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ABSTRACT

Allergic asthma is a chronic airway disease characterized by an eosinophilic inflammation,
bronchoconstriction, increased mucus production and bronchial hyperreactivity. The disease involves
several mediators and cell types and is associated with a Th2-mediated immune response.

Stress is a factor reported to deteriorate the allergic inflammation. Stress can influence the immune
system by activating the HPA axis, resulting in release of glucocorticoids which could effects functions
such as leukocyte trafficking and mediator release. These functions could be important for the course of
the allergic inflammation.

NGF, BDNF and NT-3 are members of the neurotrophin family, and since they have important
functions in both the nervous and immune systems they have been suggested to play a role as
neuroimmune modulators. The neurotrophins are essential growth factors in the nervous system, and can
also be produced by and activate inflammatory cells. Elevated neurotrophin levels have been found both
in blood and locally in the airways of asthmatic subjects, and the levels have been shown to be elevated
further following allergen exposure. The neurotrophins have also been linked to bronchial
hyperreactivity. However, it is not completely established which cells in the airways that produce the
elevated levels of neurotrophins. Further, the levels of NGF have been found to be elevated in healthy
humans in response to stress, but it is unknown if stress affects other neurotrophins than NGF, such as
BDNF, and whether the neurotrophins are regulated differently in allergic compared to healthy subjects
in response to stress.

The first major focus of this thesis was to determine if bronchial smooth muscle cells (SMC) could be
a source of the neurotrophins in the human airways, and how inflammatory cytokines might influence
such production. This was studied by using an in vitro cell culture model. The second focus was to
determine how stress could influence immune regulation, allergic inflammation and neurotrophin release,
and the possible involvement of glucocorticoids in stress-evoked neuroimmune interaction. This was

performed by utilizing both human and in vivo animal stress models.

It was shown that human bronchial SMC could produce NGF, BDNF and NT-3, and that the
production was diffrentially regulated by inflammatory cytokines. In the human stress modell, stress
increased the proportion of regulatory T-cells in both allergic and healthy subjects, whereas a decrease in
blood NK cell numbers and Th1/Th2 cytokine ratio was observed in allergic subjects only. Furthermore,
PBMC from asthmatic subjects released more BDNF than PBMC from healthy controls. In response to
stress, the release of BDNF from PBMC increased in healthy controls, but not in asthmatic subjects.
However, the levels of BDNF from asthmatic subjects at the stress period correlated positively to the
levels of IL-5. In the allergic animal model, stress aggravated airway eosinophilia. The stress-induced
eosinophilia was reduced when glucocorticoid release was inhibited. In response to stress, the levels of
NGF decreased in the airways of non-allergic animals, whereas higher levels of NGF were detected in the
airways of allergic compared to non-allergic animals during stress. In contrast to the eosinophils, the

NGF levels were elevated when glucocorticoid release was inhibited.

The results indicate that in inflammatory conditions, human bronchial SMC may be a source of
neurotrophins. Also, PBMC may be a source of neurotrophins, especially in allergic inflammation.
Further, atopic and non-atopic subjects shared some immune changes in response to stress. However,
other stress-induced immune changes are unique to atopic individuals, indicating that some pathogenic
mechanisms in atopics may be more strongly affected by stress than others. Data also supports an
increased eosinophilic airway inflammation and increased neurotrophin production in response to stress,
and an involvement of glucocorticoids in these responses. Altogether, it is suggested that stress could
contribute to an aggravated allergic inflammation, and that neurotrophins may be suggested as

messengers in this response.
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Studies on neuroimmune interactions in allergic inflammation

1 INTRODUCTION
1.1 GENERAL INTRODUCTION

The main purpose of the respiratory system is to supply the body with oxygen and
remove carbon dioxide. Inflammatory diseases of the airways, such as asthma, may
disrupt this vital function. Hence, asthma, which affects more than 10 % of the
population in western countries, is characterized by brochoconstriction, increased
mucus production and bronchial hyperreactivity. Mechanisms regarding the underlying
inflammation are still incompletely understood. Today, most asthma treatments are
based on symptom relief and are not directed towards the cause of the disease.

Apart from anecdotes, stress has been shown increase the extent and number of asthma
exacerbations (Rietveld et al., 2000; Sandberg et al., 2000). This implies a
neuroimmune communication in asthma of importance for disease outcome. Therefore,
an increased knowledge about the interplay between the nervous and immune systems
are needed

The current work is focused on allergic inflammation, mainly in the airways, the role of
neuroimmune interaction, such as psychological stress, on the inflammatory processes
in allergic disease, and the role of neurotrophins as mediators in this response.

1.2 PHYSIOLOGY OF THE AIRWAYS

Via the nose, pharynx and larynx the airways extends to the trachea (Weibel and
Taylor, 1998). Approximately in the middle of the thorax the trachea divides into two
bronchi (primary bronchi, see Figure I). The bronchi are further divided into secondary
and tertiary bronchi, bronchiole, terminal bronchiole, respiratory bronchiole and ends in
the alveoli after 23-24 generations. Gas exchange occurs by diffusion in the respiratory
bronchiole and the alveoli (Figure I). To keep the trachea and bronchi stable and open,

Primary

Secondary
bronchus

Tertiary
bronchus

Terminal _.-
bronchiole

FADAM.

Figure 1: The human bronchial tree



Cecilia Kemi

cartilage is embedded in the airway wall, whereas the lower airways are kept open by
negative pressure.

The inspiration is dependent on the diaphragm and other airway muscles, whereas
expiration is spontaneous. The lung volume is measured by spirometry, which is
commonly divided into static and dynamic spirometry. Static spirometry measures lung
volumes, such as the vital capacity. Dynamic spirometry measures air flow, and can be
used to determine peak expiratory flow (PEF), forced vital capacity (FVC) and forced
expiratory flow in one second (FEV)). Spirometry can determine if airways are
obstructed or restricted. During obstructive lung disorders such as asthma, the normal
passages of air is prevented, whereas restrictive airway disorders, such as emphysema,
are caused by a reduced amount of respiratory tissue, or a prevented expansion of the
lungs.

1.3 ALLERGIC INFLAMMATION

Allergy, from the Greek "allos" meaning changed or altered state and "ergon" meaning
reaction, has become a common clinical diagnosis. Allergic diseases have strong
genetic components, but do not follow simple monogenetic patterns of inheritance
(Barnes et al., 2003). Also the environment can influence the allergic disease. Allergic
inflammation is initiated in susceptible individuals following exposure to an allergen.
Allergens are relatively small, soluble proteins (Janeway et al., 2001), and the most
common allergens in Sweden include birch and grass pollen, pet dander and mite feces.
Inhalation is the most common route of allergen entry, resulting in allergic rhinitis
and/or allergic asthma. In susceptible individuals, the first encounter with an antigen
results in a production of allergen specific immunoglobulin (Ig)E antibodies by B-cells,
a production driven by interleukin (IL)-4 and IL-13 from Th2-lymphocytes. The
production of Th2-associated cytokines can be inhibited by IFN-y produced by Thl-
cells. The IgE antibodies bind to the FceRI receptor on the cell surface of cells such as
mast cells and basophils, and allergic reactions are triggered by cross-linking of these
IgE antibodies. An allergic reaction can be divided into an early and a late-phase
response. The early reaction starts within seconds following allergen contact, and is due
to the release of pre-formed histamine and other mediators from mast cells and
basophils following IgE cross-linking. This release causes a rapid contraction of
smooth muscle and an increased vascular permeability. The late-phase reaction takes 6-
12 hours to develop, and is caused by induced synthesis of mediators, including IL-5,
which attracts inflammatory cells such as eosinophils to the site of the reaction. The
cells and mediators involved in the allergic inflammation are described further in
section 1.4-6.

1.3.1 Allergic rhinitis

Allergic rhinitis is an allergic inflammation of the nasal passages, usually characterized
by symptoms such as repetitive sneezing, rhinorrhea, post-nasal drip, nasal congestion
and pruritic eyes, ears, nose or throat(Van Cauwenberge et al., 2000). The
inflammation in rhinitis is related to, and often occurs with allergic asthma
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1.3.2 Allergic asthma

The characteristic symptoms of asthma include wheeze, chest tightness, breathlessness,
and cough. Bronchial hyperreactivity underlies much of the symptomatology of
asthma, such as airway narrowing, and may be tested by bronchial provocation using
aerosols of metacholine or histamine or other substances that stimulates
bronchoconstriction (Barnes et al., 2003). Other pathological alterations in asthma
include thickening and remodeling of the airway wall, which can reach 300% its
normal thickness (Jeffery, 2003). Several factors contribute to the thickening and
remodeling of the airways during asthma, such as increased smooth muscle cell mass,
thickening of the reticular basement membrane and dilatation of mucosal blood vessels.
Other hallmarks of asthma include increased mucus production and a damaged and
shedded epithelium. Damage of the epithelium is probably an early feature of asthma,
and the loss of epithelia appears to correlate to the degree of hyperresponsiveness in the
airways (Jeffery et al., 1989).

1.4 INFLAMMATORY CELLS

The inflammation and remodeling observed in allergic asthma and rhinitis is
orchestered by a number of different cells and mediators.

1.4.1 Mast cells

Mast cells reside in all normal tissues, where they are important for wound healing and
host defense (Galli, 2000). In asthmatic airways, mast cells localize with smooth
muscle cells (see section 1.5.1), submucosa, mucosal glands and epithelium (see
section 1.5.2)(Bradding et al., 2006). Mast cells are one of the key cells in the early
allergic response. The dominant signal for mast cell activation in allergy is cross-
linking of allergen specific IgE antibodies on the mast cell surface, but mast cells can
also be activated by neuropeptides, including substance P (Hart, 2001). Upon
activation, the mast cells release their granule, containing histamine, prostaglandins and
leukotrienes, which in the airways are capable of inducing bronchoconstriction, mucus
secretion and mucosal edema (Bradding et al., 2006). Mast cells also synthesize and
secrete a large number of cytokines, such as IL-4, IL-5 and IL-13.

1.4.2 Granulocytes
1.4.2.1 Eosinophils

About 0.1-7.0% of the leukocytes in human blood are eosinophils. Traditionally the
eosinophils have been thought to be important in host protection against parasites, but
the levels of eosinophils increase in blood and tissue also following allergy and asthma
(Rothenberg and Hogan, 2006). The granule of eosinophils contains four different
cytotoxic molecules, eosinophils peroxidase (EPO), major basic protein (MBP),
eosinophil cationic protein (ECP) and eosinophil-derived neurotoxin (EDN), along with
a variety of cytokines, chemokines and leukotrienes, including IL-4, IL-5, eotaxin and
RANTES, which are released upon activation. In the asthmatic airways, this release
result in bronchial hyperreactivity, which in turn can promote contraction of smooth
muscle cells, mucus production and vascular permeability. The number of eosinophils
in the airways are generally low, but increase in response to allergic asthma, and the
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numbers of eosinophils in the airways have been associated with the clinical severity of
the asthmatic disease (Bousquet et al., 1990; Vignola et al., 1998).

1.4.2.2 Neutrophils

The majority of the leukocytes in the blood, 45-74 % are neutrophils. Neutrophils are
part of the innate immune system, and the essential role for neutrophils is to
phagocytose foreign material (Janeway et al., 2001). Elevated numbers of neutrophils
can be found at sites of infection, and the main chemoattractant for neutrophils is IL-8.
Elevated levels of neutrophils can be found in patients with clinically severe asthmatic
disease (Beeh and Beier, 2006).

1.4.2.3 Basophils

Less than 1 % of the leukocytes in blood are basophils. The basophils fulfill a role in
the host defense against parasites (Galli et al., 2002). Like for mast cells, the activation
signal for basophile is cross-linking of IgE bound to the cell surface via the high
affinity FceRI receptor. The granule basophils release upon activation contains
histamine, leukotrienes and cytokines, including IL-4 and IL-13.

1.4.3 Lymphocytes

Lymphocytes help to mount the adaptive immune response against virtually any foreign
antigen (Janeway et al., 2001). This is possible because each maturing T and B-
lymphocyte bears a unique antigen-receptor. The adaptive immune response can also
provide protection from re-infection of the same pathogen. In humans, lymphocytes
constitute approximately 16-45% of the leukocytes in blood.

1.4.3.1 T-lymphocytes

T-cells start their development in the bone marrow and complete it in the thymus,
whereafter they enter the blood stream. T-cells can be divided into two different groups
dependent on their receptors and effects; CD4 " T-helper (Th) cells and CD8" cytotoxic
(killer) T-cells (Janeway et al., 2001).

1.4.3.1.1 CD4" T-helper cells

When a naive CD4" T-cell encounter its antigen for the first time, it differentiates into
either a T-helper type 1 (Thl) or T-helper type 2 (Th2) cell (Janeway et al., 2001). This
differentiation is mainly regulated by cytokines and dendritic cells (Georas et al., 2005).
Production of IL-12 from dendritic cells promotes differentiation of Thl cells. When
IL-12 is absent, naive T-cells produce IL-4, promoting Th2 cell differentiation. In
addition can CD4"-cells differentiate into regulatory T-cells (see section 1.4.3.1.2). Thl
cells mainly produce IFN-y, which is important for activation of macrophages and NK-
cells (Janeway et al., 2001). Th2 cells produce IL-4, IL-5 and IL-13 which activates
mast cells and eosinophils and induce production of IgE antibodies from B-
lymphocytes (see section 1.4.3.2). In asthmatic patients, the number of CD4" T-cells
increase in the airways, and the majority of these are Th2 (Georas et al., 2005).
Therefore, asthma is regarded as a Th2-driven disease, and the levels of Th2-associated
cytokine increase in asthmatic patients compared to healthy controls.
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1.4.3.1.2 Regulatory T-cells

Regulatory T-cells were previously called suppressor T-cells, due to their ability to
suppress other T-cell mediated immune responses. Both natural and induced
populations of regulatory T-cells exist, and they probably have overlapping functions in
the control of the immune response (Mills, 2004). Natural, or CD4"CD25™eh
regulatory T-cells, develop in the thymus, while Tr1 and Th3 cells are generated from
naive T-cells in the periphery, following an antigen encounter. Most likely, the
suppression by CD4'CD25en regulatory T-cells is mediated by cell-cell contact,
whereas Trl and Th3 suppress immune function by secretion of IL-10 and TGF-f,
respectively.

A role for natural regulatory T-cells in atopic disease has been implied, since natural
regulatory T-cells have been shown to decrease the levels of eosinophils in the airways
and modulate the production of cytokines (Suto et al., 2001; Curotto de Lafaille and
Lafaille, 2004). In addition, natural regulatory T-cells from atopic subjects have been
suggested to be dysregulated, since they have been shown to be less efficient in
inhibiting Th2-associated cytokine production, than natural regulatory T-cells from
healthy individuals (Grindebacke et al., 2004; Ling et al., 2004). In animal models of
allergic airway disease, natural regulatory T-cells have in addition been shown to
reduce bronchial hyperreactivity (Kearley et al., 2005).

Activated non-regulatory T-cells can also express CD25 on their surface, although the
expression of CD25 on natural T-regulatory cells generally is higher, hence the term
“CD25™¢" However, apart from the high expression of CD25 on the cell surface,
natural regulatory T-cells can also be characterized by the transcription factor Foxp3,
which represents a more specific marker for natural regulatory T-cells. Natural
regulatory T-cells can in addition be characterized by cell-surface markers, including
CTLA-4, CD45RO, CD38 and GITR (van Oosterhout and Bloksma, 2005). However,
like CD25, none of these markers are able to completely discriminate between natural
regulatory T-cells and conventional T-cells.

1.4.3.1.3 CD8 -cytotoxic T-cells

CD8" T-cells protect the host from virus and cytoplasmic bacteria by inducing
apoptosis of infected cells (Janeway et al., 2001). Cells undergoing apoptosis are
rapidly digested by nearby phagocytic cells (see section 1.4.4). Apart from the secretion
of perforin and granzymes which induce apoptosis, CD8" T-cells also release cytokines
such as IFN-y, TNF-a and TNF-3, who also contribute to host defense by inhibition of
viral replication and activation of phagocytic cells. CD8" T-cells have been described
as suppressors of airway inflammation and AHR, however, the levels of CD8" T-cells
are elevated in cases of fatal asthma, and the expression of IL-4 is higher in CD8" T-
cells from atopics compared to healthy donors (Gelfand and Dakhama, 2006).

1.4.3.2 B-lymphocytes

The B-lymphocyte is the only cell capable of producing antibodies, and it is therefore
essential in the humoral immune response (Ganoug, 2005). For activation, B-
lymphocytes are dependent on activated Th2 cells. Upon activation, the B-lymphocyte
proliferates and transform into plasma cells, which secrete large number of antigen
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specific antibodies into the circulation. IgE antibody production, which has a central
role in the allergic response, by B-lymphocytes requires activated Th2 cells that
produce IL-4 and IL-13 (Janeway et al., 2001).

1.4.3.3 Natural killer cells

Natural killer (NK)-cells lack antigen receptors and are part of the innate immune
system (Janeway et al., 2001). Activated NK-cells help to control viral and intracellular
bacterial infections. IFN-a, IFN-B and IL-12 activates NK-cells, which kill infected
cells by inducing apoptosis. In asthmatic individuals, the role of NK-cells is far from
clear, but besides the cytotoxic properties of NK-cells, activated NK-cells rapidly
produce large amount of IFN-y, IL-4 and IL-13, by which they could regulate an
allergic inflammation (Dombrowicz, 2005).

1.4.4 Mononucelar phagocytes - Monocytes and macrophages

About 4.0-10% of the leukocytes in human blood are mononuclear phagocytes. When
the monocytes enter extravascular tissue, they differentiate into macrophages (Janeway
et al., 2001). The main purpose of the macrophage is to remove foreign material from
the body, which is performed by phagocytosis. Thl cells can activate macrophages to
increase their antimicrobial effectiveness, and apart from their role as phagocytes,
macrophages are also important for recruiting other inflammatory cells to the site of an
infection by secretion chemokines such as IL-8. Because of their effectiveness,
dysregulated macrophages can contribute to a variety of diseases, including diseases in
the airways such as alveolitis, by recruitment of inflammatory cells as well as release of
oxygen radicals and proteolytic enzymes (Sibille and Reynolds, 1990).

1.5 STRUCTURAL CELLS IN THE AIRWAYS

Adrveay lumen

Epithelium
EBazernent membrane

Latnina reticularis
with fibrobl asts

Smooth musele cells

Figure 2: Structural cells in the airway wall

1.5.1 Smooth muscle cells

Since airway smooth muscle cells (SMC, Figure 2) mediates contraction of the airways
during the asthmatic attack, they are considered as a key tissue in allergic asthma. In an
individual with allergic asthma, the airway SMC layer is increased, mainly due to
hyperplasia, but also hypertrophy (Ebina et al., 1993). A dysregulation in the airway
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SMC from asthmatics is also illustrated in the enhanced proliferation compared to SMC
from healthy controls (Johnson et al., 2001). It has been reported that SMC from
asthmatics have an increased contractile response to histamine, compared to healthy
controls (Bai, 1991).

Apart from bronchoconstriction, the airway SMC also participates in airway
inflammation and remodeling in the asthmatic airway by production of various
inflammatory mediators (Black et al., 2003; Lazaar and Panettieri, 2005). Hence,
airway SMC are capable of producing a variety of chemokines, including RANTES,
eotaxin and IL-8, which can recruit leukocytes, such as mast cells and lymphocytes into
the airways (Lazaar and Panettieri, 2005). In addition to chemokines, airway smooth
muscle cells can produce cytokines, including IL-5, and components of the
extracellular matrix, including collagen type I and IV (Panettieri et al., 1998).

1.5.2 Epithelial cells

The epithelium lining (Figure 2) of the respiratory tree consists of several cell types.
The upper bronchi are mainly lined with ciliated epithelial cells, mucus producing
goblet cells and basal cells. In the bronchioli few goblet cells are present, whereas
secretory Clara cells appear. In the most distal part of the lung, the alveoli are lined
with type I and type II cells. Type I cells facilitates gas exchange, wheras type II cells
produce surfactant which prevents the alveoli from collapsing, and in addition has a
role in immune defense.

In addition to constituting a first barrier and protection against foreign materials, the
epithelial cells can contribute to the regulation of inflammation in the lung, by releasing
cytokines and chemotactic factors, including IL-5, IL-8 and granulocyte-macrophage
colony stimulating factor (GM-CSF). Thereby have epithelial cells a potential to
regulate which inflammatory cells that are recruited into the lungs. Epithelial cells
depend on a number of adhesion molecules for their adhesion to each other as well as
the basal membrane (Albelda, 1991). The shredding of the epithelium which can be
observed in asthma could be due to impaired effect of this adhesion. Damage in the
epithelial cell layer could expose nerv endings. Stimulation of these nerve endings by
inflammatory mediators could release neuropeptides promoting smooth muscle
contraction and mucus secretion. See section 1.7 for details on nerve mediated control
of the airways.

1.5.3 Fibroblasts

Fibroblasts (Figure 2) produce extracellular matrix proteins, including collagens and
fibronectin, which are important both for structure as well as tissue repair and
remodeling. The fibroblasts are also able to produce inflammatory mediators, including
IL-1, IL-8 and TGF-B, and are important for both the inflammatory and remodeling
processes in the airways (Sime et al., 2000). A role of the fibroblast in the pathogenesis
of asthma has been suggested, partly because it has been shown that fibroblast from
asthmatic subjects express more matrix metalloproteinases and tenascin compared to
fibroblasts from healthy subjects, which could contribute to an increased remodeling of
the airways of asthmatics (Nakamura et al., 2004).
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1.6 PROTEIN MEDIATORS IN ALLERGIC INFLAMMATION

Cytokines are extra cellular signaling proteins. They predominantly function in a
paracrine manner, although endocrine and autocrine effects have been reported (Barnes
et al., 2003). The effects of cytokines on target cells vary, not only depending on the
target cell type, but also its maturity. In the allergic inflammation, cytokines are
expressed both at the acute- and chronic phase of the inflammation. TNF-a, IL-1p and
IL-6 are sometimes referred to as the “first wave” cytokines, due to their swift release
in response to inhaled allergens or other inflammatory stimuli. They can be released
from a number of cells, but macrophages are central producers. TNF-a, IL-1p and IL-6
may then act on other cells, such as epithelial cells, to release a second wave of
cytokines, including IL-5 and GM-CSF, as well as the chemokines, IL-8 and RANTES.
These mediators attract cells, such as T-cells and eosinophils, to the site of the
inflammation. The recruited cells then play important roles in the late inflammatory
response by their release of cytokines.

Cytokines of special interest in the allergic inflammation include 1L-4, IL-5 and IL-13.
IL-4 and IL-13 are derived from Th2 cells and mast cells, and promote B-lymphocytes
to switch to IgE-production. IL-4 also increases the expression of adhesion molecules
on epithelial cells, thereby aiding further recruitment of inflammatory cells. IL-5 is also
produced by Th2-cells, and is important for eosinophils differentiation, activation and
survival. The function of Th2-derived cytokines is counteracted by Thl associated
cytokines, such IFN-y, which has an inhibitory effect on Th2-cells. IFN-y may also
have pro-inflammatory effects, and stimulate cytokine release from both epithelial cells
and macrophages. IL-2 functions as an autocrine growth factor for Th1 cells.

1.7 NERVE MEDIATED CONTROL OF THE AIRWAYS

The peripheral nervous system (PNS) provides an interface between the central nervous
system (CNS) and the periphery (Willis, 1993). The airways are innervated by neurons
leading information both to and from the CNS. Sensory neurons lead information from
the epithelium, lung parenchyma, SMC and submucosa to the CNS, whereas the
autonomous nervous system leads information from the CNS, via autonomic ganglia to
effector cells. The autonomous nervous system can be divided into to two major parts;
the sympathetic and the parasympathetic nervous systems. Roughly, the sympathetic
nervous system signals through release of norepinephrine, binding to a or B adrenergic
receptors on the target cells, which include SMC, glands and blood vessels. The
parasympathetic system releases acetylcholine, which binds to muscarinic (M)
receptors on glands and SMC. In the airways, the cholinergic nerves are the dominant
pathway for bronchoconstriction of airway SMC, whereas the adrenergic system
mediates relaxing signals. Nerve cells can also communicate by release of
neuropeptides, such as the tachykinin substance-P. Apart from acting as
neurotransmittors, neuropeptides can act as neuromodulators by changing the amount
of neurotransmitter released, or the response of the transmittor. In the airways,
neuropeptides can stimulate increased mucus secretion, blood vessel permeability, and
possibly smooth muscle contraction. In addition, there is a complex interaction between
neurons and inflammatory cells in the airway, where inflammatory mediators have
modulatory effects on neurotransmission and neurotransmitters, and vice versa.
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In allergic asthma, the bronchial hyperreactivity might increase due to a sensitization of
sensory neurons by inflammatory mediators, unprotected neurons due to damaged
epithelium, increased release of neurotransmitters and/or increased neurotransmitter
receptor density (Barnes et al., 2003). In addition have the number of substance-P-
containing nerve fibers been found to be increased in subjects with fatal asthma
(Ollerenshaw et al., 1991).

1.8 THE NEUROTROPHINS

In 1952, Levi-Montalcini showed that a potent growth of sensory and sympathetic
nerves was induced when tumors from mice were transplanted to chick embryos (Levi-
Montalcini, 1952). Since the outgrowth did not require direct contact, it was concluded
that the tumors released a nerve growth-promoting factor which had a selective action
on certain types of nerves. The substance was named nerve growth factor (NGF), and
since its discovery in birds, it has been found also in mammals, reptiles, amphibians
and fish (Lewin and Barde, 1996). Since the numbers of neurons depending on a
growth factor for normal development excided the restricted neuronal specificity of
NGF, the existence of other neuronal growth factors was early hypothesized. In 1989,
brain-derived neurotrophic factor (BDNF) was cloned as the second member of the
neurotrophin family (Leibrock et al.,, 1989). Today, the neurotrophin family in
mammals also consists of neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5).
Neurotrophin-6 and neurotrophin-7 have also been identified, but only in fish (Gotz et
al., 1994; Lai et al., 1998). The neurotrophins are dimers of two identical subunits,
linked together by non-covalent bonds, and are highly conserved through evolution.
BDNF and NT-3 are more conserved than NGF, which in turn is more conserved than
NT-4/5 (Gotz et al., 1992; Gotz and Schartl, 1994). In mammals the neurotrophins are
all synthesized as precursors, and are processed either inside the cell by furin or pro-
hormone convertases, or extracellularly by plasmin or matrix metalloproteinases, to
produce mature neurotrophins (Allen and Dawbarn, 2006). The mature neurotrophins
have a weight of about 25 kD.

1.8.1 Neurotrophin receptors

To exert their effects, neurotrophins use two types of receptors, the tyrosine kinase
receptors (Trk) and the p75 neurotrophin receptor (p75NTR) (Kaplan and Miller,
2000). p75NTR was the first functionally described neurotrophin receptor (Johnson et
al., 1986). It binds all neurotrophins (Rodriguez-Tebar et al., 1992), and belong to the
tumor necrosis factor receptor gene family (Naismith and Sprang, 1995). Interestingly,
while Trk receptors only transmit signals for enhanced survival, activation and growth,
whereas p7SNTR can transmits signals for both activation and survival, as well as
apoptosis (Kaplan and Miller, 2000).

Three Trk receptors have been identified: TrkA, TrkB and TrkC. NGF binds to TrkA
(Kaplan et al., 1991; Klein et al., 1991a), while BDNF and NT-4/5 bind to TrkB (Klein
et al., 1991b; Soppet et al., 1991; Squinto et al., 1991; Klein et al., 1992). NT-3 can
bind to all Trk receptors, but preferably to TrkC (Ryden and Ibanez, 1996).
Neurotrophin binding the Trk-receptor stimulate Trk-dimerization (Jing et al., 1992)
and tyrosine transphosphorylations, leading to activation of signal transduction
pathways such as the Ras/Raf/Map-kinase pathway, which mediates neurite outgrowth,
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and the PI-3K/Akt pathway which mediates important anti-apoptotic signals (Kaplan
and Miller, 2000). The p75NTR signalling pathways include activation of NF-«kB,
which mediates cell survival (Khursigara et al., 1999), and the JNK-p53-Bax-pathway,
which induces apoptosis (Kaplan and Miller, 2000).

The p75NTR and the neurotrophin Trk-receptors can act individually, but can also
interact on several levels, for example have p75NTR been shown to enhance tyrosine
phosphorylation of TrkA (Verdi et al., 1994).

1.8.2 Neurotrophins in the nervous system

As mentioned earlier, neurotrophins have an important role in neuronal survival and
maintenance (Lindholm et al., 1997), but also in response to brain injury (Lindvall et
al., 1994). Studies on knockout mice show that the neurotrophins are necessary for a
normal development of the CNS (Crowley et al., 1994; Jones et al., 1994). The
neurotrophins have been suggested to be involved in a number of diseases involving the
nervous system, such as Alzheimer’s disease which has been associated with a decrease
in both NGF and BDNF in the CNS (Connor et al., 1997; Hellweg et al., 1998), but
also in the blood (Schaub et al., 2002). Decreased levels of BDNF have also been
associated with depression (Allen and Dawbarn, 2006). In addition, increased
production of neurotrophins in the CNS been implied to suppress inflammation also in
the neurodegenerative disorder multiple sclerosis (Villoslada and Genain, 2004).

1.8.3 Neurotrophins in the immune system

Although the neurotrophins were first described in the nervous system, it is now clear
that they have important functions also in the immune system. Production of at least
one of the neurotrophins, as well as the expression of various neurotrophin receptors
have been described for most inflammatory cells, including mast cells, eosinophils,
lymphocytes and macrophages who have important functions in inflammation,
including allergic asthmatic disease. Furthermore, expression of neurotrophins and their
receptors have been shown for structural cells, such as smooth muscle, epithelium and
fibroblasts.

1.8.3.1 Mast cells

Mast cells are able to produce the neurotrophins NGF, BDNF and NT-3 (Leon et al.,
1994; Tam et al., 1997). Mast cells express TrkA constitutively, and NGF is important
for mast cell survival and differentiation (Matsuda et al., 1991; Kawamoto et al., 1995).
In addition, NGF can function as a chemoattractant for mast cells (Sawada et al., 2000),
and regulate mast cell degranulation (Bruni et al., 1982; Pearce and Thompson, 1986;
Horigome et al., 1993).

1.8.3.2 Eosinophils

Eosinophils have been shown to produce NGF (Solomon et al., 1998) and express all
neurotrophin receptors (Nassenstein et al., 2003). The neurotrophins have been shown
to have anti-apoptotic effects on eosinophils from asthmatic airways (Nassenstein et al.,
2003), and NGF has been shown to enhance eosinophilic cytoxicity (Hamada et al.,
1996). In addition, it has been shown that more eosinophils are recruited to the airways
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in models of allergic airway inflammation that over-express NGF in the airways (Path
et al., 2002).

1.8.3.3 Lymphocytes

Lymphocytes are able to produce NGF, BDNF, NT-3 and NT-4/5, but the production is
often dependent on cell activation (Besser and Wank, 1999; Kerschensteiner et al.,
1999; Moalem et al., 2000). Neurotrophin-receptor expression has been reported in
both T- and B-lymphocytes (Ehrhard et al., 1993; Brodie et al., 1996; Melamed et al.,
1996; Besser and Wank, 1999), and NGF can induce both proliferation and
differentiation of lymphocytes (Thorpe and Perez-Polo, 1987; Otten et al., 1989).

1.8.3.4 Monocytes/macrophages

Monocytes/macrophages have been shown to produce NGF, BDNF and NT-4/5
(Schober et al., 1998; Braun et al., 1999; Caroleo et al., 2001), and monocytes from
allergic patients produce more NGF than monocytes from healthy donors (Rost et al.,
2005). Immunohistochemical studies have revealed NGF expression, as well as
expression of TrkA, TrkB and TrkC in alveolar macrophages (Ricci et al., 2004).

1.8.3.5 Structural cells in the airways

Apart from the inflammatory cells, neurotrophins and their receptors have been shown
also on structural cells. Hence, in humans both in vivo and in vitro studies have shown
that airway epithelial cells and SMC can express NGF, BDNF and NT-3 (Fox et al.,
2001; Pons et al., 2001; Freund et al., 2002; Olgart Hoglund et al., 2002; Ricci et al.,
2004). Airway fibroblasts have been shown to express NGF (Olgart Hoglund et al.,
2002). SMC have also been shown to express the TrkA, TrkB and TrkC receptors, as
well as p75NTR, and can hence be activated by neurotrophins (Ricci et al., 2004).

1.8.4 Role of neurotrophins in allergic inflammation

A pathological role for the neurotrophins has been suggested in both allergic rhinitis
and allergic asthma, since affected subjects exhibit elevated levels of neurotrophins
both in the blood and locally in the airways (Bonini et al., 1996; Sanico et al., 2000;
Olgart Hoglund et al., 2002). In asthmatics, these levels have been shown to increase
further following allergen challenge (Virchow et al., 1998; Sanico et al., 2000; Kassel
et al., 2001; Nassenstein et al., 2003).

Elevated levels of neurotrophins have been suggested to contribute to the allergic
pathology in several ways. NGF and BDNF may contribute to the development of
bronchial hyperreactivity (BHR), a hallmark in asthma, as evident from animal studies
(de Vries et al., 1999; Braun et al., 2004). This hyperreactivty has been shown to be
neurokinin-1-dependent, suggesting involvement of tachykinins, such as substance-P
(de Vries et al., 1999). In support of a role for NGF in the allergic response, over
expression of NGF has been demonstrated to increased bronchoconstriction following
allergen challenge in an animal model of allergic asthma, whereas anti-NGF treatment
was shown to inhibit bronchoconstriction (Path et al., 2002). The neurotrophins may
also increasing the neuropeptide content and the number of sensory neurons innervating
the airways (Hoyle et al., 1998; Hunter et al., 2000).
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Since the inflammatory cells invading the lung following allergen challenge have been
shown to express neurotrophin receptors, they could be influenced by the elevated
levels of neurotrophins. Hence, previous studies have shown that airway eosinophils
from asthmatic have an increased expression of neurotrophin receptors compared to
blood eosinophils (Nassenstein et al., 2003). This increased expression was associated
with an enhanced survival and an activation. NGF has also been shown to increase
tissue remodeling processes by inducing fibroblast migration and differentiation into
myofibroblasts (Micera et al., 2001).

However, even though a number of cells outside the nervous system have been shown
to be able to produce neurotrophins, it is still not fully established which cells that
stands for the elevated levels of neurotrophins found in the airways of asthmatics, and
how this production is regulated.

1.9 PSYCHONEUROIMMUNOLOGY

The nervous system, the endocrine system 