosinophilic inflammation, indicative of a 
more marked perivascular inflammation, may well be the reason for these 
elevated levels of tissue resistance and tissue stiffness. As in earlier studies 
218, C57BL/6 mice exhibited more vascular inflammation than BALB/c mice 
after OVA treatment. 

As we expected, OVA-treated mice of both strains exhibited acute 
hyperresponsiveness to i.v. MCh delivery. After i.h. MCh delivery, however, 
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the data demonstrated disparate results; OVA-treated BALB/c mice showed 
a hyperresponsiveness similar to that with i.v. MCh delivery, whereas 
C57BL/6 mice showed no hyperresponsiveness to i.h. MCh delivery. I.v. 
MCh delivery induced airway constriction in PBS-challenged mice, but i.h. 
MCh delivery induced a significantly greater response in the parenchyma 
tissue properties and less airway constriction, as assessed by FOT. In both 
strains, irrespective of OVA-treatment, i.h. MCh led to a significantly 
greater fall in lung compliance and had a greater impact on peripheral 
airways than i.v. MCh. 

It is clear that the effects of MCh on a murine airway and the 
physiological response depend on the administration route. I.v. MCh 
delivery led to a more homogeneous and marked airway constriction and less 
tissue distortion than i.h. MCh delivery. Compared to i.v. MCh, inhaled 
MCh may be unevenly distributed around the bronchial tree and thus induce 
a heterogeneous peripheral airway response 219-221. This may lead to more 
sensitive regions, or regions which receive more MCh and become 
extremely constricted or even atelectatic, while adjacent regions can be 
hyperinflated 52. When challenged with inhaled bronchial agonists, the lungs 
may become markedly heterogeneous and the airway function may vary 
greatly from one region to another even during regular ventilation 61. The 
mouse has asymmetrically branched lungs, and this asymmetry may easily 
become amplified during bronchoconstriction and further generate a 
heterogeneous behavior 222. The limited response in the peripheral airways 
after i.v. MCh than i.h. MCh delivery could be due to a limited systemic 
circulation in the peripheral airways of mice 223. In humans, there may also 
be a larger variability in baseline airway size in an inflamed airway 
compared to a healthy airway, making the airways show considerable 
variability in responsiveness to MCh even in a day-to-day manner 224. The 
constrictor agonists may act on airways or lung parenchyma or both, and the 
increased heterogeneity may also potentiate clinical disease 224.  

To study the effect of different interventions before or during lung 
function testing, we concluded that i.v. MCh is to be preferred rather than 
inhaled MCh because of the homogenous airway constriction. Also, for more 
technical reasons, i.v. delivery is to be preferred since the airways are then 
free to simultaneously receive other inhaled substances or gases. On the 
other hand, with i.v. administration, it may sometimes be difficult to get the 
i.v. line in place. I.h. administration is easier, being directly implemented in 
the computer program, and requires less operational skill. It should also be 
borne in mind that it is difficult to directly compare the i.v. MCh doses and 
the actual doses of MCh delivered by inhalation. The reason is, of course, 
that most of the inhaled nebulized MCh accompanies the expired air out 
from the animal so that the exact deposited dose is difficult to measure. 
Another possible explanation for the heterogeneity induced by i.h. MCh 
delivery could be droplet formation in smaller airways. The responsiveness 
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of nebulized MCh may also be dependent on the nebulization process e.g. on 
the particle size range and also on the rate and length of nebulization in the 
lung. When deciding on a murine asthma model, it is important to know the 
pros and cons of different administration routes and we hope that these 
studies will help investigators to make better choices when designing their 
protocols.  

Summary of paper I 
1) in OVA-treated C57BL/6 mice, i.v. and i.h. MCh delivery induced similar 
maximum lung resistance, while in OVA-treated BALB/c mice i.v. MCh 
induced a significantly higher maximum lung resistance than i.h. MCh. 
2) in both strains, irrespective of OVA-treatment, i.h. MCh delivery led to a 
significantly greater fall in lung compliance and had a greater impact on 
peripheral airways than i.v. MCh delivery. 
3) i.v. MCh delivery led to a more homogeneous airway constriction with 
less tissue distortion than i.h. MCh delivery. 

Paper II - Different effects of deep inspirations on central and 
peripheral airways in healthy and allergen-challenged mice. 
Using our animal models, we have investigated the effects of deep 
inspiration (DI) on lung physiology and have further studied where these 
effects take place in the inflamed lung. The airway of an individual with 
asthma is characterized by inflammation and increased airway smooth 
muscle contraction and the protective effect of deep inspiration is absent. 
Asthmatic persons have difficulty in deeply inhaling to protect against 
methacholine-induced bronchoconstriction 74-78. The degree of airway 
inflammation may be related to the loss of deep inspiration but there is no 
significant relationship between airway responsiveness and the degree of 
airway inflammation 225. There may be independent factors that characterize 
the status of patients with asthma. It has been proposed that NO 86 may be a 
mediator of the bronchoprotective effects of deep inspirations, and using 
murine models to investigate this could lead to an understanding of why 
asthmatic persons may lack the effects of deep inspirations and to knowledge 
of the role of NO and the different effects of MCh on airway smooth muscle 
in airway inflammation.  

In paper II, we have investigated a very significant detail in the protocols 
commonly used when assessing murine lung mechanics; with the use or non-
use of deep inhalations during methacholine(MCh)-provocation protocols. 
We found DI to have a marked effect on lung resistance after a MCh-
challenge in healthy mice and in acute allergen-challenged mice, but not in 
mice with chronic inflammation. DI protected against the decrease in lung 
compliance that occurs both spontaneously over time and after intravenous 
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injections of PBS or MCh. DI had a major impact on the peripheral airway 
and tissue physiology, protecting against MCh-induced increases in tissue 
elastance (H) not only in animals with acute and chronic inflammation but 
also in healthy mice undergoing a 98-day protocol that was used to develop 
chronic airway inflammation. DI totally abolishes the MCh-induced 
increases in tissue damping (G) seen in mice with acute and chronic 
inflammation. We conclude that DI may blunt the bronchoconstriction of 
central airways in acute airway inflammation, but not when chronic 
inflammation is present. Our results point to very potent protective effects in 
the peripheral parts of the chronically inflamed murine lung and it is 
conceivable that this could play a major role for the overall lung health of 
asthma patients. An interesting question is whether DI causes 
bronchodilatation or bronchoprotection in an inflamed lung and in this study 
we could further study the phenomenon of deep inhalation. The term 
“bronchoprotection” implies that a DI somehow sets in motion some 
mechanism that mitigates responsiveness to a subsequent airway challenge. 
Some investigators have even proposed that the impairment of a 
bronchodilating response in asthma is in fact the cause of the morbidity of 
the disease 76 and that the bronchoprotective effect of DIs is even more 
important than the bronchodilating response 77, 78. It has been suggested that 
DI is the most potent of all inducers of airway relaxation following a 
bronchoconstrictive challenge 88. Taking a deep breath up to the total lung 
capacity stretches the airways, because intrapulmonary airways are 
embedded within lung parenchyma. As the surrounding alveoli are inflated, 
alveolar walls exert radial traction on the airway adventitia, providing a 
force that stretches the airway wall and distends the bronchial lumen 68. 
What the present results suggest, however, is that the major effect of DIs 
given prior to a MCh-challenge is a reduction in the amount of derecruitment 
of peripheral lung. The mechanisms underlying this bronchoprotective effect 
are not clear, but several hypotheses have been put forward as to how DI 
confers bronchoprotection 78, 85-87. It has also been proposed that there may 
be a dysfunction of muscarinic receptors as a result of asthmatic 
inflammation 78. In asthmatic patients there was an association between 
exhaled NO and airway inflammation, but no relationship was found 
between exhaled NO and the bronchodilatory effect of DI 226.  

Mechanical explanations involve various theories, the simplest one being 
that stretching airway smooth muscle disrupts cross bridges, and thereby 
reduces force generation 79. In chronically inflamed airways, the muscle may 
become so stiff that the physiological forces acting on it are insufficient to 
stretch the muscle significantly. There is evidence of increased rigidity of the 
airways in asthmatic subjects and the more the attached bridges work in 
parallel, the harder is it for them to break. The muscle would then become 
stiffer and therefore stretch even less, and so on 65.  
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From the results in study II, we concluded that DI has a stronger effect on 
peripheral tissue in the chronic airway inflammation and that the protective 
effect of DI on lung resistance is greater in acute airway inflammation. Mice 
with the chronically inflamed airways appeared to have stiffer larger airways 
that did not respond to the mechanical force of a DI but there were 
pronounced effects on peripheral airways compared to acute airway 
inflammation. In inflamed airways, the narrowing is predominately located 
on the distal parts of the lung, whereas in more healthy individuals the 
narrowing is in the more central airways 227-229. In asthmatic patients with 
chronic inflammation, there is an increased stiffness of the airways that may 
impose a greater load on the ASM during bronchoconstriction and a stiffer 
airway will then lead to decreased lung compliance 227-229. It is conceivable 
that the DIs that we gave did not perhaps give a sufficient work load on the 
ASM to cause bronchodilatation in our mice with chronic inflammation. 

Another mechanical theory is that asthmatic smooth muscle becomes 
“frozen” due to excessive latch bridge formation and that DI may detach 
these latch bridges, and that this provides an opportunity for normal cross-
bridges 88, 230. However, other studies contend that cross-bridge properties 
cannot account for this, and that it is rather due to the plastic organization of 
contractile filaments in smooth muscle, allowing for adaptation to stretch 231, 

232. This is in line with the idea that DI initiates an adaptive process 
involving the dissembly of contractile filaments, thereby allowing for a 
reorganization of the contractile apparatus and a better adaptation to the new 
smooth muscle cell length 85. In spite of recent investigations and new 
theories regarding the behavior of smooth muscle cells in response to stretch 
and mechanical forces 233-235, the cellular and subcellular mechanisms behind 
DI and bronchial responsiveness remain undefined. Based on our findings in 
paper II, we suspect that DIs affect not only the airway smooth muscle but 
probably also structural elements in the lung periphery, possibly parenchyma 
and vasculature.  

It is difficult directly to compare DIs in a murine model and the DIs in 
humans, but the mechanisms and the effects of DI on different animals 
settings can be studied and explained in murine models. However, there are 
no perfect models for the study of asthma and lung mechanics. Based on the 
results in paper II, we conclude that care should be taken when designing the 
protocol so that it is clear whether or not one wishes to include possible 
effects of a deep inspiration such as is sometimes performed as e.g. pressure-
volume loops, as a means to obtain a similar volume history, or merely as 
lung openers during the assessment of bronchial responsiveness.  

Summary of paper II 
1) DI had a marked effect on lung resistance after MCh-challenge in healthy 
mice and in acute allergen-challenged mice, but not in mice with chronic 
inflammation. 
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2) DI provided protection against the decrease in lung compliance that 
occurs both spontaneously over time and after the intravenous injection of 
PBS or MCh. 
3) DI had a major impact on peripheral airway and tissue physiology, 
protecting against MCh-induced increases in tissue elastance (H) and in 
tissue damping (G) seen in mice with chronic airway inflammation. 

Paper III - Allergen-induced formation of F2-isoprostanes in a 
murine asthma model identifies oxidative stress in acute airway 
inflammation in vivo. 
Reactive oxygen species is a collective term that includes a large variety of 
free oxygen radicals which may have deleterious effects on the airways and 
lead to enhanced inflammatory reactions 137. Oxidative stress in asthma is 
characterized by an imbalance between exposure to free radicals and 
antioxidant defense 143, 144. F2-isoprostanes are assumed to be a biochemical 
link between airway inflammation and oxidative stress, and they are 
associated with various forms of in vivo oxidant injury 158, 159. 8-Iso-PGF2� is 
a biomarker of oxidative/nitrosative stress 158, 159. In paper III, the levels of 
F2-isoprostanes were investigated and whether the increased formation of F2-
isoprostanes and their appearance in lung tissues was associated with an 
increase in airway inflammation. Using murine models to investigate this 
could lead to the discovery of therapeutic pathways to stop oxidative injury 
and reactive oxygen species before the irreversible effects have taken place 
e.g. remodeling and chronic inflammation. When airway inflammation was 
induced, the numbers of total inflammatory cells and eosinophils were 
increased and these may be involved in the formation of the reactive oxygen 
species and reactive nitrogen species that could indirectly lead to tissue 
damage by the activation of other harmful mechanisms such as acute or 
chronic inflammation.  

In OVA-17 animals, inflammation of the distal airways and lung 
parenchyma directly affected the lung physiology by increasing airway 
reactivity and after a longer period of allergen challenge (OVA-24), mice 
developed higher airway reactivity and a significantly decreased lung 
compliance. The levels of 8-iso-PGF2� were significantly elevated on day 17 
and this confirmed an ongoing process of oxidative stress. It also showed 
that the levels of 8-iso-PGF2� in BAL were not as pronounced in OVA-24 as 
in OVA-17. On the other hand, the immunoreactivity of 8-iso-PGF2� was 
higher in airway tissue after 24 than after 17 days. This suggests that after 24 
days more tissue damage and airway inflammation was present. In this 
study, we demonstrated a link between airway physiology and the 
involvement of oxidative stress pathways in vivo. It is conceivable that there 
is a delay in the activation of phopholipase and the subsequent hydrolysis of 



 41

the esterified F2-isoprostanes. The reduction in 8-iso-PGF2� levels from day 
17 to day 24 in BAL and a concomitant increase of 8-iso-PGF2� in lung 
tissue over that period was unexpected. The decrease in 8-iso-PGF2� in BAL 
on day 24 may possibly be due to more efficient activation of major enzymes 
(phopholipase, 15-PGDH (15-prostaglandin dehydrogenase) and Δ13-
reductase) responsible for the metabolism of 8-iso-PGF2� 154, 158-160. 

During bronchial reactivity assessment, the 4 s perturbation of forced 
oscillation (Prime 4) before each dose of PBS and MCh, the OVA-24 mice 
exhibited a significantly higher maximum tissue resistance (G) than the 
OVA-17 animals (Figure 6A). A strong correlation was found between the 
maximum response in G and the level of 8-iso-PGF2� in the OVA-24 
animals, (R2 = 0.83, p = 0.03). The maximum response of tissue stiffness 
(H) was significantly higher in both the OVA-groups than in the PBS-groups 
(Figure 6B). There was a strong correlation between the maximum response 
in H and the level of 8-iso-PGF2� in the OVA-17 animals (R2 = 0.86, p = 
0.02). In the other groups, no correlation was found between H and 8-iso-
PGF2�. It is thus conceivable that 8-iso-PGF2� and oxidative stress may 
contribute to an increased airway heterogeneity. Together with the 
correlations between G and H and the level of 8-iso-PGF2�, the degree of 
inflammation and oxidative stress contribute to more tissue heterogeneity 
and airway closure that will lead to an increase in airway reactivity and in 
the long run, to airway remodeling  

In paper III, we detected a possibly link between airway physiology and 
the involvement of oxidative stress pathways in vivo. The interaction 
between NO, inflammatory pathways and airway function seemed complex. 
Nitrotyrosine is an indicator of cell damage, inflammation and nitric oxide 
production. It is also a major product of the peroxynitrite reaction and 
provides evidence for a role of peroxynitrite in vivo 17, 19. Our results suggest 
that nitrotyrosine and inflammation are linked, so that inflammatory 
processes lead to an increase in nitrotyrosine formation and vice versa. It is 
believed that ROS and RNS participate in the airway inflammation that 
characterizes asthma although the evidence of their involvement is not 
clearly understood. Our results show that the formation and time-course of 
8-iso-PGF2�, nitrotyrosine, and tissue damage are associated with increased 
inflammation and a more heterogeneous airway airflow. We have found that 
oxidative and nitrosative stress through different reactive radical species can 
contribute to airway inflammation and hyperresponsiveness in this murine 
asthma model.  
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Figure 6. (A) Tissue damping (G) and (B) tissue elastance (H) were measured with 
a forced oscillation technique (Prime 4 perturbation, Zrs measurements) before the 
maximum dose of MCh (i.v. delivery). Values are shown as mean ± SEM, ** p < 
0.01 ***, p < 0.001. 

Summary of paper III 
1) F2-isoprostanes were produced in a significant amount both in situ and 
biochemically on day 17 and day 24 but with different kinetics of 
appearance and disappearance in BAL and in situ in lung tissue. 
2) Nitrotyrosine and inflammation were linked, so that the inflammatory 
processes led to an increase in nitrotyrosine formation and vice versa.  
3) The formation and time-course of 8-iso-PGF2�, nitrotyrosine, and tissue 
damage were associated with increased inflammation and a more 
heterogeneous airway airflow. This study demonstrated a link between 
airway physiology and the involvement of oxidative stress pathways in vivo. 

Paper IV- Concomitant administration of nitric oxide and 
glucocorticoids provides improved protection against 
bronchoconstriction in a murine model of asthma. 
Glucocorticoids are a major medication in asthma but they are also 
associated with side effects and steroid resistance 169. GC resistance is a 
major setback in the treatment of asthma and we see a great need for new 
strategies to increase the therapeutic effect of GC treatment in a large cohort 
of patients, e.g. asthmatic and COPD patients who are not responding to GC 
treatment. Evidence is increasing concerning points of interaction between 
NO and the effector pathways of glucocorticoids 187-189, 204-208. Combining 
ovalbumin and LPS has previously been described in murine models to 
making animals less responsive to glucocorticoids 236, 237, however no studies 
have previously studied the concomitant treatment of GC and NO in this 
kind of murine model of asthma. In this study, we characterized the interplay 
between glucocorticoids and nitric oxide and their effects on airway function 
in murine models of airway inflammation by using three different asthma 
models; OVA, LPS and a combination of OVA and LPS. We have 



 43

characterized the lung histology of these different groups and, in all three 
models of inflammation, the lungs displayed circulatory changes and cellular 
inflammatory infiltrates of varying severity. The OVA/LPS group showed 
the most severe lesions, closely followed by the OVA group, while the LPS 
group had the mildest lesions. Animals in the severe inflammation group 
(OVA/LPS) had no further increase in airway reactivity compared to animals 
with acute inflammation (OVA). LPS-challenged groups had the lowest 
maximum airway reactivity. Administrating of LPS together with OVA may 
cause a dose-dependent inhibition of OVA-induced hyperresponsiveness 41, 
since we have seen in our animals that an OVA/LPS challenge did not 
further increase the airway reactivity more than in other studies in our 
laboratory (papers I-III). 

Glucocorticoids were given before each challenge to attenuate the airway 
inflammation and the MCh-induced bronchoconstriction. The response to 
GC-treatment varied between the groups. In both OVA and LPS groups, GC 
treatment decreased the maximum airway reactivity. Mice challenged with 
OVA/LPS showed no further increase in airway reactivity to methacholine 
than the OVA-challenged animals and the effect of NO-donors on airway 
resistance was similar in these groups, but GC had a smaller effect in the 
OVA/LPS group. Thus, challenging mice with OVA/LPS according to this 
protocol results in a model with reduced GC-sensitivity. OVA/LPS groups 
exhibited a strong increase in both neutrophils and eosinophils compared to 
the other groups. The OVA group exhibited increased levels of eosinophils 
and the LPS groups increased levels of neutrophils. We conclude that our 
combined OVA/LPS model resembles severe human asthma better than the 
more conventional OVA model. The OVA model is in many respects similar 
to acute asthmatic inflammation with e.g. eosinophilia and airway 
hyperresponsiveness whereas in the OVA/LPS model we also see a strong 
increase in neutrophils together with eosinophils, airway hyper-
responsiveness and a poor response to GC-treatment, which are some of the 
characteristics of severe asthma 238-240.  

In a recent publication from our laboratory 187, we reported interactions 
between NO and the glucocorticoid receptor (GR) in a porcine LPS 
inflammatory model. A combination treatment with GC and NO reduced the 
inflammatory response and prevented many of the pathological changes seen 
in lung histology. The combined treatment was strikingly more effective 
than either NO or GC alone. In the present study on mice with airway 
inflammation, we also find that the combination treatment of NO-donors and 
GC is more bronchoprotective than either treatment alone. This effect was 
seen when mice were challenged with OVA/LPS to induce airway 
inflammation, but there where was no enhanced effect of a combined 
GC+NO treatment in mice with either a pure OVA- or a LPS-induced airway 
inflammation. In a recent study on human subjects, Hållström et al 241 
employed low-dose LPS challenges in combination with 30 ppm inhaled 
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NO. They saw no changes in the plasma inflammatory response or any other 
advantageous effects of the combined treatment. It is conceivable that the 
beneficial effects on airway inflammation and airway function of combining 
NO and GC treatments might be species-dependent, but it is more probable 
that the dose of endotoxin and the timing of the NO administration may be 
important. It is interesting, although it seems very complex, that the 
combined treatment with NO donors and GC were effective in the OVA/LPS 
model but not in the OVA or LPS single challenge models. While 
speculating on the mechanism behind this, we can conclude that this 
reduction in GC-sensitivity is counteracted by a concomitant treatment with 
NO. A further investigation of the effects of NO on these three different 
inflammatory models showed other differences among the groups. The NO-
donor SNP was much less potent in LPS-challenged mice, than in the OVA 
and OVA/LPS groups. With regard to peripheral lung mechanics, the LPS 
group also differed from the OVA and OVA/LPS in the response to GC 
treatment. Although they showed a good effect against bronchoconstriction, 
measured as the methacholine-induced increase in airway resistance, 
subjects in the LPS-challenged group showed no improvement at all in tissue 
damping (G) or tissue elastance (H) after GC treatment. Since both OVA- 
and OVA/LPS-challenged subjects show a strong improvement in both G 
and H after GC treatment, we speculate that OVA may in fact protect against 
this LPS-induced lack of peripheral improvement in airway function.  

A previous study by Komlósi and colleagues showed that murine AHR 
became largely steroid-resistant after LPS-priming before the start of an 
OVA challenge 242. Both OVA- and LPS-challenges increase iNOS and 
decrease cNOS, changes which are inhibited by a combined OVA/LPS 
challenge 243, 244 and another study 41 suggests that OVA/LPS combination 
treatment does not increase iNOS and decrease cNOS. If this is true, a 
mechanism behind the combined effect observed in our OVA/LPS mice 
could possibly be that the exogenous NO may still work since it overrides 
the iNOS/cNOS stage and directly increases cellular NO. We tested a 
guanylate cyclase inhibitor, ODQ, in GC+SNP-treated OVA/LPS-mice. The 
results indicated that the effect of NO on GC-treatment is mediated through 
cGMP-independent mechanisms. A major target of NO may also be an event 
called S-nitrosylation 130, 146. Some of the beneficial effects of S-nitrosylation 
are relaxation of pulmonary vascular smooth muscle, and relaxation of 
airway smooth muscle 125-127. In asthma there may be an imbalanced 
nitrosylation system and recent evidence suggests that increased levels of 
NO in asthmatic airways are beneficial to airway function if NO retains its 
S-nitrosylation ability 147. 

In the present study, we investigated the effect of NO-donors and NO gas 
on glucocorticoid receptor (GR) protein expression and GR translocation to 
the nucleus and, taken together, the results of the protein analyses suggest 
that NO affects nuclear translocation of the glucocorticoid receptor. This 
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may be one possible explanation of the increased potency of GC after 
concomitant treatment with NO. There may however be other explanations 
and the mechanisms behind this require further investigation. 

A novel class of anti-inflammatory drugs, the nitro-steroids, has been 
described previously 192, 201, 245, 246. Nitro-steroids, a covalently binding of a 
nitroxy group (NO) to a glucocorticoid, have resulted in improved 
pharmacological properties of various types of glucocorticoids 192, 201, 245, 246. 
One of the nitro-steroids, NCX-1015, is a derivative of the glucocorticoid 
prednisolone with a chemical moiety able to release NO 192, 246. The nitro-
steroid, NCX-1015, had a higher anti-inflammatory potency than 
prednisolone itself. These authors 246 also presented data suggesting that one 
mechanism by which this may be mediated is through an enhanced 
activation of the GR. Later they suggested that it was specific nitration of 
tyrosine residues in the GR leads to the enhanced effect of this steroid 
derivate 192. In the present study, we have investigated nuclear translocation 
of GR which is one of several events affected by increased nitration of the 
GR. Based on our findings, we speculate that in our OVA/LPS model, in fact 
is not unlikely that there is nitration of the GR by NO. We base this 
hypothesis on the greater efficiency after GC+NO treatment than after either 
GC or NO alone, the fact that this effect is cGMP-independent, and that we 
see an increased nuclear translocation of GR after NO treatment. Steroids are 
known to modulate GR expression in vivo 247, 248 and there is a down-
regulation of GR� expression in vivo and in vitro after GC-treatment 249. In 
line with this, we detected in the present study a down-regulation of GR� in 
lung tissue from GC-treated animals with airway inflammation.  

We see a potential for finding new strategies to increase the therapeutic 
effect in patients that are poor responders or resistant to GC treatment. 
Evidence is increasing concerning points of interaction between NO and the 
effector pathways of glucorticosteroids. To find these new pathways, it is 
necessary to combine well-established methods with the development of new 
versatile and more specific experimental models of airway inflammation. 

Summary of paper IV 
1. Inhaled NO-donors provided protection against MCh-induced 

bronchoconstriction. In LPS-challenged mice, inhaled SNP did not have 
any significant effect in protecting against the maximum airway 
reactivity seen in OVA and OVA/LPS groups. 

2. In a combined endotoxin and ovalbumin murine model of asthma, the 
concomitant administration of GC and NO-donors provided protection 
against MCh-induced bronchoconstriction to a much higher degree than 
either of the treatments alone. The effect of NO in GC-treated OVA/LPS 
mice was cGMP-independent and we speculate that NO may achieve 
this effect through S-nitrosylation of GR.  
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General discussion 

In this work, we have explored and further expanded the understanding and 
usefulness of measuring lung mechanics in mice and have shown that it is 
essential to measure the lung function in mice in order to establish the 
relevance of murine models to human lung disease. It should be borne in 
mind that it is difficult to compare mice and man directly. The asthma 
models are very suitable for modeling traits associated with asthma although 
they cannot model the entire asthma phenotype 250, 251. The major hallmarks 
of asthma are airway inflammation and hyperresponsiveness. Both these 
characteristics have a multigenic and complex origin, including both internal 
and external factors, and they are therefore difficult to simulate in any 
animal model. In spite of these difficulties, murine models of human asthma 
have been widely used and many therapeutic targets have been derived from 
investigations in murine models such as cytokine/chemokine targets or their 
receptors, signaling molecules, mediator inhibitors, and others 24. There are 
many protocols for inducing airway inflammation in order to study acute and 
chronic inflammation and the endpoint is to have a model that is relevant to 
asthmatic patients that have been repeatedly exposed to an allergen 24, 252. 
There are both pros and cons 24, 27, 28, 253-258 for the use of mice as an asthma 
model instead of clinical trials. Mouse models have the advantage of short 
experimental cycles, and it is easy to study them over time in a controlled 
environment under controlled conditions. They allow for convenient 
specimen collection and there is a broad range of different transgenic mouse 
models that permit the investigation of pathways for many diseases. A 
disadvantage is that it is difficult to make direct comparisons 254. There are 
significant differences depending on the sensitization and challenge protocol, 
on the parameters of airway function monitored, and on strain differences. 
Another disadvantage is that mice may develop tolerance and 
immunosuppression which does not replicate human pathology, during long-
term OVA-challenge 27, 28 which we may have seen in paper II. Many studies 
have defined critical pathways using genetically modified animals, 
knockouts, or transgenics. However, when targeted by antibodies or other 
inhibitors, different results are often encountered. We have to remember that 
mice do not suffer from asthma, and hyperresponsiveness in mice is not 
necessarily equal to hyperresponsiveness in man 23, 24, 28, 254-258. In spite of the 
limitations of murine asthma models, their obvious advantages have driven 
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us to further develop the methods and protocols to improve and increase the 
similarities to human asthma 24, 27, 28, 254-258(papers I-IV). 

The assessment of AHR in mice is not trivial and all techniques are not 
equally poised to give precise and reproducible measurements 62. The 
methods we have used to measure lung mechanics provide a robust and 
detailed assessment of the lung physiology. In these studies, we have used 
methods to measure lung physiology that provide values for overall lung 
resistance and compliance and also methods that have the potential to 
separate the mechanical parameters of the central airways from those of the 
lung periphery. However, it is not easy to decide which structures constitute 
the central compartments of the lung and where the peripheral airways 
begin, and the dominant causes of airway hyperresponsiveness are still under 
investigation despite years of intensive research into the pathophysiology of 
asthma 54. Our results from experiments on lung mechanics imply that it is 
important to understand how altered lung mechanics can affect the airway 
physiology in order to assess the relevance of different animal models to 
asthma (paper II). It is also important to consider the choice of strain 
because some strains are more airway hyperresponsive to e.g. methacholine 
than other strains, as we have seen in paper I.  

In these studies, we have used different techniques to induce airway 
inflammation in mice, primarily involving models that resembles asthmatic 
conditions e.g. eosinophilia and increased airway reactivity. We have 
described both an ovalbumin model for acute inflammation (papers I-IV) 
and a model for chronic inflammation and from our results in paper II, we 
have drawn the conclusion that our chronic inflammatory model resembles 
human asthma better than acute models. The reasons for this is that there is a 
more pronounced peripheral inflammation in the lung after chronic 
ovalbumin challenge and that the deep inhalations did not have any 
bronchoprotective effects in the central airways. In our chronic model of 
airway inflammation we did not see any hyperresponsiveness, although we 
did see pronounced peripheral inflammation, inflammatory cells and an 
inflammatory profile. In human studies, submucosal thickening due to 
airway remodeling has been said to exert a protective role against airway 
narrowing 259, 260. In similar protocols, chronic inflammation and remodeling 
were seen to involve peripheral airways, in contrast to acute inflammation 
that mainly involved proximal airways 32. A decrease in airway reactivity 
after a long-term chronic OVA-protocol could be because these animals 
induced a tolerance against OVA 261 and this could lead to a decreased 
responsiveness to MCh.  

We also describe a more severe model of asthma in paper IV. The acute 
airway inflammation model (OVA) is similar to asthmatic inflammation e.g. 
eosinophilia and airway hyperresponsiveness, but in our OVA/LPS model 
we see a strong increase in both neutrophil and eosinophil cell counts, 
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airway hyperresponsiveness and a poorly response to glucocorticoid-
treatment which are some of the characteristics of severe asthma 238-240. 

Most investigations of murine models of airway inflammation have 
focused on bronchial responsiveness and the remodeling of more central 
airways. Recent reports show that the peripheral airways and parenchyma 
play a more important role in pathophysiology than has been previously 
supposed 58, 217. Inflammation of distal airways and lung parenchyma directly 
affects lung physiology by increasing tissue elastance and resistance, as well 
as by elevating pulmonary elastance 33. External bronchoconstrictor agonists 
can simulate asthma responses, and the mode of administration and type of 
spasmogen can have different effects on the lung mechanics. Previous 
studies have shown that the increase in airway reactivity in OVA-inflamed 
mice is entirely due to exaggerated closure of peripheral and small airways 
43, 58, 217. Increased airway closure throughout the lung may lead to greater 
heterogeneity and that more sensitive regions may become extremely 
constricted or even more atelectatic, while adjacent regions can be 
hyperinflated after bronchoconstrictor agonists 52, 219-222 as we have shown in 
paper I.  

The research described in this thesis contributes to an increased 
knowledge of lung mechanics, airway inflammation and murine asthma 
models. Furthermore, it has increased our understanding of isoprostanes and 
the interactions between glucocorticoid treatment and nitric oxide in 
different murine models of asthma, although there are of course many areas 
that need further research. When we induce airway inflammation in mice, 
this may lead to the release of pro-inflammatory mediators and free radicals 
that will promote inflammation and generate oxidative modification of 
tissues as we have seen in paper III 15-18. Nitric oxide and its radicals may be 
toxic to airway tissues and may increase inflammation and airway 
hyperresponsiveness in asthmatic patients, as we may have seen in paper III 
but, on the other hand, NO attenuates bronchoconstriction and airway 
reactivity and may therefore have beneficial effects on pulmonary function 
in asthmatic persons. In contrast, as we have seen in paper IV, NO is 
bronchoprotective in the lung and NO could perhaps be induced during 
inflammation to attenuate the inflammation and provide protection against 
this exaggerated closure of peripheral and small airways. Previous studies 
have seen that NO is bronchoprotective both in healthy animals and in 
animals with airway inflammation and that NO has both central and 
peripheral beneficial effects throughout the lung 31, 106, 262-266. Other beneficial 
effects of NO on airway inflammation are, as we have seen in paper IV, that 
concomitant treatment with NO and glucocorticoids provided protection 
against increased airway reactivity to a higher degree than either treatment 
alone. Taken together, the results from papers III and IV regarding nitric 
oxide show that NO is involved in airway inflammation although the 
patterns of interaction between NO and inflammatory pathways seem 
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complex. It has long been debated whether NO is beneficial or detrimental to 
airway function, and if NO is a pro- or anti-inflammatory mediator, or 
merely a by-product of inflammation. NO has many functions and is 
involved in many cascades and may act through S-nitrosylation and, as long 
the S-nitrosylation balance is steady in the airways, NO appears to be 
beneficial to airway function and anti-inflammatory 147. It would be 
interesting to continue to investigate the role of NO in airway inflammation 
and oxidative stress, and it would also be interesting to further understand 
the role of the balance of S-nitrosylation capacity in airway inflammation. 
Could NO possible play a protective role in airway inflammation. We also 
want to continue to investigate the roles of NO and S-nitrosylation by 
undertaking a more molecular and cellular approach to investigate the 
mechanisms of NO-improved glucocorticoid efficacy. Furthermore, it would 
be interesting to expand the last study with experiments using different time-
and dose-protocols for NO treatment. There are many suggested points of 
interaction between glucocorticoid pathways and NO due to nitrosative 
stress or S-nitrosylation, to investigate e.g. ligand binding 188, 189, dissociation 
from molecular chaperones 204, translocation to the nucleus 204, 207, DNA-
binding 207, or histone deacetylation 208. Another interesting aspect to 
investigate would be the use of nitro-steroids in our model of severe asthma. 
The administration of nitro-steroids has resulted in improved 
pharmacological properties of glucocorticoids in COPD-models and has 
been seen to have anti-inflammatory and bronchodilatory properties 192, 245, 

246.  
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Conclusions 

This thesis is focused on how to use and interpret murine models of airway 
inflammation and models for measuring the effects of lung physiology and 
lung mechanics. With the information presented in this thesis, we hope to 
contribute to the development of better experimental tools for investigating 
the underlying pathophysiology of asthma and hopefully to the finding of 
new potential targets for better therapies in airway inflammation and asthma. 
 
1. The effects of methacholine on a murine airway and the physiological 

response depend on the administration route. Intravenously 
administrated methacholine led to a more homogeneous and marked 
airway constriction and less tissue distortion than inhaled methacholine. 

2. The presence of deep inhalations may blunt bronchoconstriction of 
central airways in healthy mice and in acute airway inflammation, but 
not when chronic inflammation is present. Our results indicate very 
potent protective effects of deep inhalations in the peripheral parts of the 
chronically inflamed murine lung and it is conceivable that this could 
also play a major role on overall pulmonary health in asthma patients.  

3. This thesis shows that oxidative and nitrosative stress through different 
reactive radical species can contribute to airway inflammation and 
hyperresponsiveness in asthma. Our results show that the formation and 
time-course of 8-iso-PGF2�, nitrotyrosine and tissue damage are 
associated with the degree of inflammation, and more heterogeneous 
airway airflow.  

4. By investigating the interplay between glucocorticoids and nitric oxide 
and their effects on airway function in murine models of asthma, we 
found that nitric oxide protected against methacholine-induced airway 
reactivity in mice with airway inflammation. In a combined endotoxin 
and ovalbumin murine model of asthma, concomitant administration of 
glucocorticoids and nitric oxide-donors provided protection against 
methacholine-induced bronchoconstriction to a much greater extent than 
either of the treatments alone. The effect of nitric oxide in 
glucocorticoid-treated OVA/LPS mice was cGMP-independent and we 
speculate that nitric oxide may achieve this effect through S-
nitrosylation of the glucocorticoid receptor.  



 51

A general conclusion drawn from these studies is that when deciding on a 
murine asthma model, it is important to consider the choice of strain. We 
have used different models to induce airway inflammation in mice, primarily 
involving methods of inducing airway inflammation that resemble asthmatic 
inflammation. There are many pros and cons of using animal models and we 
hope that these studies will help other investigators to make better choices 
when designing their protocols.  
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Summary in Swedish 

Lungmekanik och luftvägsinflammation i djurmodeller för 
astma.  
Astma är en folksjukdom och i Sverige har 5-10% av befolkningen astma i 
varierande svårighetsgrad och antalet astmatiker ökar kontinuerligt. 
Sjukdomen kännetecknas av luftvägsinflammation och luftvägsobstruktion i 
varierande grad. Astma påverkar både övre och nedre luftvägarna och 
inflammation i luftvägarna är den främsta orsaken till de andningsproblem 
som drabbar patienter med astma. Astma utlöses av olika stimuli, till 
exempel av allergen såsom pollen och kvalster. En av de vanligaste 
astmabehandlingarna är anti-inflammatorisk behandling med kortiko-
steroider. Förekomsten av kvävemonoxid (NO) kan uppmätas i patienternas 
utandningsluft och halten har föreslagits vara en användbar markör både för 
att upptäcka luftvägsinflammation och för att utvärdera effekten av 
terapeutiska behandlingar. NO vidgar luftvägarna genom att verka 
avslappnande på muskulaturen och är även en viktig signalsubstans. Vid 
inflammation ökar halterna av NO men varför vet man inte idag. NO har 
visat sig både vara anti-inflammatorisk och även skapa inflammation genom 
att bland annat reagera med syre och bilda reaktiva radikaler. 

Denna avhandling fokuserar på lungornas mekaniska egenskaper och 
studierna baseras på olika djurmodeller som efterliknar allergisk astma hos 
människa. Avhandlingen har även haft fokus på metodutveckling för studier 
av lungmekanik hos möss. Möss som en djurmodell är idag ett framgångsrikt 
verktyg för att förstå processer som leder fram till sjukdom hos människor. 
Man ska komma ihåg när man arbetar med modeller av sjukdomar att det 
inte är mer än modeller. Genom att försöka få sin djurmodell att efterlikna 
den mänskliga situationen så nära som möjligt kan man undersöka 
mekanismerna bakom sjukdomen. I denna avhandling beskrivs ett antal 
modeller för att studera olika grader av luftvägsinflammation.  

Vi använder oss av en smådjursrespirator, FlexiVent, där lungmekaniken 
mäts genom vanlig lungmekanik och forcerad oscillationsteknik. Genom 
vanlig lungmekanik får man ut olika variabler som bland annat beskriver 
lungans luftvägsmotstånd och tänjbarhet. Den forcerade oscillationstekniken 
ger en stor precisionsmätning av lungmekaniken i både centrala och perifera 
delar av luftvägarna. En mängd olika luftvägsfysiologiska mätningar kan 
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utföras, man kan till exempel ge djuret ämnen som drar samman, vidgar eller 
på annat sätt påverkar luftvägarna eller de inflammatoriska cellerna.  

I delarbete I, använder vi oss av två olika musstammar med och utan 
luftvägsinflammation. Vi har vidareutvecklat mätningen av luftvägs-
fysiologin hos möss samt undersökt skillnader på olika sätt att ge 
bronksammandragande ämnet metakolin. Denna studie visade att det var stor 
skillnad på om man gav metakolin intravenöst eller inhalerat. 

I delarbete II, beskrivs en modell för att undersöka effekter av djupa 
andetag. Genom att ge djupa andetag får man en skyddande effekt mot 
sammandragning av bronkerna. Patienter med astma har beskrivits sakna 
eller ha mindre bronkskyddande effekt av djupa andetag. I denna studie 
beskriver vi effekterna av djupa andetag på friska djur och på djur med olika 
grader av luftvägsinflammation. 

I delarbete III, har vi gjort lungfysiologiska mätningar och gjort 
uppskattningar på graden av inflammation samt graden av oxidativ stress i 
muslungan. Det finns ett samband mellan oxidativ stress och olika former av 
lungsjukdomar såsom astma och kroniskt obstruktiv lungsjukdom. 
Isoprostan är en markör för oxidativ stress som kan mätas i olika 
kroppsvätskor som till exempel plasma samt utandningsluft. Vi fann ett 
samband mellan graden av inflammation och nivån av isoprostaner i vår 
djurmodell. 

I delarbete IV, har vi undersökt effekten av NO och steroidbehandling i 
en musmodell för astma. Trots att utandat NO idag används i kliniken som 
en viktig markör för astma, så kvarstår många frågor om NOs roll i 
luftvägarna. Tyvärr svarar inte alla patienter väl på behandlingen med 
kortikosteroider och en del astmatiker är steroidresistenta. För att undersöka 
NOs roll i inflammationen har vi använt oss av en musmodell som svarar 
sämre på glukokortikoidbehandling. Vi fann att genom att administrera NO 
till djur som svarar dåligt på glukokortikoider, erhålls ett bättre svar på 
behandling av glukokortikoider 

Syftet med denna avhandling är att skapa en bättre förståelse av 
mekanismerna bakom luftvägsinflammation och allergisk astma genom att 
använda lungmekanik och smådjursmodeller och att forskningen ska leda till 
ökad kunskap om de komplexa sambanden mellan kvävemonoxid och 
inflammation.  
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