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“Inom vetenskapen handlar det också om att uppfatta och tolka en värld som tycks 

ligga helt utanför våra inom-världsliga erfarenheter och möjligheter – en bortom-

mänsklig över-verklighet, som de vetenskapliga teorierna bara kan ge antydningar om. 

Världen är ju inte skapad av oss utan har tillkommit utan vår medverkan eller insikt. Vi 

når den bara genom partiella beskrivningar och liknelser eller aningar.” 

 

Lars Gyllensten  

  



 

 

ABSTRACT 

Asthma is an inflammatory disease of allergic or non-allergic genesis characterized by intermittent 

reversible airway obstruction and variable degrees of persistent airway hyperresponsiveness (AHR). 

Increase in AHR likely arises from augmented airway inflammation, such as associated with a late airway 

response. Hallmarks of allergic inflammation are leukocyte accumulation in the lung, increased levels of 

nitric oxide (NO) in exhaled air, and changes such as airway smooth muscle contraction and oedema, 

leading to airflow limitation and AHR.  The mechanisms behind AHR are not fully understood but 

involvement of various cells, including inflammatory cells and neuronal cells, and mediators, such as 

neurotrophins have been suggested.  

 The overall aim of this thesis was to identify novel targets to treat AHR and airway inflammatory 

diseases. A specific focus was to determine whether the neurotrophins nerve growth factor (NGF) and 

brain-derived neurotrophic factor (BDNF) have a role in development of AHR and, if so, how this is 

mediated. Another was to further understand how leukocyte recruitment to the lung develops during 

allergic asthma. 

 A model for measurement of airway responses and their relationship with changes in pulmonary 

mechanics and exhaled NO in animals in vivo was established. By using this model in guinea pigs, the 

neurotrophins NGF and BDNF were shown to increase the bronchoconstricting response evoked by 

histamine and the tachykinin neurokinin A (NKA). The NGF- and BDNF-induced increase in airway 

responses in vivo was accompanied by decreased levels of NO in exhaled air. This suggests that NGF and 

BDNF may be mediators responsible for development of airway hyperresponsiveness. Blockade of the 

histamine H1-receptor by mepyramine abolished the NGF-induced AHR to NKA. When endogenous NO 

production was inhibited BDNF induced an earlier histamine-evoked increase in airway responses. In 

sensitized rats, blockade of the cell adhesion molecule integrin α2 by inhaled antibodies prevented 

allergen exposure-induced recruitment of eosinophils and neutrophils to the airways, inhibited the 

increase in pro-inflammatory cytokines in broncheoalveolar lavage fluid and abolished inflammation-

induced increase of NO in exhaled air. 

 The findings indicate that neurotrophins, including NGF and BDNF, which in asthma are 

increased in blood and airways, have an important role in development of AHR. Mast cells located in the 

airway mucosa are suggested to have a central role in the NGF-evoked AHR. NGF may facilitate the 

mast cells and make them more sensitive to NKA, resulting in NKA-induced mast cell degranulation and 

histamine release and an increased airway response caused by both NKA and histamine. These findings 

add support for an important role of neuro-immune cross talk in development of airway 

hyperresponsiveness in inflammatory airway diseases. Endogenous NO seems to exert a braking action 

on BDNF-induced enhancement of airway responses and a reduced ability to release NO may be one 

mechanism for AHR during elevated NGF or BDNF levels. Local administration of anti-α2 integrin 

antibody prevented allergic airway inflammation, likely by inhibition of leukocyte migration to the 

airways. 

 Novel strategies to treat AHR and airway inflammation might evolve from further understanding 

of the roles of neurotrophins, NO and integrins, based on findings in this thesis. 



 

 

LIST OF ORIGINAL PUBLICATIONS 

 

I.  Friberg, S.G*., Bennedich Kahn, L*., Agvald, P., Gustafsson, L.E. 

Comparison between effects of intravenous and nebulized histamine in 

guinea pigs: Correlation between changes in respiratory mechanics and 

exhaled nitric oxide.  

Eur J Pharmacol, 2006;547(1-3):143-51. 

 

 

II.  Bennedich Kahn, L., Gustafsson, L.E., Olgart Höglund, C. 

Nerve growth factor enhances neurokinin A-induced airway responses 

and exhaled nitric oxide via a histamine-dependent mechanism. 

Pulm Pharmacol Ther, 2008;21(3):522-32 

 

 

III.  Bennedich Kahn, L., Gustafsson, L.E., Olgart Höglund, C. 

Brain-derived neurotrophic factor enhances histamine-induced airway 

responses and changes levels of exhaled nitric oxide in guinea pigs in vivo. 

Eur J Pharmacol, 2008;595(1-3):78-83 

 

 

IV.  Bennedich Kahn, L., Didon, L., Gustafsson, Å., Gustafsson, L.E., Werr, J., 

Lindbom, L. 

Essential role of integrin alpha2beta1 in acute inflammation in 

experimental asthma.  

Submitted. 

 

 

 

* Equal contribution to the study. 

 



 

 

CONTENTS 

 

LIST OF ABBREVATIONS 

1 INTRODUCTION .................................................................................. 1 

1.1 Physiology of the airways ......................................................................................... 1 

1.2 Nerve mediated control of the airways................................................................ 2 

1.3 Pathophysiology of asthma .................................................................................... 5 

1.4 Airway responsiveness .............................................................................................. 7 

1.5 Measurements of airway responses ................................................................... 10 

1.6 Neurotrophins .......................................................................................................... 11 

1.7 Nitric oxide ............................................................................................................... 13 

2 AIMS .................................................................................................. 16 

3 MATERIALS AND METHODS ............................................................. 17 

3.1 General ..................................................................................................................... 17 

3.2 Isolated trachea in vitro ......................................................................................... 17 

3.3 Animal studies in vivo ............................................................................................. 18 

3.4 Pulmonary mechanics and exhaled NO in vivo ............................................... 19 

3.5 Biochemical and histological measurements ................................................... 21 

3.6 Statistics ..................................................................................................................... 22 

4 RESULTS AND DISCUSSION .............................................................. 23 

4.1 Implications of chosen  methods for outcomes of airway responses (I-II) ... 23 

4.2 Neurotrophins as modulators of airway physiology (I-III) .................................. 27 

4.3 Identifying the pathways for neurotrophin-evoked  

airway hyperresponsiveness (I-III) .......................................................................... 32 

4.4 Leukocytes recruitment and airway inflammation (IV) .................................... 34 

5 GENERAL DISCUSSION .................................................................... 38 

6 CONCLUSIONS ................................................................................ 48 

7 SUMMARY IN SWEDISH .................................................................... 49 

8 ACKNOWLEDGEMENTS ................................................................... 50 

9 REFERENCES ..................................................................................... 53 

 

APPENDIX (paper I-IV) 



 

 

LIST OF ABBREVIATIONS 

ACE 

AHR 

BALF 

BDNF 

CINC-1 

cNOS 

cGMP 

COPD 

ELISA 

eNANC 

eNOS 

FENO 

ICAM-1 

IFN-γ 

IgE, IgG 

IL-1β, IL-4, IL-5, IL-6 

iNANC 

iNOS 

i.p. 

i.v. 

L-NAME 

mAb 

NEP 

NGF 

NK 

NKA 

nNOS 

NO 

NT-3, NT-4, NT-5 

OVA 

p75
NTR

 

PEEP 

PMN 

ppb 

ppm 

sGC 

SP 

Th2 

TNF 

TrkA,TrkB 

VCAM-1 

VIP 

angiotensin converting enzyme 

airway hyperresponsiveness 

bronchoalveolar lavage fluid 

brain-dervied neurotrophic factor 

cytokine-induced neutrophil chemoattractant-1 

constitutive nitric oxide synthase 

cyclic guanosine 3‟,5‟-monophosphate 

chronic obstructive pulmonary disease 

enzyme-linked immunosorbent assay 

excitatory non-adrenergic non-cholinergic nerve 

endothelial nitric oxide synthase 

fraction of exhaled nitric oxide 

intercellular adhesion molecule-1 

interferon-γ 

immunoglobulin E, immunoglobulin G 

interleukin-1β, interleukin-4,interleukin-5,interleukin-6 

inhibitory non-adrenergic non-cholinergic 

inducible nitric oxide synthase 

intraperitoneal 

intravenous 

N
ω
-nitro-L-arginine methyl ester 

monoclonal antibody 

neutral endopeptidase (enkephalinase) 

nerve growth factor 

neurokinin 

neurokinin A 

neuronal nitric oxide synthase 

nitric oxide 

neurotrophin-3, neurotrophin-4, neuotrophin-5 

ovalbumin 

pan-neurotrophic receptor 

positive end-expiratory pressure 

polymorphonuclear cell 

parts per billion 

parts per million 

soluble guanylate cyclase 

substance P 

T helper cells type 2 

tumor necrosis factor 

tyrosine kinase receptor A, tyrosine kinase receptor B 

vascular adhesion molecule-1 

vasoactive intestinal polypeptide 

  

 



Neurotrophins and NO in Relation to Airway Responses Introduction 

  1 

1 INTRODUCTION 
1.1 PHYSIOLOGY OF THE AIRWAYS 

Functional anatomy 

The respiratory system supplies the body with oxygen through inhalation of air and by 

exhalation eliminates the carbon dioxide produced by cells. The respiratory tract 

consists of the upper airways, including the oral cavity, nose, pharynx, larynx and the 

lower airways which extend from the trachea down to the alveolar sacs. The inhaled air 

is transported through the upper and lower airways (conducting zone) to the respiratory 

bronchioli and alveoli where the gas exchange occurs by diffusion (respiratory zone) 

(Fig. 1.1.1). A widely accepted model of the tracheobronchial tree remains that of 

Weibel who numbered the generations of air passages in the lower airways from 

generation 0 (the trachea) down to generation 23 (the alveolar sacs) (Weibel, 1997) 

(Fig. 1.1.1). The number of passages in each generation is double that of the previous 

generation and indicate that the air passes from one trachea via two main bronchi etc. 

down to the alveolar ducts from where the alveolar sacs and alveoli arise (Fig. 1.1.1) 

(Weibel, 1997).  

 

 

 

Fig. 1.1.1. The branches of the tracheobronchial tree (left) and the model of Weibel of the branching 

pattern in humans (right). Inspired by Rhoades and Tanner (1995). 
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The trachea and bronchi are kept open by cartilaginous support in their walls allowing 

the continuous passage of air. Beyond the 11th generation (bronchioles) the air 

passages are directly embedded in the lung parenchyma and the elastic recoil holds the 

air passages open at higher lung volumes, while beyond this level reversed transmural 

pressure causes airway closure during reduced lung volumes and high levels of airflow. 

The first 11 generations of the airways are characterized by airway smooth muscle cells 

present in the airway wall. Activation of airway smooth muscle is the first step in 

airway narrowing where the resulting contraction of smooth muscle reduces the airway 

lumen (Moreno et al., 1986). Reduction of the airway lumen by smooth muscle 

contraction is relevant in asthma and may compromise normal passage of air in the 

airways. The airway smooth muscle cells are protected against stimulation from inhaled 

irritants by the airway epithelium that acts as a physical barrier between the 

environment and the structures of the lung (Fig. 1.1.2). Damage of the epithelium 

leading to loss of the epithelium has been suggested to potentiate the 

bronchoconstrictor effect of histamine, metacholine, serotonin, and allergen, as evident 

from studies of tracheal smooth muscle contractions in vitro (Hay et al., 1986; Nijkamp 

et al., 1993; Spicuzza et al., 2002). This is relevant in asthma where airway epithelium 

is often damaged which can worsen the airway obstruction by increased airway smooth 

muscle contraction, increased mucus production and oedema (Pauwels et al., 1990), 

conditions that may reduce airway lumen and interrupt normal air passage. Activation 

of mast cells, sensory and motor nerves, as well as of invading inflammatory cells 

contribute in these processes.  

 

1.2 NERVE MEDIATED CONTROL OF THE AIRWAYS 

Cholinergic nerves 

The cholinergic nerves constitute the major system of importance in the control of 

airway smooth muscle tone in the healthy lung under normal conditions (van der 

Velden et al., 1999). Cholinergic reflex bronchoconstriction may be present due to 

stimulation of sensory neurons in the bronchial epithelium by direct stimuli or indirect 

stimuli, such as cytokines and mast cell-derived mediators (Barnes, 1991) (Fig. 1.1.2). 

Efferent nerves, with local ganglia in the airway walls, release acetylcholine to act on 

muscarinic receptors localized to smooth muscle cells, epithelium and to submucosal 

glands in the airway. The stimulatory effect of acetylcholine causes 

bronchoconstriction by activation of muscarinic M3 receptors and mucus production by 
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activation of muscarinic M1 and M3 receptors. Stimulation of M3 receptors present on 

epithelial cells might also cause vasodilatation in the airways through release of the 

relaxing factor NO. The release of acetylcholine from cholinergic nerves is limited by 

stimulation of the pre-junctional muscarinic M2-autoreceptor, thereby limiting the 

bronchoconstriction (Fig. 1.1.2).  

 

 

 

Fig. 1.1.2.The airway mucosa. The airway epithelium and lining fluid protects the underlying structures 

including sensory neurons and airway smooth muscle cells from irritants and subsequent 

bronchoconstriction. Mast cells are located in the mucosa, airway epithelium and closely to sensory 

eNANC neurons in the airways. β2, adrenergic receptor; H1, histamine receptor; M1, M2, M3, muscarinic 

receptors; NK, neurokinin receptor; NO, nitric oxide; PMN, polymorphonuclear cell; VIP, vasoactive 

intestinal polypeptide. See text for details. 

__________________________________________________________________________________________________________ 

 

Adrenergic nerves 

The sympathetic system is poorly represented in the lung (Richardson et al., 1979; van 

der Velden et al., 1999). The main transmitter in the adrenergic postsynaptic neurons is 

noradrenaline and the airway smooth muscle cells express β2-adrenergic receptors that 

are highly sensitive to circulating adrenaline (Fig 1.1.2.). Stimulation of the β2-

adrenergic receptors relaxes smooth muscle and counteracts bronchospasm. Hence, the 

adrenergic nerves might contribute to the airway calibre via humoral control, 

particularly in disease. 
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Non-adrenergic-non-cholinergic nerves 

In addition to the classical cholinergic and adrenergic nerves, neural pathways which 

are neither adrenergic nor cholinergic (NANC) have been described in the airways 

(Barnes, 1991). Both excitatory (bronchoconstrictor) eNANC, and inhibitory 

(bronchodilator) iNANC, mechanisms have been demonstrated in airways of both 

humans and animals (Barnes, 1991). The efferent iNANC nerves run in the vagus and 

act on the airway smooth muscle where they cause relaxation of the bronchi by 

producing and releasing NO and VIP (Belvisi et al., 1992; van der Velden et al., 1999) 

(figure 1.1.2). The mediators released from the airway eNANC sensory nerves are 

predominantly the tachykinins SP and NKA which reduce airway calibre through 

airway smooth muscle constriction, mucus secretion and oedema (Lundberg et al., 

1984; Uchida et al., 1987; van der Velden et al., 1999). Tachykinins produce their 

effects by activation of specific surface receptors localized to smooth muscle cells of all 

airways from trachea to small bronchioles, and therefore may regulate the calibre of 

peripheral as well as central airways (Frossard et al., 1991). Three different tachykinin 

receptors have been characterized, NK-1 localized mainly to bronchial glands, vessels 

and epithelium, NK-2 on airway smooth muscle cells, mast cells and postganglionic 

parasympatic nerves and NK-3 which are expressed on parasympathatic ganglia 

neurons (Canning, 2006; Frossard et al., 1991; Hall et al., 1989; Mapp et al., 2000). 

Tachykinins are suggested to facilitate the cholinergic neurotransmission in the lungs 

through NK-2 and NK-3 receptors resulting in increased acetylcholine release in the 

ganglia synapse (NK-3) and increased acetylcholine release from the postganglionic 

nerve (NK-2) (Canning, 2006; Hall et al., 1989). Histological studies indicate a close 

association between the eNANC neurons and mast cells in the epithelium (Fig 1.1.2) 

where SP is suggested to influence the release of histamine from mast cells through the 

NK-2 receptor or through a non-receptor mechanism (Bienenstock et al., 1988; 

Frossard et al., 1991; Nilsson et al., 1990). In addition, histamine has been described to 

increase the activity in sensory neurons in the airways (Myers et al., 1995; Vidruk et 

al., 1977). 

 

Tachykinins can undergo degradation by two major enzymes, ACE and NEP (also 

known as enkephalinase). It is generally agreed that ACE is localized in endothelial 

cells and therefore breaks down intravascular peptides, while NEP metabolizes 

tachykinins in the tissue (Barnes, 1991). 
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1.3 PATHOPHYSIOLOGY OF ASTHMA 

Asthma 

Asthma is characterized by intermittent reversible airway obstruction, airway 

inflammation, airway hyperresponsiveness and damage of the airway epithelium. 

These are hallmarks of asthma regardless of non-allergic or allergic cause of the  

disease (GINA, 2007). The allergic response is initiated following exposure to allergen 

in individuals with high IgE-antibodies against the specific allergen. The high-affinity 

receptors FcεRI on the cell surface of mast cells and basophils are occupied by IgE 

antibodies. Allergen binding to the IgE antibodies induces a cross-linking of these 

FcεRI that activates the mast cell, leading to degranulation of the mast cell. One of the 

main substances released from the mast cells is histamine, others are leukotrienes, 

prostaglandins, interleukins and molecules acting chemotactic for leukocytes. These 

substances are together responsible for both an initial response and the sustained 

inflammatory reaction, referred to as an early and a late phase of the allergic 

inflammation response (Bloemen et al., 2007). 

 

Airway inflammation in asthma 

The allergic inflammation response in the airways is thus initiated by inhalation of 

allergen that binds to IgE on mucosal mast cells followed by degranulation of the mast 

cells that leads to acute airway inflammation (Bloemen et al., 2007). The early phase or 

the early airway response (the first hours following allergen exposure) is caused 

particularly by histamine released from the mast cells (Bingham et al., 2000). 

Histamine contracts the airway smooth muscle and increases vascular permeability 

through activation of the histamine H1-receptor and increases mucus secretion by 

stimulation of the histamine H2-receptor (White et al., 1988). This leads to decreased 

airway calibre and asthma-associated symptoms such as chest tightness and 

breathlessness. Also leukotrienes and prostaglandins are spasmogens responsible for 

the decreased airway calibre (Bloemen et al., 2007).  

 

The late phase appears several hours after allergen exposure and is associated with 

infiltration and activation of inflammatory cells in the lung, including eosinophils, 

neutrophils and lymphocytes (Kay, 1996). Leukocyte adhesion to vascular endothelium 

and migration from the bloodstream into the airway tissue is initiated by interactions 

between adhesion molecules expressed on the cell surfaces of leukocytes and 
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endothelium. The pro-inflammatory cytokines IL-1 and TNF produced following 

allergen challenge act on the endothelium to express ICAM-1 and VCAM-1, ligands 

for the integrin adhesion molecules expressed on leukocytes. Interaction between the 

endothelium and the leukocytes leads to “rolling” of leukocytes on the endothelium 

followed by adhesion of the leukocytes to the endothelium (Fig 1.3.1). As a result of 

stable adhesion and chemokine stimulation the leukocytes begin to migrate out between 

endothelial cells to the extravascular area and along the chemokine gradient to the site 

of inflammation. Histamine supports the late phase response by its capacity to increase 

blood flow leading to increased delivery of leukocytes to the site of inflammation 

(Akdis et al., 2006). Histamine also triggers the “rolling” of leukocytes along the 

endothelial surface by supporting expression of endothelial adhesion molecules (Akdis 

et al., 2006). Migrated leukocytes release different inflammatory mediators including 

cytokines, oxidants, proteases and bioactive lipids which may facilitate the recruitment 

of additional cells, amplifying the airway inflammation and may result in maintained 

airway inflammation, which is seen in the asthmatic disease (Kay et al., 1992; 

Kraneveld et al., 1997b). Maintained airway inflammation is referred to as chronic 

airway inflammation which may damage the structures of the airways and induce 

airway hyperresponsiveness and damage of the epithelium, hallmarks of asthma. 

 

 

 

 

Figure 1.3.1. Migration of leukocytes from blood to inflamed tissue. Left panel: Pro-inflammatory 

cytokines, including TNF and IL-1, stimulate the rolling of leukocytes on the epithelium, mediate stable 

adhesion, transmigration through the endothelium and tissue migration. ¥, integrin; ¤, lignad for integrin. 

Right panel: Migration of leukocytes from blood to extravascular areas in the lung of sensitized Brown 

Norway rats 6 hours after exposure to aerosolized allergen challenge (right). Giemsa staining. Se text for 

details. Right panel modified from paper IV.  
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1.4 AIRWAY RESPONSIVENESS 

Asthma and airway hyperresponsiveness 

 

“Airway hyperresponsiveness, 

the characteristic functional abnormality of asthma, 

results in airway narrowing in a patient with asthma 

 in response to a stimulus that would be innocuous in a 

normal person.” 

 GINA, 2007 

 

Persistent inflammation in asthma is of importance as a basis for perpetuation of 

symptoms and these are in most asthmatic patients dominated by an airway 

hyperresponsiveness that leads to episodes of wheezing, breathlessness, chest tightness 

and coughing caused by airway narrowing and airflow limitation to a stimulus that 

would be harmless in a normal person (GINA, 2007). Airway hyperresponsiveness is 

associated with both inflammation and physical changes in the airways. Allergen-

induced airway hyperresponsiveness is associated with the late airway phase and is 

suggested to arise from pulmonary inflammation (Elwood et al., 1992; Hargreave et al., 

1986). Physical changes such as increased smooth muscle contraction and oedema may 

increase the airway narrowing and airway responsiveness (Pauwels et al., 1990). In 

addition, several possible abnormalities in the nervous control of the airways have been 

suggested to contribute to the airway hyperresponsiveness in asthma (van der Velden et 

al., 1999). Facilitation of the sensory neurons by inflammatory mediators may be a part 

of what is known as neurogenic inflammation, contributing to enhanced 

bronchoconstriction to sensory stimuli, as evident from animal studies (Barnes, 1991). 

Asthmatics exhibit increased release of acetylcholine in the airways and a dysfunction 

in the M2 autoreceptor has been suggested to cause bronchoconstriction and mucus 

secretion in asthmatics leading to airway hyperresponsiveness (van der Velden et al., 

1999). M2 receptors are present at the postganglionic nerve terminal and stimulation of 

the M2 receptor inhibits the release of acetylcholine and therefore reduces the 

contractile stimulation of the airway smooth muscle mediated by acetylcholine through 

the muscarinic M3 receptor. How airway hyperresponsiveness and pulmonary 

inflammation is associated is still not completely understood but may involve 

additional factors to inflammatory cells since airway hyperresponsiveness is initiated in 
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the inflammatory condition but might persist when inflammatory mediators such as 

eosinophils and IL-5 are reduced (Crimi et al., 1998; Leckie et al., 2000). This indicates 

that functional or structural changes in the airways, including remodeling and 

autonomic nerve dysfunction or mediators associated to these conditions may be 

involved in the development and progression of airway hyperresponsiveness.  

 

The neurotrophins NGF and BDNF could be such mediators inducing structural and 

functional changes in the airways since they exert their effects in both the nervous and 

immune system. In addition, the levels of NGF and BDNF are elevated in blood, 

platelets and locally in the lung in asthmatics (Bonini et al., 1996; Lommatzsch et al., 

2005; Noga et al., 2001; Olgart Höglund et al., 2002a).  

 

Direct and indirect stimuli in airflow limitation 

Airway hyperresponsiveness is not exclusive for asthma. However, measurement of 

airway responsiveness is widely used for diagnostics and monitoring of asthma and 

may be performed either by direct bronchoconstrictive stimuli such as histamine and 

cholinergic agonists (O'Hickey et al., 1988; Sterk et al., 1986) or by indirect stimuli 

such as tachykinins, hypertonic solutions, mannitol and adenosine (Joos et al., 1987; 

Kaminsky et al., 2000; Van Schoor et al., 2005) (Table 1.4.1). 

 

Tabel 1.4.1. Classification of bronchial provocation tests according to their main mechanism. Modified 

from van Schoor et al., 2005.  

 

Direct stimuli  Indirect stimuli  

Cholinergic agonists  Adenosine 

 Acetylcholine  Tachykinins 

 Metacholine   Substance P 

 Charbachol   Neuokinin A 

Histamine  Bradykinin 

Prostaglandin  Osmotic stimuli 

Leukotriene   Hypertonic saline 

    Ultrasonically nebulized distilled water 

    Mannitol 

___________________________________________________________________________________________________________________________________ 
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The airway hyperresponsiveness detected in response to direct and indirect stimuli are 

mediated by different pathways. The use of direct bronchoconstrictive stimuli induce 

airflow limitation through action on the effector cells, including smooth muscle cells, 

bronchial vascular endothelial cells and mucus-producing cells. Indirect stimuli act on 

intermediary cells such as inflammatory cells, airway epithelial cells and neuronal cells 

that interact with the effector cells to cause airflow limitation (Van Schoor et al., 2005) 

(Fig 1.4.1). Airway hyperresponsiveness to direct bronchoconstrictive stimuli has been 

suggested to partly be mediated by vagal nerves, as for histamine (Costello et al., 1999; 

Mazzone et al., 2002) or reflect altered smooth muscle function, as suggested for 

responses to cholinergic agonists (Schmidt et al., 2000). 

 

 

 

Figure 1.4.1. Mechanisms of direct and indirect bronchial stimuli leading to airflow limitation. Modified 

after Van Schoor et al., 2005.  

  

 

Airway hyperresponsiveness to indirect stimuli may involve mast cells and sensory 

neurons, indicated by studies showing that airway hyperresponsiveness to adenosine or 

cytokines is prevented by blockade of histamine, leukotriene or tachykinin receptors 

(Björck et al., 1992; Kraneveld et al., 1997a). Combinations of pathways in 

development of airway hyperresponsiveness in airway inflammation are possible and 

may explain why both clinical and animal studies have shown dissociation between 

airway hyperresponsiveness and the presence of inflammatory cells such as eosinophils 

and neutrophils in the late asthma reaction (Crimi et al., 1998; Hogan et al., 1998; 

Leckie et al., 2000). The absence of direct evidence for a correlation between airway 

inflammation and airway hyperresponsiveness may be explained by use of different 
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bronchoconstrictive stimuli since responsiveness to direct stimuli is weakly related to 

airway hyperresponsiveness while responses to indirect stimuli better reflects the 

degree of airway inflammation (Joos, 2003).  

 

Taken together, airway hyperresponsiveness involves multiple, of each other 

independent and additive, pathways where some of them may interfere with 

inflammatory pathways. Dependent on the agonist chosen for the measurement of 

airway hyperresponsiveness, different pathways can be distinguished. 

 

1.5 MEASUREMENTS OF AIRWAY RESPONSES 

Airway responses to bronchoconstrictive stimuli are in humans usually measured by 

determination of peak expiratory flow (PEF) and forced expiratory volume in one 

second (FEV1) to determine the airway responsiveness. Several models for 

measurements of airflow and lung volumes are used in animals to verify airway 

responsiveness in vivo. 

 

Lung mechanics: general aspects 

During breathing air passages need to be kept open to allow normal passage of air. 

Dynamic spirometry measures air flow and may reflect hindrance in the airways. The 

lung is elastic and an isolated lung tends to collapse, this constitutes a physical 

hindrance to inflation of the lung and is referred to as elastic resistance which is 

determined as lung compliance. In addition to elastic resistance also non-elastic 

resistance may constitute a hindrance to inflation of the lung. The non-elastic resistance 

of the respiratory system  is caused by frictional resistance to air flow through the 

airways (Lumb, 2003). A change in flow resistance may be detected as changes in 

dynamic spirometry, and can be more exactly quantified by plethysmographic methods 

for dynamic lung mechanics such as that by Amdur and Mead.  

 

Lung compliance  

Dynamic lung compliance reflects the elastic nature of the lungs, where stiff lungs have 

a low compliance. Lung compliance is defined as the change in lung volume per unit 

change in transmural pressure gradient (Lumb, 2003) and can be described as static or 

dynamic compliance. Static compliance is measured at a fixed volume of the lung, 

whereas dynamic compliance is measured during normal rhythmic breathing. 
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Congestion of blood vessel, bronchoconstriction or oedema may cause stiff lungs and 

reduce the lung compliance (Cook et al., 1959; Lumb, 2003; Noble et al., 1975).  

 

Respiratory resistance 

Dynamic respiratory resistance mainly reflects the diameter of the airways, where 

decreased diameter of the airways causes increased resistance. Respiratory system 

resistance is measured while gas is flowing in the airways. In animal models, usually 

measurement of airway resistance or pulmonary resistance is performed and may 

reflect changes in respiratory system resistance. Bronchoconstriction, mucosal oedema 

and mucus production may cause increased pulmonary resistance (Lumb, 2003). 

 

Insufflation pressure 

Tracheal insufflation pressure reflects the pressure gradient that is developed between 

the airways and the environment needed to deliver a fixed tidal volume at a fixed 

duration during artificial ventilation. Insufflation pressure may be increased in parallel 

to changes in lung compliance, respiratory resistance or both. 

 

1.6 NEUROTROPHINS 

Mediators in the nervous and immune system communication 

NGF and BDNF are together with neurotrophin (NT)-3, -4 and -5 neuronal growth 

factors belonging to the family of neurotrophins which are polypeptides that exert their 

effects both in the immune- and nervous systems. The function of the neurotrophins in 

survival, development, differentiation, and maintenance of nerve cells has been the 

focus of extensive research (Freund-Michel et al., 2008; Levi-Montalcini et al., 1995; 

Lewin et al., 1996). More recently, the neurotrophins have been suggested to be 

mediators of inflammation, with important effects on cell recruitment, survival and 

inflammatory mediator release (Aloe et al., 1997; Levi-Montalcini et al., 1996). The 

first reports that connected neurotrophins to allergic inflammation showed that 

increased levels of NGF in blood were evident in allergic diseases, including asthma, 

rhinoconjunctivitis, urticaria, atopic dermatitis and keratoconjunctivitis (Bonini et al., 

1996; Grewe et al., 2000; Lambiase et al., 1997; Toyoda et al., 2002). Recently, not 

only NGF but also BDNF has been reported in elevated concentrations in both blood 

and locally in the airways of asthmatics, especially after allergen exposure (Kassel et 

al., 2001; Lommatzsch et al., 2005; Noga et al., 2001; Olgart Höglund et al., 2002a; 
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Virchow et al., 1998). Subsequently, the neurotrophins have been put forward as 

important mediators in the communication between the nervous and the immune 

systems, especially during inflammation (Frossard et al., 2004; Nassenstein et al., 

2006b; Nockher et al., 2006; Olgart Höglund et al., 2002b).  

 

Receptors and cellular sources in the airways 

The biological effects of neurotrophins are mediated by binding to the high-affinity 

specific tyrosine kinase (Trk) receptors and the low-affinity pan-neurotrophic receptor 

p75 (NTR) (Freund-Michel et al., 2008; Frossard et al., 2004). NGF is the preferred 

ligand for TrkA while BDNF mainly binds to the TrkB receptor. The p75
NTR

 receptor 

bind all neurotrophins with lower affinity (see Barker et al., 1992). In different 

combination, these receptors are expressed on the cell surface on smooth muscle cells, 

epithelium and on various cells in the nervous and immune systems, including mast 

cells and leukocytes (Freund-Michel et al., 2008; Kassel et al., 2001; Nassenstein et al., 

2006a; Ricci et al., 2004). In the airways a wide range of cellular sources for 

neurotrophins have been suggested. Both structural cells like the airway epithelial cells 

(Braun et al., 1999; Fox et al., 2001; Olgart Höglund et al., 2002a; Pons et al., 2001), 

airway smooth muscle cells (Freund et al., 2002; Kemi et al., 2006; Yao et al., 2005), 

lung fibroblasts (Olgart et al., 2001) as well as mast cells (Leon et al., 1994) and 

inflammatory cells like eosinophils (Solomon et al., 1998) and lymphocytes (Braun et 

al., 1999) are able to synthesize and secrete neurotrophins. Hence, most of the 

structural and inflammatory cells in the lung produce neurotrophins. These findings 

support the concept that the neurotrophins may act in autocrine and paracrine signalling 

in the airways at both normal and inflammatory conditions. 

 

Mediators for development of airway hyperresponsiveness 

In the last decade the neurotrophins have also been suggested as mediators responsible 

for development of airway hyperresponsiveness both in the allergic and non-allergic 

state, including hyperoxic lung injury and in absence of inflammation or disease. This 

is based on studies where brief exposure to NGF has been shown to induce airway 

hyperresponsiveness in guinea pigs in vivo (de Vries et al., 1999; Friberg et al., 2001) 

and in vitro (de Vries et al., 2001), and in the human bronchus in vitro (Frossard et al., 

2005; Naline et al., 2007b). Furthermore, airway hyperresponsiveness also 

accompanies tissue-specific overexpression of NGF (Hoyle et al., 1998) and BDNF 
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(Lommatzsch et al., 2005; Sopi et al., 2008) in the airways. In addition, antibodies 

against the neurotrophins abolish airway hyperresponsiveness evoked in allergic and 

allergen exposed mice (Braun et al., 1998; Braun et al., 2004), rats (Glaab et al., 2003) 

and guinea pigs (de Vries et al., 2002).  

 

The mechanisms for the neurotrophin-induced airway hyperresponsiveness are not fully 

understood, but may involve intermediary cells such as inflammatory cells as described 

above or sensory nerves. Neurotrophins are suggested to enhance cholinergic as well as 

sensory nerve innervation and increase the production of neuropeptides from sensory 

neurons in the airways (Bachar et al., 2004; Hoyle et al., 1998; Lindsay et al., 1989; 

Vedder et al., 1993) antagonism of the neurokinin receptor prevented NGF-evoked 

increase in airway response (de Vries et al., 1999). Also the mast cell might constitute 

an intermediary player in the neuro-immune cross-talk and development of airway 

hyperresponsiveness and may be a target for neurotrophins. This is based on the close 

contact between mast cells and sensory neurons in the airways (Bienenstock et al., 

1988; Nilsson et al., 1990). In addition, mast cells express receptors for neurotrophins 

and stimulation with NGF increased the number of mast cells and was found to induce 

mast cell degranulation (Bienenstock et al., 1987; Horigome et al., 1993; Kassel et al., 

2001; Levi-Montalcini et al., 1996; Nilsson et al., 1997; Pearce et al., 1986; Stempelj et 

al., 2005; Tam et al., 1997).  

 

1.7 NITRIC OXIDE 

NO in the respiratory system 

NO is a small and hydrophobic molecule that easily passes through the cell membrane 

to exert its effect independently of cell surface receptors (Fig 1.7.1). In the respiratory 

tract NO constitutes a major bronchodilating pathway, acts as a neurotransmitter in the 

iNANC system (Belvisi et al., 1992) and is involved in control of vascular tone (Barnes 

et al., 1995). NO is not only produced in iNANC nerves but is also generated from 

different cell types in the airways, including mast cells, inflammatory cells such as lung 

macrophages and structural cells including endothelial cells, epithelial cells, airway and 

vascular smooth muscle cells and nerve cells (Fischer et al., 2002; Fischer et al., 1996; 

Gilchrist et al., 2003; Li et al., 2000; Munakata et al., 1990; Sheng et al., 1991; 

Sherman et al., 1999; Xue et al., 1996). Independent of site of production, NO diffuses 

from the site of production to the airway smooth muscle cell where it causes relaxation 
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by activation of the soluble guanylate cyclase/cyclic GMP pathway (Munakata et al., 

1990; Sheng et al., 1991) (Fig. 1.7.1). NO produced in mast cells inhibits their 

degranulation (Gilchrist et al., 2003). Although a lot of cells in the airways produce 

NO, NO does not seem to be important for resting airway tone but might have 

importance for the airway smooth muscle tone during airway obstruction and airway 

inflammation (see below). 

 

 

 

 

Figure 1.7.1. NO is produced in epithelial cells, endothelial cells and nerve cells in the airways and 

diffuses to airway and vascular smooth muscle cells to cause relaxation. 

 

NO formation 

NO is continuously produced in the airways as indicated from findings of NO in 

exhaled air (Gustafsson et al., 1991). A variety of cells in the airways are suggested to 

form NO (see above). NO is generated via oxidation of L-arginine that is catalyzed by 

different stereo-specific enzymes called NO synthases (NOS) (Moncada et al., 1991). 

Three known isoforms of NOS have been identified in the lung; neuronal NOS (nNOS, 
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NOS-1), inducible NOS (iNOS, NOS-2) and endothelial NOS (eNOS, NOS-3) (Griffith 

et al., 1995; Moncada et al., 2006; Stuehr, 1997). Functionally, NOS exists in inducible 

(iNOS) or constitutive (cNOS) forms. cNOS is permanently present in structural cells 

in the lung including endothelial and nerve cells and produce NO in response to 

changes in intracellular calcium levels. iNOS is expressed in response to inflammatory 

mediators and cytokines and large amounts of NO can be produced for long periods 

when inflammatory cells are activated. Therefore NO is increased in exhaled air in 

subjects with inflammatory diseases such as asthma (Alving et al., 1993; Kharitonov et 

al., 1994; Persson et al., 1994). The functional role of the increased production of NO 

associated with pulmonary inflammation (Alving et al., 1993; Kharitonov et al., 1994; 

Persson et al., 1993b; Persson et al., 1994) may be bidirectional including both 

protective and damaging effects.   

 

Protective capacity 

Although the bronchodilating capacity of NO does not seem to be important for resting 

bronchial tone it certainly counteracts bronchoconstriction evoked by asthma- 

associated mediators such as histamine, leukotrienes, tachykinins or allergen (Nijkamp 

et al., 1993; Persson et al., 1995; Persson et al., 1993a; Ricciardolo et al., 2000a). 

Airway inflammation is associated with increased NO production and increased airway 

obstruction mainly caused by the bronchoconstrictive agonists histamine, leukotrienes, 

tachykinins, acetylcholine and allergen present at increased levels in the lung in 

asthmatics. These findings indicate that the inflammation-derived NO has a 

physiological role as a protecting agent during these conditions, by decrease the airway 

responses to asthma-associated bronchoconstrictors. 

 

Damaging capacity 

Besides increased amounts of NO in inflamed tissue the superoxide (O2
-
) production by 

inflammatory cells is enhanced. NO reacts with superoxide anion to form the toxic 

peroxynitrite (ONOO
-
) anion which nitrates tyrosine. Peroxynitrite is a highly reactive 

molecule that by disturbing cell functions through oxidation of cellular components 

leads to a sustained inflammatory state and therefore amplifies the damaging properties 

during these conditions (reviewed by Szabo et al., 2007).  
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2 AIMS OF THE PRESENT THESIS 
Already in the beginning of the work of this thesis it was well established that NO plays 

a considerable role in airway diseases such as asthma and has a role in counteracting 

acute bronchoconstriction evoked by allergen or bronchoconstrictive mediators 

(Persson et al., 1995; Ricciardolo et al., 2000a; Ricciardolo et al., 2000b). At the same 

time there were only a small number of publications indicating that neurotrophins were 

associated with asthma and increased airway responses (Bonini et al., 1996; Braun et 

al., 1998; de Vries et al., 1999; Virchow et al., 1998). The work was initiated to 

elucidate mechanisms for the development of airway hyperresponsiveness and the 

overall aim of the thesis was to, in an experimental animal model, identify novel targets 

to treat pulmonary inflammatory diseases and airway hyperresponsiveness. The 

specific aims were: 

 

  to monitor different patterns of airway responses and pulmonary mechanics 

following administration of the bronchoconstricting agonist histamine by 

different administration routes, to optimize the method for measurement of 

airway responses in vivo (study I). 

 

  to assess the role of endogenous NO in acute airway responses (study I) and 

airway hyperresponsiveness in vivo (study II-III). 

 

 to determine whether the neurotrophins NGF and BDNF have a role in 

development of acute airway hyperresponsiveness without underlying chronic 

pulmonary inflammation in vitro (study II) and in vivo (study II-III). 

 

 to investigate mechanisms responsible for NGF- and BDNF-evoked airway 

hyperresponsiveness in vivo (study II-III). 

 

 to investigate the role of the cell surface adhesion molecule integrin α2 in 

recruitment of eosinophils and neutrophils to the lung and in development of 

pulmonary inflammation caused by allergen challenge (study IV).
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3 MATERIALS AND METHODS 
3.1 GENERAL 

Animals 

Male Dunkin Hartley guinea pigs (300-450 g) were used for in vitro and in vivo 

experiments when studying airway responses without underlying chronic pulmonary 

inflammation. Inbred male Norway Brown rats (250-280 g) (Charles River, Germany) 

were used for in vivo experiments in an allergic asthma model. The animals were 

allowed to acclimate for 5-7 days and were kept in a temperature- and daylight cycle-

controlled environment with standard laboratory feed and water ad libitum.  

 

Ethics approval 

All procedures were performed after approval by the Local Animal Ethics Committee 

North in Stockholm, Sweden (N338/01, study I and II; N400/04, study I, II and III; 

N173/05, study III and IV; N285/05, study IV). 

 

3.2 ISOLATED TRACHEA IN VITRO 

Organ bath studies, study II 

A detailed description of the method is provided in paper II. Briefly, guinea pigs were 

sacrificed by an overdose of pentobarbital sodium (100-120 mg/kg i.p.) and 

exsanguination. The trachea was quickly removed, chilled, and gently cleaned from 

connective tissue, cut into rings and placed individually in organ baths containing 

oxygenated Krebs solution at 37°C. Tissue preparation was performed within 5 min 

from removal of the trachea. The experiment started with four washes in Krebs solution 

at 15 min intervals. After the washes the tension (mN) was adjusted to 20, 20, 40, and 

20 and then allowed to self-adjust to resting tension (de Vries et al., 2001). This 

procedure was chosen to obtain similar conditions for the tissue before exposure to any 

substance. After stabilization, the tissue was incubated in the presence of 0.2, 2.0 or 20 

ng/ml NGF or its vehicle (control) for 30 min (de Vries et al., 2001) and cumulative 

agonist concentration response curves for histamine (10
-8

-10
-3 

M) or NKA (10
-11

-10
-5

 

M) were subsequently obtained to determine tissue responsiveness. Each tissue was 

only exposed to one dose-response curve. Data was analyzed manually from the charts. 
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3.3 ANIMAL STUDIES IN VIVO 

Surgical preparation, study I-IV 

A detailed description of the method is provided in paper I-IV. Briefly, the animals 

were anaesthetized with pentobarbital sodium (50-60 mg/kg i.p.), placed in a supine 

position, tracheostomized and ventilated with NO-free air by a volume controlled 

rodent ventilator (model 687, Harvard Apparatus, Holliston, MA, USA). A PEEP of 5 

cm H2O was applied for 1 min at intervals by an autonomic valve in order to minimize 

atelectasis formation and to stabilize respiratory parameters (Laver et al., 1964). The 

tracheal cannulation assures that any measured NO was of lower airway, rather than 

nasopharyngeal origin (Gerlach et al., 1994). An esophageal catheter was inserted for 

indirect measurement of intrapleural pressure. After surgical procedures the animals 

were placed in a recumbent position on their left side, to prevent circulatory instability 

from intestinal ischemia. 

 

Intravenous injection, study I-III 

I.v. injections of drugs were performed via the catheter in the jugular vein that supplied 

the animal with anesthetics and supplementary fluid during the experiment. The drugs 

were injected through a rubber tube attached to the catheter close to the animal to 

minimize the dead space volume and avoid leakage of fluid during and after injection. 

Bronchoconstrictive agents were always infused by an infusion pump to ensure 

reproducible results. 

 

Aerosol inhalation, study I-IV 

Histamine, allergen and antibodies were administered in aerosols generated with an 

ultrasonic nebulizer (Omron U1, Frankfurt, Germany) attached to the tubing between 

the ventilator and the animal. The output of the nebulizer was 0.2 ml/min and duration 

of inhalation of aerosol was kept to a maximum of 3 min to avoid accumulation of fluid 

in the tubes that would otherwise interfere with the ongoing measurements. 

 

OVA-sensitization and allergen exposure, study IV 

The rats were actively sensitized to ovalbumin by i.p. injection of 1 ml of an allergen 

solution. This was considered to be day 0 of sensitization and the procedure was 

repeated on day 7 (Palmans et al., 2000; Portela Cde et al., 2002). An allergen solution 

of ovalbumin, OVA (egg albumin grade III, Sigma-Aldrich) 2 mg/ml in 0.9% saline 
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was mixed with 2% Aluminium Hydroxide Gel (Al(OH)3) (Alhydrogel, Brenntag 

Biosector, Denmark) 1:1 under gently stirring for 60 min in room temperature before 

injection. This procedure has previously been used to facilitate the adsorption of basic 

proteins to aluminium (Rinella et al., 1996). The aluminium precipitate acts as an 

adjuvant to promote a shift to IgE class antibodies (MacQueen et al., 1989). The 

adjuvant Al(OH)3 given alone does not cause changes in the relative proportions of 

cells or total cell counts in BALF (Elwood et al., 1991). On day 14-16 the animals were 

exposed to aerosolized 5% OVA for 2 min (Haczku et al., 1995; Portela Cde et al., 

2002; Waserman et al., 1995). Animals were studied for 6 hours after being exposed to 

OVA.  

 

Antibody treatment, study IV 

Function-blocking hamster anti-rat monoclonal antibody (mAb) Ha 1/29 against the 

integrin α2 subunit (CD49b) and HM β1-1 against the integrin β1 subunit (CD29) 

(Pharmingen, San Diego, CA) were nebulized (100µg), respectively, together with the 

ovalbumin. The isotype hamster IgG mAb Ha 4/8 was used as a control (Phamingen). 

The administration route was chosen to minimize the total amount of antibody used and 

to avoid systemic side-effects. 

 

3.4 PULMONARY MECHANICS AND EXHALED NO IN VIVO 

Pulmonary resistance and lung compliance, study I-IV 

Pulmonary mechanics were measured by two differential pressure transducers, one 

connected between the tracheal tube and the esophageal catheter, and the other 

measuring between the two side-connectors of a pneumotachograph (rat size; Hugo 

Sachs Elektronik, March-Hugstetten, Germany) on the tracheal cannula (Fig 3.4.1). 

Both transducers (Hugo Sachs) were connected to a Pulmodyn system (Hugo Sachs) 

for calculations of dynamic pulmonary resistance and dynamic lung compliance. The 

calculations used by the Pulmodyn system are consistent with the method described by 

Amdur and Mead (Amdur et al., 1958; Raeburn et al., 1992). Briefly, Pulmodyn 

calculates resistance from the tracheal to esophageal pressure (pleural pressure) and the 

airway flow at the two time points corresponding to 70% of the amplitude in the tidal 

volume signal during inspiration and expiration, denominating the change in these two 

parameters “delta Ppleu” and “delta PulmFl” (1) (Fig 3.4.1). Pulmodyn calculates 

dynamic compliance from the tidal volume value obtained at the point during 
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insufflation when the pulmonary flow and volume change reach zero to calculate 

another set of values, “delta TV” and a second “delta Ppleu” (2) (Fig. 3.4.1.). The 

resulting resistance and compliance values were continuously averaged over 5 breaths. 

 

 

 

 

 (1)  Rdyn = delta Ppleu / delta PulmFl 

 

(2) Cdyn =  delta TV / delta Ppleu 

 

Figure 3.4.1. Top: Connections between the tracheal tube, esophageal catheter (dashed line) and the 

transducers for calculation of dynamic resistance and dynamic compliance in Pulmodyn. Bottom: 

Baseline values of a typical anaesthetized guinea pig from which Pulmodyn takes values for calculation 

used in (1) and (2). 

 

Insufflation pressure, study I-IV 

Tracheal insufflation pressure was also recorded separately by a pressure transducer 

connected to the Y-piece of the ventilator tubing, and displayed on a Polygraph (Grass 

Instrument, Quincy, MA, USA). 
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NO in expired air, study I-IV 

NO concentrations in mixed exhaled air were monitored online, will sampling after a 

mixing chamber (5 tidal volumes), by a Sievers 270 chemiluminescence analyzer 

(Sievers Reseach Inc., Boulder, CO, USA) set for an integration time of 0.12 s. In order 

to obtain precise measurements of the endogenously formed NO, the air supplying the 

ventilator was continuously filtered through two charcoal filters, reducing the NO in 

inhaled air to below 1 ppb, thus eliminating the possible influence of variable NO 

concentrations in the environment. Calibration at 30 ppb was performed in the 

beginning and at the end of the experiments. The detection limit of the NO 

measurements was ≤1ppb. 

 

3.5 BIOCHEMICAL AND HISTOLOGICAL MEASUREMENTS 

Bronchoalveolar lavage fluid (BALF), study IV 

For BALF, animals were sacrificed 6 hours after ovalbumin challenge, the trachea was 

cannulated and the lungs were lavaged with 2 ml Hanks‟ balanced salt solution, 

followed by 5+5+5+5+3 ml lavage, which was pooled with a recovery volume of 

approximately 70%. The two sets of fluid were immediately centrifuged (425 g, 10 

min).   

 

Cytokine analysis by ELISA, study IV 

After centrifugation, the supernatant of the initial 2 ml BALF was used for 

determination of IL-4, IFN-γ, CINC-1, IL-6, TNF and IL-1β concentrations in BALF 

by using a DuoSet ELISA Development Kit (R&D Systems, Abingdon, UK) according 

to the manufacturers‟ protocol. 

 

Cell counts in bronchoalveolar lavage, study IV 

The cell pellet from the BALF used for cytokine analysis was combined with the cell 

pellet from the larger volume of BALF, centrifuged and re-suspended in phosphate-

buffered saline and used immediately for cell counting. Total cell numbers were 

determined by Türk staining and differential cell counts were obtained by Giemsa 

staining. All specimens were counted twice each by two different examiners and the 

mean value of the four counts was used for data analysis. 
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Histological analysis and immunohistochemistry, study IV 

The right lung was frozen, cut in 4 pieces and in the frozen state immersed for 24 hours 

at 4°C in phosphate buffered saline with 4% parafomaldehyde, dehydrated step-wise in 

ethanol, paraffin embedded. Sections were cut at 4µm and deparaffinated. For 

histology, tissues were stained with Giemsa staining. For immunohistochemistry, 

antigen detection was performed in citrate buffer after rehydration of the sections. 

Endogenous peroxidase activity was blocked by 1.5% H2O2 in methanol. Mouse anti-

ratCD15 (Invitrogen, Camarillo, CA, USA) was used as primary antibody and a 

biotinylated horse anti-mouse secondary antibody (Vector Laboratories, Burlingame, 

CA, USA) was used together with Vectastain ABC-kit (Vector) and DAB tablets 

(Sigma-Aldrich) according to instructions from the manufacturer for antigen detection.  

 

3.6 STATISTICS 

Data are expressed as mean±standard error of mean (S.E.M.). When values were 

calculated as percentage of control the control value correspond to the mean value of 

three measured data points collected in the same animal during a baseline period of 30 

or 60 min prior to the compared investigation period of interest. Normality and equal 

variance tests were performed and the distribution and variance of the data were 

estimated from normal-distribution plots. Statistical analysis of variance was performed 

using one-way ANOVA with Student-Newman -Keul‟s post-hoc test for comparisons 

among three or more different treatment groups according to a single factor. If the 

normality or equal variance test failed the data was statistically evaluated with ANOVA 

on ranks for comparisons among three or more different treatment groups according to 

a single factor. When only two treatment groups were compared, statistical significance 

was analyzed by to the nonparametric Mann-Whitney rank sum test or unpaired 

Student‟s t-test for normally distributed data. 

Correlation analysis was performed using simple linear regression by the least squares 

method and Pearson Product Moment Correlation. A P value <0.05 was considered 

significant. n indicates the number of tissues or animals. The software SigmaStat 

(Systat, San Jose, CA, USA) was used for all statistical calculations and analysis. 
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4 RESULTS AND DISCUSSION 
4.1 IMPLICATION OF CHOSEN METHODS FOR OUTCOMES OF AIRWAY 

RESPONSES (I-II) 

Airway hyperresponsiveness can be defined as a too easily evoked or an excessive 

contraction of the airways in response to either normally innocuous or 

bronchoconstrictive stimuli (GINA, 2007). In both humans and animals, histamine is 

often used to measure airway responsiveness.  

 

Importance of analyzing lung mechanics (I-II) 

Administration of histamine by i.v. infusion or inhalation of aerosol at doses generating 

comparable increase in insufflation pressure showed that i.v. administration had a 

greater effect on pulmonary resistance compared to inhalation (Fig 4.1.1). A conclusion 

drawn from results in studies I-II is that measurements of changes in dynamic 

pulmonary resistance, dynamic lung compliance and tracheal insufflation pressure in 

parallel are needed to reflect the phenomenons responsible for airflow limitation in the 

lung (study I-II). Examinations of i.v. and inhalation administrations of histamine at 

different doses have identified possible pathways responsible for airway responses and 

have provided information about preferred methods for investigation of airway 

hyperresponsiveness (study I). For a long time changes in insufflation pressure have 

been used as an estimate of the degree of airway obstruction and have even been 

assumed to be indicative for pulmonary resistance (Raeburn et al., 1992). However, 

insufflation pressure is a compound measurement, influenced by both resistance and 

compliance (Lumb, 2003; Raeburn et al., 1992) and this is also evident from the 

different patterns in insufflation pressure, resistance and compliance to histamine and 

NKA challenge (study I-II). The discrepancy between maximal insufflation pressure 

and maximal resistance observed when airway responses to different administration 

routes of histamine were compared indicates that outcomes from parallel measurements 

of these parameters are needed to detect very transient changes in the airways and 

suggests that the data reveal changes in the airways and lungs that are not feasible to 

identify with measurements of insufflation pressure alone. A considerable part of 

change in insufflation pressure is obviously due to change in compliance, and 

resistance changes are more transient than can be read from insufflation pressure only. 
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Figure 4.1.1. Original traces of tracheal insufflation pressure (IP), pulmonary resistance, lung compliance 

and exhaled NO in two typical non-sensitized, anaesthetized and mechanically ventilated guinea pigs. 

Histamine was administered by rapid i.v. infusion (16µg/kg) (left) or was nebulized (30.7µg/ml) (right) 

for 3 min. Histamine elicited a different pattern depending of administration route. I.v. infusion induced a 

biphasic response in NO with a rapid increase followed by a sustained decrease below baseline while 

aerosolized histamine only elicited a decrease in exhaled NO. Figure modified from paper I. 
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Importance of chosen administration route for bronchoconstrictors (I) 

From findings in study I inhalation of moderate doses of histamine is suggested to be 

the preferred administration route when investigating pulmonary responses and airway 

hyperresponsiveness in a guinea pig model. In humans, occurrence of airway 

hyperresponsiveness are evaluated from provocation tests with inhalation of direct 

stimuli, including histamine and metacholine, or indirect stimuli, such as hypertonic 

saline and adenosine (see table 1.4.1). Inhalation of histamine was found to decrease 

exhaled NO (fig. 4.1.1) (study I), which is in accordance with observations in humans 

showing that inhalation provocation with either direct or indirect stimuli is 

accompanied by decreased exhaled NO in both healthy and asthmatic subjects (de 

Gouw et al., 1998; Maniscalco et al., 2001; Piacentini et al., 2002). In contrast, 

intravenous histamine was found to induce a biphasic response in exhaled NO with a 

rapid increase followed by a sustained reduction below baseline (Fig 4.1.1). This 

indicates that the outcomes when measurements are performed with inhaled histamine 

in the animal model are similar to those seen in humans and the model may therefore 

be relevant for airway response procedures in humans. Local administration to the lung 

by inhalation of aerosol may also minimize systemic effects and therefore be the 

preferred route for other bronchoconstricting agonists beside histamine.  

 

Endogenous NO as a modulator of airway responses (I) 

Responses to i.v. or inhaled histamine showed a close relationship between changes in 

pulmonary resistance, lung compliance and changes in exhaled NO. The role of 

endogenous NO for the airway response to histamine differs for i.v. histamine and 

inhaled histamine, since reduction of endogenous NO production with L-NAME 

enhanced responses to inhaled histamine, but not to i.v. histamine (study I) (Fig 4.1.2). 

This indicates that endogenous NO has a protecting role in airway responses to inhaled 

histamine but not to i.v. histamine, which is in accordance with previous studies 

suggesting that endogenous NO may counteract allergic airway responses to inhaled 

allergen and irritants (Matsumoto et al., 1997; Persson et al., 1995; Persson et al., 

1993a; Schuiling et al., 1998). Human asthmatics are exposed to allergen and irritants 

mainly by inhalation which may lead to airway inflammation and increased levels of 

exhaled NO (Alving et al., 1993; Kharitonov et al., 1994; Persson et al., 1994). This 

implies a protective role for NO in the allergen- and irritant-induced airway responses. 
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Figure 4.1.2. Effects of inhibition of endogenous NO production with L-NAME on pulmonary resistance 

after challenge with i.v. histamine (16µg/kg) (left) and nebulized histamine (30.7µg/ml) (right) for 3 

minutes in anaesthetized and mechanically ventilated guinea pigs. Challenge started at time 0. The 

bronchodilating capacity of endogenous NO is mainly of importance for airway responses to inhaled 

histamine rather than i.v. histamine. Pre-treatment with L-NAME enhanced the effect of aerosolized 

histamine but not to intravenous histamine. Data are expressed as percentage of control (baseline values 

before challenge) and shown as means±S.E.M for n=8 in each group. * denotes a statistical significant 

different (P<0.05) compared to control. Figure reproduced from paper I. 

 

Airway physiology reflected by changes in pulmonary mechanics (I-II) 

When histamine is given as i.v. infusion histamine might reach most parts of the lung at 

high concentrations. I.v. infusion of histamine is suggested to result in a major 

bronchoconstriction and decreased airway calibre in both large and small airways. The 

great total cross-sectional area of the small airways indicates that airway resistance is 

predominantly a resistance of the larger airways (Amdur et al., 1958; Lumb, 2003). In 

addition, contraction of bronchial smooth muscle cells in small airways and bronchioles 

may contribute to pulmonary resistance by flow-related airway closure and gas 

trapping, as evident from animal studies (Ludwig et al., 1989; Moreno et al., 1986; 

Nagase et al., 1993). The great increase in resistance to i.v. histamine is therefore 

suggested to reflect both intermittent airway collapse of the bronchioles (below 

generation 11) and decreased airway calibre in the larger airways. The subsequent 

permanent collapse of small airways that is to be expected then probably contributes to 

the marked and sustained decrease in compliance that follows (see below). Inhalation 

of histamine may lead to lower concentrations near the airway smooth muscle cell 

compared to i.v. histamine, since histamine has to pass through the mucosa. However, 

structures near the airway surface, including epithelial cells, mucus producing cells, 

mucosal mast cells and sensory neurons, express receptors for histamine and may be 
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exposed to higher concentrations when histamine is inhaled compared to i.v. 

administration. These structures may also be stimulated by indirect stimuli such as 

NKA, since indirect bronchoconstrictive stimuli are suggested to act through 

intermediary cells, including inflammatory cells, epithelial cells and neuronal cells, that 

interact with the airway smooth muscle cell to cause airflow limitation (Van Schoor et 

al., 2005). These intermediary cells express receptors for NKA and might explain why 

i.v. NKA has a slower arrival to maximal responses in insufflation pressure, resistance 

and compliance compared to i.v. histamine and why the dose of i.v. NKA yielding 

similar increase in insufflation pressure compared to i.v. histamine, has a lower effect 

on pulmonary resistance (Fig 2A and 2B in paper I and fig 4A and 4B in paper II). 

Decreases in lung compliance following different administration routes of histamine 

and i.v. NKA are similar and the sustained decrease indicates that other mechanisms 

than rapid airway smooth muscle contractions are responsible for the decrease in lung 

compliance. The decrease in lung compliance may reflect decreased airway calibre 

caused by increased airway closure and oedema (Cook et al., 1959; Noble et al., 1975) 

or blood congestion of the lungs (Lumb, 2003) induced by direct stimuli with histamine 

or indirect stimuli with NKA. The airway closure will also lead to a decreased volume 

that can receive the constant volume insufflations. An effect from airway closure may 

explain why the lung compliance is restored by hyperinflation of the lungs by 

application of the intermittent increase in PEEP. 

 

4.2 NEUROTROPHINS AS MODULATORS OF AIRWAY PHYSIOLOGY (I-III) 

The levels of NGF and BDNF in serum have been shown to be elevated in asthmatics. 

The highest levels of NGF and BDNF were found in patients with increased airflow 

limitation in response to histamine (Bonini et al., 1996; Lommatzsch et al., 2005), 

indicating a possible relationship between airway hyperresponsiveness and 

neurotrophins. Therefore, the capacity of neurotrophins to induce increased airway 

responses was investigated by measurements of airway responses to asthma-associated 

bronchoconstricting agonists, including histamine and NKA after administration of 

NGF or BDNF in vivo. One of the main findings in paper II and III was that NGF and 

BDNF are able to induce airway hyperresponsiveness to both direct and indirect 

bronchoconstrictive stimuli, including histamine and NKA.  
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Neurotrophin modulation of histamine-dependent airway responses (II-III) 

The NGF and BDNF-evoked airway hyperresponsiveness was demonstrated in vivo as 

increased pulmonary resistance and decreased lung compliance following challenge 

with i.v. histamine or inhaled histamine in animals pre-treated with NGF or BDNF 

(study II-III) (Fig 4.2.1). The neurotrophin-evoked airway hyperresponsiveness was 

more pronounced for inhaled histamine compared to i.v. histamine (study II and Fig 1 

in paper III). In humans, airway hyperresponsiveness can be measured as increased 

airway responses to inhaled histamine which indicates that observations made in the 

present animal model in study II and III might have implications also for humans. 

 

 

 

 

Fig 4.2.1. Pulmonary responses to challenge with aerosolized histamine (30.7µg/ml) for 3 min in 

anaesthetized and mechanically ventilated guinea pigs in absence (control) (unfilled symbols) or 30 min 

after i.v. treatment with the neurotrophins (filled symbols) NGF (left) or BDNF (right). Both NGF and 

BDNF induced airway hyperresponsiveness to aerosolized histamine illustrated as significant (P<0.05) 

increases in pulmonary resistance (top) and lung compliance (bottom). Data are expressed as percentage 

of control (baseline values before challenge) and shown as means±S.E.M for n=4-8 in each group. Figure 

reproduced from paper II and III. 
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The ability of NGF to induce airway hyperresponsiveness was also confirmed in vitro 

by exposure of tracheal rings to NGF before contractile stimulation with histamine. 

NGF dose-dependently enhanced the contractile responses to histamine (Fig. 1a, paper 

II) in vitro. Comparable effects have been described for histamine in human and guinea 

pig airways in vitro (Muccitelli et al., 1987), therefore the in vitro findings in study II 

are believed to have relevance also for the human situation.  

 

Neurotrophin modulation of NKA-dependent airway responses (II) 

NGF-evoked airway hyperresponsiveness to i.v. histamine has been suggested to be 

exerted via the tachykinins since it has been shown to be abolished by blockade of the 

NK-1 receptor (de Vries et al., 1999). The level of the NK-1 receptor antagonism that 

abolished the NGF-evoked increase in airway responses has not been investigated in 

detail. Several cells in the airways express the NK-1 receptor (Frossard et al., 1991) 

which also is true for NGF receptor TrkA and p75
NTR

 (Freund-Michel and Frossard, 

2008). These cells include sensory neurons, mast cells and smooth muscle cells and 

may be targets for NK-1 receptor antagonists as well as for NGF. To address the 

question of involvement of the tachykinins in the NGF-evoked airway 

hyperresponsiveness, the investigation of airway responses to NKA and SP in presence 

of NGF were performed in vitro  and  in vivo (study II). Our studies with NKA in vivo 

confirmed NGF as a mediator capable of inducing airway hyperresponsiveness since 

NGF induces increased airway responsiveness to NKA (fig 4.2.2). NGF also caused 

enhancement of responses to i.v. SP (data not shown). These observations are 

supported by other recent studies showing that NGF can increase contractile response 

to the SP-analogue [Sar
9
, Met(O2)

11
] in human bronchus in vitro (Frossard et al., 2005; 

Naline et al., 2007b). However, we could not show increased contractile response to 

NKA or SP in the guinea pig trachea in vitro (study II), which might be explained by 

the use of tracheal tissue instead of bronchus tissue. Taken together, NGF may be a 

mediator of importance in induction of airway hyperresponsiveness to both direct and 

indirect bronchoconstrictive stimuli including histamine and the tachykinin NKA.  
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Fig. 4.2.2. Original traces of pulmonary resistance in two typical anaesthetized and mechanically 

ventilated guinea pigs in absence (left) or presence of NGF (80ng/kg) (right). NGF induced airway 

hyperresponsiveness to i.v. NKA illustrated as further increase in pulmonary resistance to NKA when 

present. Figure reproduced from paper II.  

 

In preliminary experiments in our initial work with study II, inhalations of NKA and SP 

in guinea pigs were performed. The tachykinins did not evoke any airway responses 

when given by aerosol; not even at very high doses. This might be explained by the 

localization of the tachykinin metabolizing enzyme enkephalinase (NEP) to the airway 

epithelium in guinea pigs (Frossard et al., 1989; Sekizawa et al., 1987). Thiorphan, an 

enkephalinase inhibitor, is commonly used to achieve airway responses by inhaled 

tachykinins in guinea pigs (Silbaugh et al., 1991). Since we thought the highest priority 

was to investigate whether there was an effect in vivo of NGF on tachykinin 

responsiveness, we therefore investigated this in animals receiving the tachykinin NKA 

i.v., an administration form we found to give reproducible responses to NKA. We 

abstained from using thiorphan and the inhalation route since we believe that this 

combination might by itself start a process of hyperresponsiveness. The mechanisms of 

the NGF effect on tachykinins are further discussed in a section below. 

 

Neurotrophin modulation of histamine-evoked changes in exhaled NO 

In animals pre-treated with NGF (study II) or BDNF (study III) an administration of 

histamine aerosol resulted in an enhanced drop in exhaled NO at 5 min after start of 

challenge, regardless of whether there was a preceding increase in NO or not 

(Fig.4.2.3.). The lack of increase in NO in the BDNF experiment sets can most likely 
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be explained by the fact that the histamine provocation did not lead to a sufficient 

increase in pulmonary resistance (Fig 4.2.1., top panels), which in study I was found to 

be in strong correlation to the appearance of increments in exhaled NO (Fig 4A in 

paper I). Furthermore, the observation that a fall in NO could be observed without a 

preceding increase in NO argues against the possibility that the enhanced fall in NO 

was due to an exhaustion of the substrate L-arginine in the NO-producing cells. 

Substrate deficiency seems unlikely also from observations where supplementation 

with exogenous L-arginine did not modify the drop in NO after histamine, despite 

causing a significant increase in basal NO (unpublished data). Possible explanations for 

the drop in NO might be small airway closure leading to less expansion of the lung, and 

therefore less stretch-induced NO formation (Strömberg et al., 1997) or an increased 

blood engorgement in the lung causing both drop in compliance and enhanced 

scavenging of NO. Since the drop in NO occurred later (Fig. 4.2.3) than the maximal 

drop in compliance (Fig. 4.2.1., bottom panels) it has to be considered that the 

relationship between fall in compliance and fall in NO described in study I (Fig 4B in 

paper I) might represent a similar causation of two phenomena, which however might 

not be causally dependent on each other. Clearly, further studies are needed to elucidate 

this. 

 

 

 

Fig. 4.2.3. Exhaled NO following challenge with aerosolized histamine (30.7µg/ml) for 3 min in 

anaesthetized and mechanically ventilated guinea pigs in absence (control) (unfilled symbols, ○) or 30 

min after i.v. treatment with the neurotrophins (filled symbols, ) NGF (left) or BDNF (right). Both NGF 

and BDNF further reduced the histamine-evoked decrease in exhaled NO. Data are expressed as 

percentage of control (baseline values before challenge) and shown as means±S.E.M for n=4-8 in each 

group. Figure modified from paper II and III. 
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4.3 IDENTIFYING THE PATHWAYS FOR NEUROTROPHIN-EVOKED AIRWAY 

HYPERRESPONSIVENESS (I-III) 

 

To identify possible underlying mechanism for the neurotrophin-evoked airway 

hyperresponsiveness different pathways known to regulate bronchial tone were 

investigated as targets for modulation by NGF or BDNF.  

 

A histamine-dependent mechanism for airway hyperresponsiveness (II) 

NGF was found to modulate NKA-evoked airway responses and pattern of exhaled NO 

through a histamine-dependent mechanism, suggesting that the mast cells play an 

important role in development of NGF-evoked airway hyperresponsiveness (study II). 

Thus, blockade of the histamine H1-receptors with mepyramine abolished the NGF-

evoked increase in airway response and exhaled NO to NKA indicating that NGF 

caused airway hyperresponsiveness to NKA by increased histamine release (Fig.4.3.1.).  

 

 

  

Fig.4.3.1. Pulmonary responses to challenge with NKA i.v. in anaesthetized and mechanically ventilated 

guinea pigs in absence (NKA) (unfilled symbols, ○) or presence of NGF (80ng/kg) (filled symbols) after 

treatment with mepyramine (1mg/kg) (Mep). NGF (NGF+NKA) () induced a significant (P<0.05) 

increase in pulmonary resistance (left) and decrease in lung compliance (right), that was prevented by 

pre-treatment with mepyramine (Mep+NGF+NKA) (▲), suggesting that histamine release from mast 

cells is chiefly responsible for the NGF-evoked airway hyperresponsiveness to NKA. Data are expressed 

as percentage of control (baseline values before challenge) and shown as means±S.E.M for n=6 in each 

group.  
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Airway hyperresponsiveness due to impaired NO release (I-III) 

The NGF and BDNF-evoked airway hyperresponsiveness to histamine and NKA were 

shown to be accompanied by decreased levels of exhaled NO (study II and III). If the 

reduction in NO contributes to the neurotrophin-induced increase in airway response is 

not clear but since previous studies have suggested that bronchoconstriction to 

histamine and NKA are limited by endogenous NO production in the airways (Nijkamp 

et al., 1993; Persson et al., 1995; Persson et al., 1993a; Ricciardolo et al., 2000a) this 

cannot be excluded. Therefore, a combination of inhibited endogenous NO production 

and pre-treatment with BDNF before challenge with inhaled histamine was tested. As 

reported in study I and III, both inhibition of endogenous NO production and BDNF 

treatment, separately, caused increased airway responsiveness to inhaled histamine. 

However, the combination of these treatments failed to induce an additive effect on 

airway responses to histamine, as regards amplitude of the response (study III). These 

observations suggest that BDNF may partly induce airway hyperresponsiveness 

through interaction with the NO system. The results suggest that the response is 

modified by endogenous NO since inhibition of endogenous NO production changed 

the character of the BDNF-induced increase in airway responses to histamine in that the 

augmentation by BDNF occurred much earlier (Fig. 4.3.2.). This indicates that 

endogenous NO has a braking action in the initial phase of BDNF-evoked airway 

hyperresponsiveness and that BDNF operates via an additional mechanism that is 

independent of NO to induce airway hyperresponsiveness to histamine. In previous 

studies it has been speculated that reduced NO release may be the mechanism behind 

NGF and BDNF-evoked airway hyperresponsiveness (Friberg et al., 2001; Yao et al., 

2006). It would fit well also with observations that NO produced in isolated mast cells 

can inhibit their release of histamine and leuktrienes (Gilchrist et al., 2003; Gilchrist et 

al., 2004). The observations in study III suggest that a reduced ability to release NO 

may be one mechanism for increased airway response during systemic elevated levels 

of BDNF. In conclusion, neurotrophin-evoked airway hyperresponsiveness is 

accompanied by decreased endogenous NO release and interaction between BDNF and 

NO formation might have implications in acute airway responses to direct 

bronchoconstrictive stimuli.  
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Fig.4.3.2. Pulmonary responses to challenge with aerosolized histamine in anaesthetized and 

mechanically ventilated guinea pigs in presence of BDNF (filled symbols, ). Inhibition of endogenous 

NO production with L-NAME (filled symbols, ▲) induced a significant (P<0.05 ) earlier response to 

histamine in presence of BDNF, suggesting that endogenous NO has a braking action on the early 

BDNF-evoked airway hyperresponsiveness to histamine. Data are expressed as percentage of control 

(baseline values before challenge) and shown as means±S.E.M for n=5-7 in each group.  

______________________________________________________________________ 

 

4.4. LEUKOCYTE RECRUITMENT AND AIRWAY INFLAMMATION (IV) 

Chronic inflammation is characterized by accumulation of leukocytes in the inflamed 

tissue. The leukocytes express adhesion molecules such as integrins on the cell surface, 

and they are important for migration of leukocytes from blood into tissue, where the 

leukocytes may contribute to airway inflammation, tissue damage and airway 

hyperresponsiveness. Previously, antagonism of the integrin subunit β1, as well as α2, 

has been shown to inhibit inflammation in several systems, including colitis, asthma 

and multiple sclerosis (Abraham et al., 2004; Lundberg et al., 2006; Yonekawa et al., 

2005). Blocking the β1 integrin subunit will have effects on many aspects of 

inflammation and therefore therapeutic intervention with β1 function might also be 

expected to have more unwanted effects, such as decreased defense against infectious 

agents. Therefore we wanted to explore whether antagonism of the α2 subunit might be 

as effective in counteracting inflammation in the airways and lungs. This was 

considered of special interest because the α2 subunit is involved in leukocyte migration 

in tissues, by linking with tissue collagen. However, we included a blocking antibody 

against integrin β1 in our experiments as a positive control, to demonstrate that a 

known way of blocking integrin-mediated inflammation could modify our allergen-

induced inflammation.  
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Inhalation of antibodies against integrin α2 inhibited leukocyte accumulation in airways 

and lung tissue of sensitized rats exposed to OVA (study IV). Inhalation of antibodies 

against integrin β1 showed similar capacity to inhibit the allergic inflammation 

response in sensitized rats exposed to OVA. Thus, anti-α2 pre-treatment prevented 

accumulation of eosinophils and neutrophils in BALF following OVA inhalation in 

sensitized rats (Fig. 4.4.1). As evident from recent studies the numbers of leukocytes 

found in BALF may not reflect the numbers of cells present or proportions of these 

cells in different lung compartments (Ridger et al., 2001; Schneider et al., 1999). By 

examining the leukocyte migration by histological analysis we could demonstrate that 

inhalation of anti-α2 prevented allergic airway inflammation in that it prevented 

eosinophil migration from the perivascular area to the peribronchial area. Inhalation of 

anti-β1 inhibited the migration of eosinophils by a similar pattern. (Fig. 4.4.1). 

 

The early and late airway response following allergen exposure to sensitized animals 

may be detected as decreased lung function in two phases, immediately after challenge 

and after a delay of several hours, respectively. A slight increase in resistance and 

decrease in compliance was observed following OVA challenge and might indicate the 

early airway response, but there were no indications of a late airway response according 

to changes in lung function. However, the late airway response was suggested to be 

present 6 hours after OVA challenge in sensitized rats, as evident from our findings of 

increased markers of pulmonary inflammation such as cytokine release in BALF, 

increase in exhaled NO, and leukocyte influx to the lung. Previous studies have 

suggested these as markers for late airway response in Brown Norway rats (Elwood et 

al., 1991; Waserman et al., 1995). 
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Figure 4.4.1. Sections of perivascular (A-D) and peribronchial (E-H) areas in lung from anaesthetized rats 

6 hours after aerosol challenge. OVA challenge to sensitized animals induced migration of eosinophils 

and neutrophils through endothelium to a nearby airway and either of the anti-α2 and anti-β1 monoclonal 

antibodies (mAb) inhibited the migration from perivascular areas to the airways. The lung tissue in 

sensitized and OVA-challenged control rats (control IgG-mAb) displayed extensive leukocyte 

accumulation in the perivascular (B) and peribronchial (F) areas and in the lung parenchyma. The 

proportion of eosinophils and neutrophils in the lung parenchyma were equal, while the eosinophils 

constituted approximately 80% of the leukocytes in the perivascular and peribronchial areas. Treatment 

with either anti-α2 or anti-β1 integrin antibody reduced eosinophil migration from the perivascular area 

(C and D) to the peribronchial area (G and H) by approximately two thirds. Mainly the migration of 

eosinophils into the airways was inhibited as evident from the presence of a higher percentage of 

neutrophils around the airways in anti-integrin treated animals compared to the sensitized OVA-

challenged animals. Neither the accumulations of leukocytes in the perivascular area nor the lung 

parenchyma were inhibited by the inhalation of anti-integrins. Figure reproduced from paper IV. 

______________________________________________________________________ 

 

OVA challenge to sensitized rats increased the levels of IL-4, IFN-γ, CINC-1 (indirect 

measurement of IL-8), IL-1β and TNF in BALF, whereas the Th-2 cytokine IL-6 was 

slightly decreased in BALF. The cytokine increase in BALF was accompanied by a 

slow and progressive increase in exhaled NO (Fig. 4.4.2). The pro-inflammatory 

cytokines IL-1β, TNF and IFN-γ may be responsible for the late-phase increase in 

exhaled NO. These cytokines have been shown to stimulate the expression of iNOS and 

release of NO from lung macrophages, which are cells suggested to be responsible for 

the increase in exhaled NO following allergen challenge in Brown Norway rats (Liu et 
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al., 1997). In addition, TNF has been reported to act as a potent inducer of iNOS in 

airway epithelial cells, and IFN-γ acts synergistically to enhance the TNF response on 

iNOS expression (Asano et al., 1994; Hamid et al., 1993; Robbins et al., 1994). 

Treatment with anti-α2 or anti-β1 prevented the increase in TNF, IFN-γ, IL-1β and IL-

4. Treatment with anti-α2 or anti-β1 also prevented the increase in exhaled NO 

following allergen-challenge in sensitized animals. The effect on exhaled NO may in 

part be explained by the ability of the anti-integrins to suppress the pro-inflammatory 

cytokine levels in sensitized animals exposed to OVA. Neither the anti-α2 nor anti-β1 

treatment changed the levels of the Th-2 cytokine IL-6 or the neutrophil chemotactic 

factor IL-8 in BALF. 

 

 

 

 

Figure 4.4.2. OVA challenge to sensitized animals induced late-phase increase in exhaled NO that 

developed progressively throughout the whole observation time and reached its maximum around 5 hours 

after challenge. Either of the anti-α2 and anti-β1 pretreatments prevented the increase in exhaled NO. 

Data are expressed as percentage of control (baseline values before challenge) and shown as means for  

n=4-5 in each group. Figure reproduced from paper IV. 



Lydia Bennedich Kahn    2008 

38 

5 GENERAL DISCUSSION 
 

The complex pathophysiology of allergic diseases has been the matter of extensive 

research for many years. The ongoing inflammation during allergic disease is suggested 

to trigger neuronal dysfunction and structural changes in the inflamed tissue, such as 

the airways. These structural changes in the airways include airway wall thickening, 

subepithelial fibrosis, airway smooth muscle cell hyperplasia and hypertrophy, and 

epithelial hypertrophy, and are known as airway remodeling. The inflammation-derived 

neuronal abnormality and airway remodeling in the airways may cause increased 

bronchial tone and airway hyperresponsiveness, and significantly contribute to the 

morbidity of asthma. Inflammatory mediators released from inflammatory cells can 

modulate or facilitate the release of neurotransmitters from airway nerves leading to 

increased bronchial tone. There is also evidence that neurons and structural cells 

themselves have the capacity to influence the immune response through the release of 

cytokines and neurotrophins. This points to a complex interaction among cells and 

mediators of the immune and nervous systems in the airways. This interaction may be 

referred to as neuro-immune crosstalk and is further supported by the close physical 

relationship between airway nerves, including sensory and cholinergic nerves, and 

inflammatory cells, such as mast cells and eosinophils (Fig 5.1). 

 

In the current work, mechanisms of airway hyperresponsiveness and airway 

inflammation have been investigated by focusing mainly on the neurotrophins. The 

neurotrophins have been suggested to display bidirectional signaling capacity between 

the immune and nervous systems and to have a role in the airway inflammation and 

airway hyperresponsiveness, but the neuro-immune crosstalk may be of less importance 

for the airway responses under physiological conditions (Fig. 5.1.).  
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Figure 5.1. Suggested targets for histamine and NKA to cause airflow limitation under physiological 

conditions. The close anatomical relationship of mast cells and sensory neurons and eosinophils and 

cholinergic neurons form the basis for a neuro-immune crosstalk in development of airway 

hyperresponsiveness, a symptom associated with mast cells and eosinophils. The bidirectional signaling 

among these cells may be exerted mainly at conditions associated with activated or facilitated mast cells 

and eosinophils such as in airway inflammation and may be of less importance for airway responses 

under physiological conditions. Under physiological conditions, airway responses to histamine and NKA 

may be caused by direct stimulation of histamine H1 receptors or neurokinin (NK-1, -2) receptors 

expressed on airway smooth muscle cells, endothelial cells and epithelial cells leading to 

bronchoconstriction, oedema and NO release.  

       

 

Neurotrophins; signaling molecules in airway hyperresponsiveness 

The neurotrophins are suggested to be associated with allergic airway inflammation, 

since elevated levels of neurotrophins, such as NGF and BDNF, are present in blood 

and locally in the lung in asthmatics, (Bonini et al., 1996; Lommatzsch et al., 2005; 

Noga et al., 2001; Olgart Höglund et al., 2002a), especially following allergen 

challenge (Kassel et al., 2001; Virchow et al., 1998). Moreover, airway inflammation 

in the hyperoxic lung injury condition is accompanied by enhanced levels of BDNF in 

the lung, as evident from animal studies (Yao et al., 2005). In addition, the 

neurotrophins have been shown to contribute to the development of allergic-induced 

airway hyperresponsiveness in several animal models of allergic asthma (Braun et al., 
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2004; de Vries et al., 1999; de Vries et al., 2001; Friberg et al., 2001) and in human 

airways (Frossard et al., 2005; Naline et al., 2007a). Furthermore, BDNF is suggested 

to increase airway smooth muscle contractile response in hyperoxic lung injury 

(Prakash et al., 2006; Sopi et al., 2008). Studies performed with anti-neurotrophins 

have so far shown prevention of development of the early allergic response (Glaab et 

al., 2003; Path et al., 2002) and allergen-induced airway hyperresponsiveness (Braun et 

al., 1998; Braun et al., 2004; de Vries et al., 2002).  

 

Taken together, these findings in airway hyperresponsiveness indicate that the 

neurotrophins NGF and BDNF fulfill some of the criteria of Dale for a „signaling 

molecule‟ (Paton, 1958). This is based on that (i) levels of endogenous neurotrophins 

are increased at conditions with airway hyperresponsiveness, (ii) exogenous 

neurotrophins induce airway hyperresponsiveness and (iii) antagonism of the 

neurotrophins prevents airway hyperresponsiveness.  

 

Sources of neurotrophins in allergic inflammation 

During asthma and hyperoxic lung injury, lung structures are damaged due to persistent 

airway inflammation. The increased levels of circulating neurotrophins in these 

conditions may originate from enhanced local production within the inflamed airways 

(Bonini et al., 1996; Micera et al., 2007; Noga et al., 2001; Olgart Höglund et al., 

2002a). This is not exclusive for airway inflammation diseases and several conditions 

including rhinitis, urticaria (Bonini et al., 1996) atopic dermatitis (Toyoda et al., 2002) 

and keratoconjunctivitis (Lambiase et al., 1997) are also associated with tissue damage 

and elevated levels of neurotrophins locally. The neurotrophins may increase in 

damaged tissue because of their beneficial functions for tissue repair and recovery 

processes under these conditions (Micera et al., 2007). This is based on the 

observations that neurotrophins accumulate in the area of tissue damage and on the 

autocrine and paracrine properties of neurotrophins on effector and target cells of repair 

and remodeling, such as lung fibroblasts (Kohyama et al., 2002; Olgart et al., 2001), 

bronchial smooth muscle cells (Dagnell et al., 2007; Kemi et al., 2006; Olgart Höglund 

et al., 2002a) and endothelial cells (Kim et al., 2004). 
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Targets for neurotrophins in airway hyperresponsiveness 

Neurons, including both sensory and cholinergic, are one of the main suggested targets 

for neurotrophins in evoking airway hyperresponsiveness in airway inflammation.  

Neurotrophins are suggested to contribute to survival and maintenance of sensory 

neurons (Lewin et al., 1996), enhance the numbers of SP containing neurons and 

increase the levels of NKA and SP (Hoyle et al., 1998; Hunter et al., 2000; Lindsay et 

al., 1989; Vedder et al., 1993). In addition, airway responses to capsaicin in vivo were 

increased in mice over expressing NGF (Hoyle et al., 1998) and antibodies against 

BDNF reduced the airway responses to capsaicin in a mice model of experimental 

asthma (Braun et al., 2004) suggesting an involvement of sensory neurons in the 

neurotrophin-induced airway hyperresponsiveness. Also enhanced cholinergic 

innervation and cholinergic-dependent responses in the airways are associated with 

increased levels of NGF (Bachar et al., 2004) and BDNF (Prakash et al., 2006; Sopi et 

al., 2008) in vitro. The neurotrophins most likely also have the potential to prolong 

allergic inflammation by contribution to survival of eosinophils (Nassenstein et al., 

2003) and mast cells (Kawamoto et al., 1995), and these cells express the NGF receptor 

TrkA (Braun et al., 1998; Noga et al., 2003). All these studies describe long-term 

effects of neurotrophins on neuronal and inflammatory cells since they were performed 

in models of chronic or allergic inflammation. The subsequent increases in airway 

responsiveness observed in the above studies may be a consequence of neurotrophin-

induced enhanced innervation and production of neuropeptides in the airways as well 

as effects on inflammatory cells including survival of eosinophils (Nassenstein et al., 

2003) and direct or indirect degranulation of mast cells (Bienenstock et al., 1987; Levi-

Montalcini et al., 1996; Stempelj et al., 2005) that might result in airway 

hyperresponsiveness. 

 

Mechanisms of neurotrophin-evoked airway hyperresponsiveness 

The observed effects of neurotrophins described above suggest a possible neuro-

immune crosstalk in development of airway hyperresponsiveness where the 

neurotrophins serves as signaling molecules between the immune and nervous system. 

The present study and those of de Vries et al. and Friberg et al., show that the 

neurotrophins can exert rapid (within 30 min) effects causing airway 

hyperresponsiveness to several mediators (de Vries et al., 1999; Friberg et al., 2001). 

This implies that cell-survival and trophic effects are not involved but rather implicate 
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effects on cells and structures already present in the normal airways. The findings 

reported in paper II show an additional indirect mechanism for NGF in increasing 

airway responsiveness to the tachykinin NKA, suggesting involvement of the mast cell 

in development of NGF-evoked airway hyperresponsiveness. Mast cells express TrkA 

receptors for NGF (Bienenstock et al., 1987) and receptors for tachykinins, and 

activation of the receptors by tachykinins has been suggested to induce release of 

histamine, predominantly by activation of the NK-2 receptor, as evident from 

experiments in guinea pig airways (Lilly et al., 1995; Mapp et al., 2000). Therefore 

NGF is suggested to facilitate the mast cell function by sensitizing or priming the cell 

for activation, leading to extensive mast cell degranulation and histamine release, 

tentatively trough activation of NK-2 receptors by NKA (Fig. 5.2).  

 

 

 

 

 

Figure 5.2. Suggested mechanisms for NGF-evoked airway hyperresponsiveness to NKA. NGF is 

suggested to facilitate the mucosal mast cells resulting in NKA-induced mast cell degranulation through 

the NK-2 receptor. This may cause increased airway response due to both NKA and histamine effects 

resulting in bronchoconstriction, oedema, increased cholinergic and sensory neurotransmission and 

increased NO production from epithelial cells (left). de Vries et al. have suggested that NGF evokes 

airway hyperresponsiveness to histamine through sensitization of sensory neurons resulting in increased 

neuropeptide release and increased airway response (right). Grey arrows indicate targets for NKA and 

histamine in the absence of NGF. Black arrows indicate the enhancing pathways for bronchoconstrictive 

effects leading to airway hyperresponsiveness in the presence of NGF. 
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The increased airway response to NKA in presence of NGF is probably caused by 

histamine actions leading to airflow limitation through bronchoconstriction, mucosal 

swelling and oedema as evident from observations in study II where 

hyperresponsiveness to NKA could be abolished by histamine H1 antagonism by 

mepyramine pre-treatment. All these processes can be mediated trough histamine H1 

activation as being described (Hey et al., 1992; Simons, 2004; White et al., 1988). In 

addition, histamine has been described to stimulate the sensory and parasympathetic 

neurotransmission via histamine H1 activation leading to increased activity in these 

fibers (Myers et al., 1995; Vidruk et al., 1977). Whether increased vagus activity and 

subsequent bonchoconstiction through muscarinic M3 receptors is involved merits 

further investigation. A neuronal component in the neurotrophin-evoked airway 

hyperresponsiveness cannot be excluded and is indicated from the close anatomical 

association between mast cells and nerves in the airways and bidirectional stimulation 

of mediator release from mast cells and sensory neurons in the airways (Bienenstock et 

al., 1988; Lilly et al., 1995; Mapp et al., 2000; Nilsson et al., 1990). This is further 

supported by previous studies suggesting that exposure to NGF induces airway 

hyperresponsiveness to histamine by sensitization of sensory nerve endings, which 

through release of tachykinins enhances histamine actions, leading to increase in airway 

responsiveness to histamine (de Vries et al., 1999; de Vries et al., 2001). This is based 

on findings showing that the airway hyperresponsiveness was abolished either by 

blocking the NK1-receptor or by inhibition of excitatory events at the sensory nerve 

terminal with a cannabinoid receptor agonist (de Vries et al., 1999; de Vries et al., 

2001). Rather than a direct effect on the tachykinin receptor level, NGF may facilitate 

the sensory neurons indirectly through release of sensitizing mediators from e.g. mast 

cells (Bienenstock et al., 1987). Facilitation of the sensory neurons by inflammatory 

mediators contribute to increased airway responses by release of the 

bronchoconstrictive tachykinins such as NKA and SP, as evident from previous animal 

studies (Barnes, 1991), and may explain the NK-1 receptor-dependent increase in 

airway responses to histamine in presence of NGF suggested by de Vries et al., (de 

Vries et al., 1999; de Vries et al., 2001). The crosstalk among sensory neurons and 

mast cells in the lung is also evident from a study showing that negative feed-back of 

histamine through the H3 receptor on mast cells was reduced in neonatally 

capsaicinized rats (Dimitriadou et al., 1994). Mast cells express the TrkA receptor and 

sensory neurons express both the TrkA and p75
NTR

 receptors for NGF and it has been 
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shown that neurotrophins exert their effects on both these cell types (Freund-Michel et 

al., 2008; Kassel et al., 2001; Levi-Montalcini et al., 1995; Levi-Montalcini et al., 

1996; Lewin et al., 1996). Presently, NGF is therefore suggested to evoke airway 

hyperresponsiveness through facilitation of the mast cells leading to degranulation and 

histamine release following stimulation, which seems the more likely explanation, or 

NGF may induce mast cell degranulation indirectly by facilitation of the sensory 

neurons in the airways.  

 

TARGETS IN THE LUNG FOR TREATMENT OF AIRWAY DISEASES 

Many different inflammatory mediators and structural cells are involved in the 

pathophysiology of airway diseases. These are potential targets for treatment of the 

disease or reduction of the subsequent symptoms. However, none of the current 

treatments cure asthma or eliminate airway hyperresponsiveness fully (GINA, 2007). 

 

It has previous been established that β1 integrins are relevant in animal models of 

asthma and the allergic inflammatory response in humans (Abraham et al., 2004; 

Abraham et al., 1994; Bazan-Socha et al., 2006; Laberge et al., 1995; Peng et al., 2005; 

Pretolani et al., 1994). Blockade of the integrin β1 with antibodies against the α4β1 

integrin has shown efficacy in several phase II and III clinical trials and is currently US 

FDA-approved for multiple sclerosis (Woodside et al., 2008; Yonekawa et al., 2005). 

However, harmful side-effects, including immunosuppression resulting in chronic 

inflammation (Woodside et al., 2008) have been reported and diminish the interest for 

further use of anti-β1 antibodies in asthma. However, these studies were performed 

with intravenous infusion of anti-β1, leading to a systemic integrin β1-blockade which 

may be responsible for the unwanted effects. Higher doses of intravenous anti-integrins 

can be expected to be required than when given by aerosol, to achieve the same 

beneficial effects on inflammatory responses as suggested by Abraham et al. (Abraham 

et al., 2004; Abraham et al., 1994). Recently, several antagonists for integrin α4β1 have 

been tested by inhalation in humans but only one has shown positive results in phase II 

clinical trials for asthma (Vanderslice et al., 2004; Woodside et al., 2008; Yonekawa et 

al., 2005). Blockade of the integrin α2 may constitute an optional pathway to prevent 

allergic airway inflammation and recruitment of eosinophils and neutrophils since anti-

α2 showed the same effectiveness as anti-β1 (study IV). Integrin α2 has been suggested 

to be responsible mainly for neutrophil recruitment and subsequent inflammation 
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(Lundberg et al., 2006; Werr et al., 2000), indicating that anti-α2 might have beneficial 

effects also for severe asthma, COPD and hyperoxic lung injury, diseases that are 

characterized by a predominantly neutrophil inflammation in the airways. Therefore, α2 

appears to be a possible therapeutic target for treatment of both eosinophilic and 

neutrophilic airway inflammation. 

 

Histamine and the tachykinins NKA and SP can mimic many of the symptoms and 

pathophysiological changes of asthma, including bronchoconstriction, mucus secretion, 

plasma leakage and vasodilatation in the guinea pig model. This suggests that 

antagonism of histamine and tachykinins might prevent initiation and progression of 

asthma symptoms and inflammatory responses. Although histamine H1 receptor-

antagonism has positive effects in humans including anti-allergic and anti-

inflammatory activities, the use of histamine H1 and H2 receptor antagonists as 

treatment in persistent asthma have little or no effect on the disease (Simons, 2004; 

Zhang et al., 2007). Antihistamine therapies that target other histamine receptors have 

been considered. The histamine H3 receptor is probably involved in the neuro-immune 

crosstalk among mast cells and sensory neurons in the lung, since the negative feed-

back of histamine release from mast cells was reduced in neonatally capsaicinized rats 

(Dimitriadou et al., 1994). The histamine H4 receptor is expressed mainly on 

inflammatory cells, and modulatory effects on mast cells and leukocytes through the 

histamine H4 receptor have been shown, supporting histamine H4 antagonism as a 

significant therapeutic intervention in airway diseases, including asthma (Zhang et al., 

2007). Based on this, the currently used histamine H1 antagonism in combination with 

histamine H4 antagonism may provide a novel strategy to suppress the inflammatory 

response and decreased airway responsiveness in asthma disease. A high degree of 

selectivity in this dual treatment is important to achieve since histamine H3 antagonism 

may lead to disturbance of the negative feed-back loop of histamine release from mast 

cells.  

 

Antagonisms of the NK-1 and NK-2 receptors to reduce the effect of NKA and SP in 

the airways have beneficial effects in animal models to prevent airflow limitation. In 

contrast, the outcome of studies on NK-1 and NK-2 receptor antagonism in asthmatics 

are not convincing for targeting tachykinins as treatment of asthma (Boot et al., 2007; 

Joos et al., 1996; Joos et al., 2004; Van Schoor et al., 1998). An explanation might be 
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that contribution of neurogenic inflammation to airway responses and airway 

hyperresponsiveness during airway inflammation is less important than has been 

described in animal models (Barnes, 1991; Boot et al., 2007). Another explanation 

might be insufficient effects of agonists due to species difference in tachykinin 

receptors. However, tachykinin antagonism may be a useful treatment for reduction of 

airway hyperresponsiveness in humans, since the tachykinins are increased in asthmatic 

airways and are suggested to facilitate the cholinergic neurotransmission in the lungs 

through NK-2 and NK-3 (Canning, 2006; Hall et al., 1989). This indicates that 

selective antagonists for NK-2 and NK-3 receptors might reduce the increased 

cholinergic activity and subsequent increased airway tone seen in asthmatics. 

Tachykinin receptors as targets for reduced cholinergic neurotransmission is suggested 

to have more beneficial effects than anticholinergic drugs since tachykinin antagonism 

might abolish the increased activity while anticholinergic drugs might reduce the 

neurotransmission resulting in major systemic unwanted side-effects. 

 

ANIMAL MODELS FOR HUMAN ASTHMA 

Animal models of asthma and airway responses have been established and improved to 

study complex physiological and immunological interactions in vivo. There is no single 

model that exactly reproduces the patophysiology of human disease and therefore a 

model relevant for the specific question or compound of interest has to be chosen.  

 

The guinea pig has been suggested to be the preferred choice for use as a model for  

bronchial asthma and airway responses since the airway anatomy and allergic 

inflammatory response is similar to those in human (Ricciardolo et al., 2008). In 

contrast to mice and rats, guinea pigs are sensitive to histamine and airway 

hyperresponsiveness is observed in vitro and in vivo and similar responses between 

human and guinea pig airways when exposed to metacholine or histamine have been 

demonstrated in vitro (Muccitelli et al., 1987). Moreover, allergen-induced airway 

responses in vivo showed a similar sensitivity to inhibition with mepyramine 

(Muccitelli et al., 1987), indicating the use of the guinea pig as a model ideal for 

histamine-induced airway responses. In addition, the decrease in exhaled NO following 

inhalation of bronchoconstrictive stimulus is similar in guinea pigs and humans during 

both normal and allergic conditions (present data and de Gouw et al., 1998; Maniscalco 

et al., 2001; Maniscalco et al., 2002; Persson et al., 1993b). Taken together, the 
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preferred model for acute airway hyperresponsiveness and the role of endogenous NO 

for airway responses is suggested to be the guinea pig. The disadvantage of the guinea 

pig model is the limitation of mechanistic studies involving genetics since the low 

number of inbred strains and lack of guinea-pig specific reagents available.  

 

Brown Norway rat might be a good model for the pathophysiology of allergic asthma 

since it shows similarity to allergic humans. Sensitized and allergen-challenged Brown 

Norwy rats might develop early and late allergic responses, show increase in the Th2- 

cytokines IL-4 and -5 (Elwood et al., 1991; Haczku et al., 1996) and exhibit increase in 

iNOS in the lung, accompanied by increased levels of exhaled NO during the late 

allergic response (Asano et al., 1994; Elwood et al., 1992; Eynott et al., 2002; Haczku 

et al., 1995; Iijima et al., 1998; Renzi et al., 1997). The rat may also be preferred for 

adhesion and leukocyte recruitment studies, since the bronchial arteries, and capillaries 

and veins in lamina propria of bronchi, which are the exit sites of leukocytes during 

allergic reactions, show anatomical similarity between rats and humans (Tschernig et 

al., 2008). Manipulation of the recruitment of leukocytes to the lung needs to be tested 

in animals with relevant bronchial circulation and therefore the Brown Norway rat was 

chosen for study IV. The healthy rat has low concentrations of exhaled NO making it 

difficult to detect decreases and minor changes in exhaled NO and might therefore limit 

the use of this model. 

 

For immunological questions different mouse strains might be useful but the 

discrepancy in physiology to human makes the model less preferred for investigation of 

pathophysiological changes including mechanisms responsible for development of 

airway hyperresponsiveness in asthmatic disease (Fuchs et al., 2008). The human Th2-

dependent allergic inflammation with eosinophilic influx to the lung and airway 

hyperresponsiveness is easy to mimic in the mouse model (Epstein, 2004) and the use 

of transgenic animals makes detailed mechanistic studies possible for identification and 

investigation of novel therapeutic targets for treatment of asthma (Fuchs et al., 2008). 

The major shortcoming of this model is the difference in physiology between mice and 

humans including the lack of bronchoconstriction in absence of airway inflammation 

and the reported lack of mast cells activity during the early allergic response (Ikeda et 

al., 2003). In addition, the body size might limit blood gas analysis and measurements 

of levels of exhaled NO. 
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6 CONCLUSIONS 
 

From the observations in this thesis it is suggest that: 

 

 detailed online measurements of pulmonary resistance, lung compliance and 

tracheal insufflation pressure in parallel are needed to delineate the 

mechanisms involved in the respiratory system responses to airway challenge. 

 

 aerosol inhalation is the preferred administration route for bronchoconstricting 

agonist when investigating airway responses in an animal model and is also 

feasible for local antibody treatment in the lung.  

 

 endogenous NO is closely associated to histamine-evoked changes in 

pulmonary resistance and lung compliance and counteracts 

bronchoconstriction to histamine. 

 

 the neurotrophins NGF and BDNF might be important mediators in 

development of airway hyperresponsiveness to asthma-associated 

bronchoconstrictives, including histamine and NKA, suggesting endogenous 

neurotrophins as responsible for airway hyperresponsiveness in airway 

inflammation.  

 

 the NGF-evoked airway hyperresponsiveness to NKA is histamine-dependent 

and mast cells are therefore suggested to play an important role in airway 

hyperresponsiveness. These results also support a central role for neuro-

immune cross-talk in development of airway hyperresponsiveness.  

 

 BDNF may evoke airway hyperresponsiveness to histamine through 

interaction with the NO system and endogenous NO seems to be of 

importance as a brake at least in the early phase of these responses.  

 

 the adhesion molecule integrin α2 might be responsible for characteristic 

features of the late phase responses of allergic airway inflammation including 

eosinophil and neutrophil recruitment and increased NO production. 

 

 Novel strategies to treat airway hyperresponsiveness and airway inflammation 

diseases might evolve from further understanding of the roles of 

neurotrophins, NO and integrins based on observations in this thesis.  
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7 SUMMARY IN SWEDISH 
Astma är en inflammatorisk sjukdom som drabbar luftvägarna, sjukdomen 

karaktäriseras av en reversibel luftvägsobstruktion, ökad slemproduktion och en ökad 

retbarhet i luftvägarna, s.k. hyperreaktivitet. Mekanismen för uppkomsten av 

hyperreaktiviteten är ännu inte känd. Det skulle vara önskvärt att förhindra uppkomsten 

av hyperreaktiviteten för att på så vis minska många symptom som är förknippade med 

astmasjukdom. Inflammationen och hyperreaktiviteten i luftvägarna utvecklas inte 

parallellt vid astma utan har föreslagits vara associerade genom signalering mellan 

immun- och nervsystemet. Forskningen inom detta område inriktar sig på att identifiera 

de mediatorer som agerar som budbärare mellan immun- och nervsystemet. 

Nervtillväxtfaktorer som nerve growht factor (NGF) och brain-derived neurotrophin 

factor (BDNF) har visats kunna påverka celler i både immun- och nervsystemet. 

Astmatiker har ökade nivåer av nervtillväxtfaktorerna NGF och BDNF i blod och i 

luftvägarna och i samband med exponering för allergen ökar dessa nivåer ytterligare.  

 Resultaten i denna avhandling visar att nervtillväxtfaktorerna NGF och BDNF 

kan orsaka hyperreaktivitet i luftvägarna, detta påvisades i en experimentell 

astmamodell där NGF eller BDNF tillförts strax innan (30 min) luftvägsprovokation. 

Fynden talar för att nervtillväxtfaktorerna av sig själva kan framkalla en ökad retbarhet 

i luftvägarna och styrker tidigare hypoteser att den ökade retbarheten i luftvägarna hos 

astmatiker skulle vara orsakad av ökade halter av kroppsegna nervtillväxtfaktorer. 

Resultaten visar även att en ökad förmåga hos mastcellen att frisätta histamin, som drar 

ihop luftvägarna, samt en minskad förmåga att bilda luftvägsvidgande kväveoxid är 

viktiga mekanismer bakom uppkomsten av nervtillväxtinducerad 

luftvägshyperreaktivitet. Andra resultat i avhandlingen tyder på att genom att blockera 

ett protein på de vita blodkropparnas cellyta, som dessa celler använder sig av vid 

transport i lungvävnaden, skulle man kunna förhindra allergisk luftvägsinflammation. 

Blockering av detta cellyteprotein förhindrar att vita blodkroppar i blodet tar sig till 

luftvägarna, och motverkar därigenom luftvägsinflammationen. 

 Resultaten i denna avhandling identifierar nya sätt att minska retbarheten i 

luftvägarna och minska allergisk luftvägsinflammation, men det krävs mer forskning 

för att finna och utveckla nya behandlingsvägar. Förhoppningen är att resultaten från 

denna avhandling kan ligga till grund för fortsatt forskning om luftvägsretbarhet och 

astma och möjliggöra nya behandlingar av astma och luftvägshyperreaktivitet. 
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