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Summary

Neurotrophins are known as target-derived factors regulat-
ing the development, survival and function of distinct
neuronal subsets. This family of structurally related
growth factors includes nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3)
and NT-4. Beyond their originally described effects on
neurones, neurotrophins are involved in many other biolo-
gical processes including immune regulation, smooth
muscle differentiation and neuroendocrine functions. The
pathogenesis of allergic bronchial asthma is characterized
by a complex interaction between inflammatory, epithelial,
smooth muscle cells and neurones. This results in the
development of airway inflammation, airway obstruction,
airway hyperresponsiveness and airway remodelling. The
altered neuronal control of airway smooth muscle tone is a
hallmark in bronchial asthma. Growing evidence suggests
that T cells, B cells, macrophages and mast cells produce
high quantities of neurotrophic factors during allergic
inflammation. Therefore, they are likely candidates as
mediators between allergic inflammation and airway hyper-
responsiveness. Neurotrophins increase excitability and
neurotransmitter synthesis in sensory neurones and can
also affect motor neurones. They enhance local neuropep-
tide release and augment central reflexes. Additionally,
neurotrophins can affect immune functions and smooth
muscle physiology. Therefore, neurotrophins are involved
in the cellular communication between different compart-
ments of the asthmatic lung. Delineating the mechanisms of
this cross-talk will give new insights into the pathogenesis
of asthma.

Neuronal changes in allergic bronchial asthma

Allergic bronchial asthma is a disease characterized by a
defined type of airway inflammation, reversible airway
obstruction in response to allergen inhalation and enhanced
bronchoconstrictor responses to unspecific stimuli (airway
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hyperresponsiveness, AHR). Repeated exposures to aller-
gen result in the development of a TH2 immune response,
the recruitment of eosinophils and lymphocytes into the
airways, remodelling of airway epithelium, smooth muscle
hypertrophy, basal membrane thickening and AHR [1-5].
In the last decade, growing evidence indicates neuronal
dysregulation in allergic bronchial asthma [6]. Increased
levels of the neuropeptide substance P have been detected
in the lung of asthmatic patients [7] as well as in a mouse
model [8]. Additionally, allergen challenge increased
neurokinin A levels in bronchoalveolar lavage (BAL)
fluid of asthmatic patients [9]. Substance P and neurokinin
A mimic characteristic features of bronchial asthma
including smooth muscle contraction, vascular dilatation,
increased vascular permeability, mucus hypersecretion,
facilitation of acetylcholine release and enhancement of
inflammation (neurogenic inflammation) [10-12]. In
humans, the bronchoconstriction is predominantly medi-
ated by neurokinin A, whereas inflammatory effects are
mediated by substance P [13]. In a guinea pig model, it
has been shown that sensory innervation of the airways is
altered by allergic inflammation [14,15]. The increase of
substance P and neurokinin A in the lung in response to
allergen challenge has been related to an increased pro-
duction of these neuropeptides in neurones of the nodose
ganglion [16]. Impaired degradation of tachykinins could
further enhance their local activity [17]. Despite the
existence of hard evidence supporting that c-fibre-released
tachykinins play a role in human asthma, there are also
studies based on capsaicin or antagonist treatment doubt-
ing a substantial role of tachykinins in bronchial asthma
[18-20]. Therefore, the significance of tachykinins in the
pathogenesis of human bronchial asthma remains to be
elucidated using trials with specific tachykinin receptor
antagonists.

Since cholinergic nerves represent the dominant bronch-
oconstrictor pathway and anticholinergic drugs are very
effective bronchodilators in acute severe asthma, choliner-
gic mechanisms must be considered in the development of
AHR. These mechanisms include enhanced cholinergic
reflex activity, increased acetylcholine release, enhanced
sensitivity of smooth muscle to acetylcholine and increased
density of muscarinic receptors on airway smooth muscle
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[21]. Interestingly, cholinergic mechanisms were also
shown to be affected by neuropeptides [22].

TachyKkinins and inflammatory hypersensitivity

Substance P and neurokinin A are members of a family of
closely related neuropeptides termed tachykinins. Tachyki-
nins are encoded by the two praeprotachykinin (PPT) genes
PPT-A and PPT-B. They are synthesized preferentially in
cell bodies of the sensory ganglia by a complex biosynthetic
pathway [23]. These neuropeptides are transferred via
axonal transport not only to presynaptic axon endings in
the spinal cord, but also to peripheral sensory nerve endings
[24,25]. Upon stimulation with mechanical, thermal, che-
mical (capsaicin, nicotine) or inflammatory stimuli (brady-
kinin, histamine, prostaglandins), tachykinins are released
[10]. They act in a dual fashion, as afferent neurotransmit-
ters to spinal cord motor neurones as well as efferent
neurosecretory mediators diffusing into the peripheral
tissue. In inflammatory processes, enhanced synthesis of
tachykinins leads to inflammatory hypersensitivity. These
effects are mediated by the neurotrophin nerve growth
factor (NGF) in specific conditions [26—28]. Neurotrophins
are very potent growth factors for lung-innervating sensory
neurones [30]. Since these signalling molecules are locally
upregulated in allergic inflammatory processes, they are
candidates for mediating the neuronal changes occurring in
allergic asthma.

The biology of neurotrophins and their receptors

The neurotrophins nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), neurotrophin-3
(NT-3) and neurotrophin-4/5 (NT-4) all belong to a
family of homologous proteins that exert their effects
primarily as target-derived, paracrine or autocrine neuro-
trophic factors. The role of the neurotrophins in survival,
differentiation and maintenance of neurones is well
defined [31]. They exhibit partially overlapping but dis-
tinct patterns of expression and cellular targets. In addi-
tion to their effects in the central nervous system (CNS),
neurotrophins also affect peripheral afferent and efferent
neurones. The biological effects of neurotrophins are
mediated by binding either to high affinity (Kq — 107"
tyrosine kinase receptors (trkA, trkB, trkC) or the low
affinity (Kq — 10™°) pan-neurotrophin receptor (p75™"%).
Substantial biological effects of neurotrophins are
mediated through the high affinity tyrosine kinase recep-
tors. TrkA is the high affinity receptor for NGF, trkB for
BDNF and NT-4, and trkC for NT-3. Neurotrophin
receptors are widely expressed in the neurones of the
peripheral and the central nervous system, both during
development and in adults [31]. However, trk receptors as

well as p75"™ are also expressed on non-neuronal cells

including immune cells, muscle cells and epithelial cells.

Sources of neurotrophins in inflammation

The traditional cellular sources of neurotrophins under
physiological conditions are primarily nerve-associated
cells such as glia cells, Schwann cells or fibroblasts and
neurones themselves [31,32]. In inflammatory processes,
NGEF is also produced by a wide range of haematopoietic
cells including mast cells [33], macrophages [34], T cells
[35] and B cells [36]. BDNF synthesis has been detected in
activated human T cells, B cells and macrophages [37,38];
in mast cells [39] and in thrombocytes [40] (Table 1). In
addition, neurones themselves produce enhanced levels of
NGF and BDNF during inflammation and injury [41,42].
Elevated NGF levels have been described in several inflam-
matory conditions [43,44]. In allergic diseases including
vernal keratoconjunctivitis and allergic rhinoconjunctivitis,
a marked increase in NGF serum levels has been demon-
strated [45]. Patients with severe allergic bronchial asthma
display high serum levels of NGF as well [46].

To further characterize the cellular sources and the
potential role of neurotrophins in allergic inflammation,
we turned to an in vivo mouse model of bronchial asthma.
In responses to aerosol allergen challenges, sensitized mice
developed airway inflammation with high levels of TH2
cytokines, an influx of lymphocytes, neutrophils and eosi-
nophils into the airways and airway hyperresponsiveness. In
this condition of allergic inflammation, T cells, B cells and
macrophages represent sources of enhanced NGF produc-
tion [34]. In vitro, allergen stimulation of mononuclear cells
from sensitized mice resulted in enhanced NGF synthesis. In
addition, NGF production was enhanced by antigen stimu-
lation in TH2 cell clones [47]. A different expression pattern
was observed for BDNF. Beyond a constitutive production
of BDNF by respiratory epithelial cells and airway smooth
muscle cells [96], we have demonstrated that activated
murine macrophages and T cells, but not B cells, produce
BDNF [38]. Histological analysis of the inflamed lung
revealed strong NGF and BDNF production in cells of the
peribronchial inflammatory infiltrate [34,38].

Next, we evaluated the neurotrophin production in human
bronchial asthma. For this purpose, we investigated the pre-
sence of NGF, BDNF and NT-3 in BAL after segmental
allergen provocation in mild asthmatic patients. Neurotrophins
increased markedly in allergen-exposed lung segments. Nota-
bly, this upregulation was seen during late-phase response, but
not in the early phase [48]. Unfortunately, very limited infor-
mation is available about the local production of neurotrophins
in other inflammatory diseases. One report shows upregulation
of NGF, BDNF and NT-3 synthesis in the experimentally
inflamed bladder [49]. The cellular events and the signal
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by immune cells

Table 1. Production of NGF and BDNF

Cellular Nerve growth Brain-derived neurotrophic
sources factor (NGF) factor (BDNF)
Mast cells In vitro (human, rat) [33,39,88] In vitro (rat) [39]
Macrophages In vivo (mouse), in allergic In vivo (mouse), in allergic airway
airway inflammation, by inflammation, by activated, not
resting
activated, not resting macrophages [38]
macrophages [34] In vivo (human), in inflammatory
lesions of multiple sclerosis [37]
In vitro (human), by activated, not
resting macrophages [37]
T cells In vivo (mouse) in allergic In vivo (mouse) in allergic airway
airway inflammation inflammation [38]
(unpublished data) In vitro (human), enhanced
following
In vitro (human), upregulated in antigen stimulation [37]
activated TH2-clones [89]
In vitro (mouse), by TH1 and
TH2 clones, only enhanced in
TH2-clones by antigen
stimulation [47]
B cells In vitro (human/mouse), In vitro (human), enhanced
following
produced by activated B cells activation [37]
[36,47] In vivo/in vitro (mouse), not
detectable in allergic
airway inflammation [38]
Platelets Not detectable [40] By human, but not by murine
platelets [40,90]
Eosinophils Low production [91] ?

transduction pathways leading to the elevated neurotrophin
synthesis in inflammation remain unknown.

Functions of neurotrophins in the peripheral nervous
system

Since most of the sensory neurones innervating the lung are
responsive to neurotrophins, and neurotrophins also affect
functions of motor neurones, local production of neurotro-
phins in the lung could mediate characteristic neuronal
changes in allergic bronchial asthma. It has been well
established that visceral sensory neurones, localized in the
nodose and dorsal root ganglia, require neurotrophins for
survival during development [29,50,51]. Interestingly, the
apoptosis of neuronal subpopulations in BDNF knockout

mice leads to severe deficits in breathing control [29]. In
adults, functional properties of neurones are also affected by
neurotrophins [52,53]. NGF was shown to upregulate neu-
ropeptide production in sensory neurones and contribute to
inflammatory hypersensitivity [27,54,55] (Fig. 1). In addi-
tion, neuronal hyperreflexia in cystitis was demonstrated to
be mediated by NGF [28]. Though cultured nodose ganglion
neurones do not require NGF for survival, their substance P
production is regulated by NGF [56]. In NGF-overexpres-
sing mice, a marked increase of neuropeptide production
was observed in projecting sensory neurones [30,57]. There
is growing evidence that BDNF modulates neuropeptide
production not only in CNS neurones [58], but also in PNS
neurones [59]. In addition, BDNF regulates capsaicin sen-
sitivity in nodose ganglion neurones, whereas NGF exerts
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Fig. 1. Control of neuronal neuropeptide production by target-derived neurotrophins during inflammation. Under physiological conditions,
low levels of neurotrophins are produced by peripheral innervation targets contributing to the maintenance and survival of neurones. During
inflammation, immune cells such as T cells, B cells, macrophages and mast cells produce high quantities of neurotrophins. These
neurotrophins are recognized by specific trk receptors, internalized and retrogradely transported to the neuronal cell bodies. In the nucleus
they induce transcriptional activation leading to neuronal hyperreactivity and enhanced neuropeptide synthesis (SP: substance P, NKA:
neurokinin A). These neuropeptides are transported into the periphery, and will be released upon stimulation

these effects primarily in dorsal root ganglia. Therefore,
neurotrophins probably also affect the sensitivity of sensory
neurones to certain stimuli [15,60]. Taken together, neuro-
trophins could orchestrate an enhanced neuropeptide release
and increase in excitability of sensory neurones (Fig. 2).
Actions of neurotrophins on visceral motor neurones are

Lung parenchyma

Fig. 2. The contribution of neurotrophins to
neuronal changes in allergic bronchial
asthma. Neurotrophins produced by
immune cells in the inflamed lung induce
neuropeptide production and nerve
hyperreactivity in sensory c-fibres. Upon

non-specific stimulation (cold air, cigarette .

smoke, etc.) increased amounts of
neuropeptides can be antidromically
released (axon reflex) causing smooth
muscle contraction, vascular dilatation and
increased vascular permeability, mucus
hypersecretion, facilitation of acetylcholine
release and enhancement of inflammation
(neurogenic inflammation). In addition,
neurotrophin-induced sensory
hyperreactivity could augment local and
central reflexes contributing to airway
constriction
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less well defined. However, the presence of trk receptors on
these neurones and the marked retrograde neurotrophin
transport in visceroefferences suggest neurotrophins could
also act on efferent neurones [61]. Evidence implies that
essential functions of the cholinergic system are also under
neurotrophin control [62—64].
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Table 2. Neurotrophin receptors on immune cells

Cell type p75 tkA ukB ukC References
Mast cells — + — — [88,92]
Macrophages + + - [65,68,72,93,94]
T cells - + +/- — [35,36,67,68,93]
B cells + + ? ? [36,95]
Eosinophils ? ? ? ?

—, not detected, +, detected, +/—, conflicting data, ?, limited
information

The functions of neurotrophins in the immune system

Beyond neurones, trkA and/or p75™ "X are also expressed on
a variety of immune cells, including T cells, B cells,
monocytes and mast cells [33,36,65,66]. TrkB was shown
to be expressed on T cells and macrophages [67,68] (Table
2). NGF increases the number of mast cells in neonatal rats
[69], stimulates rapid degranulation of mast cells and
basophils [70,71], promotes differentiation of mast cells,
granulocytes and macrophages [72-75], activates eosino-
phils [76], promotes proliferation of B- and T-cell subsets
[77,78], enhances TH2 cytokine production and immuno-
globulin (Ig) E synthesis [34] and induces differentiation of
activated B cells in Ig-secreting plasma cells [79]. Summar-
izing, most of these NGF effects have pro-inflammatory
properties. The majority of neurotrophin effects were
observed only in activated or costimulated cells. NGF by
itself does not appear to activate the immune cells in
physiologically relevant concentrations, but rather modu-
lates their threshold to other triggering stimuli [80]. How-
ever, most of these studies were performed in vitro.
Therefore, the physiological function of neurotrophins in
vivo remains to be elucidated. It must be noted that there is
very little data available about possible functions of other
neurotrophins in the immune system.

Functions of neurotrophins in smooth muscle physiology

Since the smooth muscle is one of the major effector organs
in allergic asthma, direct effects of neurotrophins on smooth
muscle cells must be considered. Smooth muscle cells are
able to produce all neurotrophins as well as to express their
receptors [81]. A role of NGF was postulated in myoblast
differentiation and proliferation [82]. The upregulation of
neurotrophin receptors in vascular smooth muscle cells has
been shown following de-endothelialization [83] and incu-
bation with serum [81]. Interestingly, smooth muscle cells
markedly upregulate NGF and BDNF as well as trkA and
trkB receptor expression after injury [83]. These data
suggest that smooth muscle cells can produce and respond

to neurotrophins in inflammatory conditions. This leads to
the hypothesis that neurotrophins could contribute to the
altered smooth muscle function in bronchial asthma.

Neurotrophins and asthma

Neurotrophins are produced locally in allergic inflammation
by immune cells. In addition, stress-related events both in
animal models and in humans result in a systemic increase
of NGF, suggesting this molecule is also involved in neuro-
endocrine functions [84,85]. The rapid release of NGF is
part of an alerting signal in response to either psychologi-
cally stressful or anxiogenic conditions [86,87]. Neurotro-
phins can contribute to the pathophysiological changes in
asthma in many ways (Fig. 3). There is good evidence from
mouse models of allergic inflammation and from NGF
transgenic mice that neurotrophins alter sensory innerva-
tion, enhance neuropeptide production and induce airway
hyperresponsiveness [30,34]. In these models, airway
hyperresponsiveness was induced by neurotrophins inde-
pendently of inflammation. The increase of neurotrophins
in BAL fluid after segmental allergen provocation [48]
indicates similar neuronal mechanisms in human asthma.
Furthermore, other recently discovered effects of neuro-
trophins must be considered in the pathogenesis of
asthma.

Conclusion

Neurotrophins could participate in the pathogenesis of
bronchial asthma in several ways: (1) as nerve growth

-

Inflammation Smooth muscle

Neurotrophin
effector
function

+Th2 cytokine production * Proliferation

« IgE synthesis « Differentiation
» Mast cell degranulation + Contractility ?

« Eosinophil recruitment

Sensory neurons

« Hypersensitivity
*Tachykinin synthesis

« Hyperreactivity

Fig. 3. The effects of neurotrophins in allergic asthma. Neurotro-
phins can act on several cells involved in the pathogenesis of
allergic bronchial asthma. They have pro-inflammatory properties
on immune cells, induce neuronal hyperreactivity and contribute to
smooth muscle proliferation
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factors inducing neuropeptide synthesis and neuronal
hyperreactivity, (2) as cytokine-like factors influencing
the allergic immune response and inflammation, and (3)
as growth factors directly controlling smooth muscle
function. There is growing evidence for a particular role
of NGF and BDNF in this condition. By contrast, the
functional significance of NT-3 and NT-4 remains enig-
matic. Since the pathogenesis of allergic bronchial asthma
is characterized by a complex interaction between inflam-
matory cells, epithelia, smooth muscle cells and neurones
in the lung, neurotrophins could play a critical role in this
pulmonary cross-talk.
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