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ABSTRACT

Effects of Age and Early Life Ozone Exposure on the Developmental
Dynamics of Afferent Airway Neurons in Postnatal Rats

Leor C. Zellner

The environmental irritant ozone (O3) plays a role in airway inflammation and is known to
cause airway hyperresponisiveness especially in susceptible populations such as asthmatics
and young children. O3 exposure increases nerve growth fact (NGF) mRNA and protein levels in
the airways, and alters the expression of substance P (SP) in nodose and jugular afferent
airway neurons and in sensory nerve fibers in the airways. The growth and development of
vagal afferent neurons is in part regulated by NGF, and because these sensory neurons
continue to develop throughout postnatal life O; exposures during this period may adversely
affect their development. The objectives of these studies were to 1) characterize the normal
postnatal development of vagal ganglia sensory neurons, tracheal epithelial innervation, and
NGF levels in lung lavage and 2) investigate changes in nodose and jugular ganglia neuron
number and SP content following acute O3 exposure in early postnatal life.

Initial studies determined that NGF levels in bronchoalveolar lavage fluid (BALF) and
tracheal epithelial nerve fiber density (NFD) changed in an age-related manner, and both were
maximally increased on postnatal day (PD) 10. Preliminary studies conducted to determine an
efficient and accurate method for quantifying vagal sensory neurons used retrograde tracing
techniques to identify afferent airway neurons located in the nodose and jugular ganglia. A
novel quantification technique combining neuronal isolation, immunocytochemistry and flow
cytometry was developed. Age-related changes were also noted in afferent airway neurons,
which corresponded to the changes measured in NFD and NGF levels. These findings
indicated that the early postnatal development of airway sensory neurons and innervation
occurs in a rapid manner and may be influenced by NGF.

In the next set of studies, rats were exposed to O3 (2ppm for 3 hrs) on PD5 to evaluate
possible changes in neuronal development and SP content. A significant decrease in the total
number of nodose and jugular ganglia neurons was noted 16 days after the O3 exposure
(PD21), and the number of SP-containing airway neurons was markedly increased on PD28 (23
days after O3) compared with filtered air (FA) controls. No differences in the total number of
airway neurons between O3z and FA exposed groups were noted. These findings reveal that
early life O3 exposure can significantly alter vagal sensory neuron development.

In conclusion, sensory neuron development is significantly altered by exposure to Oz in
early postnatal life, and increases in the number of SP containing airway neurons so far
removed from the exposure, may provide insight into why early life O; exposure enhances
airway responses to subsequent irritant exposures later in life.
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CHAPTER 1:

Introduction and Literature Survey



Childhood asthma is a growing concern in major cities around the world. Understanding
how the airways change during development and how they are affected by exposures to
environmental air pollutants, such as ozone, is becoming of greater concern. This chapter
discusses afferent sensory innervation of the airways, the postnatal development of afferent
airway sensory neurons in the nodose and jugular ganglia, as well as how irritant exposures in
early life can alter airway growth and maturation. The information presented here will provide a

basis for comprehending the experiments discussed later on.

1.1 Structure of Lower Airway

1.1.1 General Structure and Function

The lower airway is comprised of two functional regions: the conducting region and the
respiratory region. The conduction region is made up of the trachea, main stem bronchi, lobar
bronchi, segmental bronchi, bronchioles, and terminal bronchioles. This region functions to
transport air to and from the respiratory region, as well as playing a role in the humidification
and temperature regulation of the inspired air (131). The conducting airways also filter and
remove particles from the air, and have antibacterial functions to aide in immunologic defense of
the body. The respiratory region contains respiratory bronchioles, alveolar ducts, alveolar sacs

and alveoli. This is the area of the airway where gas exchange occurs (131).

The conducting region can further be divided into extrapulmonary airway, outside of the
lung parenchyma, and intrapulmonary airway, within the lungs. The trachea and main bronchi
comprise the extrapulmonary airway, while the remaining bronchi and bronchioles, comprise the

intrapulmonary airway (131).

1.1.2 Airway wall structure

Below the basement membrane of the respiratory epithelium is the lamina propria, which
consists of connective tissues, blood and lymph vessels, resident immune cells including,
macrophages and mast cells, and autonomic and sensory nerve fibers, some of which may be
the intraepithelial fibers that have been detected in rats (3, 8). The trachea and main-stem
bronchi contain rings of C-shaped cartilage that act to prevent the airway from collapsing. The
cartilage is located on the anterior and lateral walls, and bands of smooth muscle run along the
posterior wall connecting the two ends of cartilage. Below the lamina propria is the submucosal

layer containing serous and mucous glands, additional sensory and autonomic nerve fibers, and



blood vessels. Surrounding the extrapulmonary airway is the adventia, which acts as support for

the external wall of the airways, and contains blood vessels, nerves and lymphatic vessels.

As the airways transition from conducting to respiratory, the number of ciliated cells in
the respiratory epithelium gradually decreases as do the number of mucous glands and goblet
cells. Cartilage rings become plates and progressively decline, while smooth muscle becomes
helical shaped and gradually increases until the level of the respiratory bronchioles. At the level
of the terminal bronchioles, the epithelium is mostly comprised of cuboidal cells. In the
respiratory region, the epithelium is simple squamous epithelium, which helps to facilitate gas
exchange by decreasing the distance oxygen must diffuse to enter the pulmonary capillaries
(~0.5um). The dense network of pulmonary capillaries encircling each of the ~300 million alveoli
creates a blood-air interface with a surface area of ~75m?, further facilitating gas exchange by

increasing the diffusion rate for oxygen (131).

1.1.3 Cellular Components

Lining the airway is respiratory epithelium, which is characterized by a pseudostratified
columnar, ciliated epithelium with mucus-secreting goblet cells. The function of the respiratory
epithelium is to expel particulate matter that becomes trapped in mucus coating the epithelium,
which is moved upward by the beating of the cilia. The epithelial cells of the respiratory
epithelium fall into two classifications: ciliated and non-ciliated cells (135). Brush cells, serous
cells, mucous goblet cells, neuroendocrine cells (113), basal cells and Clara cells (found
primarily in the smaller bronchioles) fall into the latter class. The distribution of these cells is not

uniform through out the lower airways, and differs depending on the species (121).

Sensory innervation in the airways is a very important component in the maintenance of
pulmonary homeostasis. Under normal physiological conditions, sensory afferent activation
following noxious stimuli results in protective mechanisms designed to limit irritant infiltration in
the airways. Understanding afferent sensory innervation in the airways is important because
during chronic inflammatory and pathological states hypersensitivity of sensory afferents result

in exaggerated and injurious reflexes.

1.2 Development of Fetal Lung and Airway Innervation

Mammalian fetal lung maturation begins during embryogensis, which in humans starts
near the end of the 4" week of gestation. Lung growth then progress through three distinct

phases the pseudoglandular, canalicular and saccular stages with continued development
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extending well into postnatal life (reviewed in 119). These stages of lung development have
been described in several different species including rats, primates, sheep and mice, though
timing of the phases will differ depending on species specific gestational periods (reviewed in
119). Figure 1-1 shows a comparison of human and rat fetal lung development. In both rats and
humans, postnatal life is a period of rapid and ongoing alveolarization, as the lung grows to
meet increasing metabolic demands. The accelerated rate of rat postnatal development makes
comparison with human postnatal development more challenging, however in general postnatal
day (PD) 2-6 are roughly equivalent to the period from infancy through preschool age in
humans. PD10-PD21 most closely correspond with school aged children through prepubescent
teenagers, with early adolescences and the onset of puberty in humans equating to PD28-42 in

rats (reviewed in 119).

Figure 1-1 (1)

Human weeks 3.5-6 weeks 5-17 weeks 15-34 weeks 24-40
(280days/40 weeks)
Rat E9-E15 E16-E19 E19-20 E21
(22 days/~3 weeks)
birth
species l l l l I
(length of gestation) | embryonic | pseudoglandular | canalicular | saccular I

Figure 1-1. Comparison of human and rat fetal lung development. Timeline of

prenatal lung development in humans and rats.

The following table (Table 1-1) highlights important developmental milestones in lung

development including the formation of airway innervation (summarized from 136).



Table 1-1

Developmental

Fetal Lung Development

Development of Airway innervation

Phase
* Formation of lung bud * Neural crest cells (NCC) migrate from foregut to
- Rapid division as series of tubules branching in lungs; differentiate
Embryonic dichotomous pattern - Will become intrinsic pulmonary neurons

- Branching morphogenesis of epithelial tubules
(ET) forms proximal tracheobronchial tree

Pseudoglandular

* Branching morphogenesis at peak levels

- Segmental bronchi present

- Critical developmental stage for formation of
conducting airways
* Lung lobular organization completed
* Airway smooth muscle (ASM) laid down at sites of
new growth of ET

- ET elongation = formation of continuous ASM
layer from trachea to growing tips

BY END OF PHASE:
* Branching virtually complete

* ET surrounded by interconnect precursor ganglia
and loose nerve bundles
*Vagus nerve trunks visible

* Neural process connecting vagi to trachea and 1°
bronchi likely contain afferent sensory fibers from
vagal sensory ganglia
* Functional innervation of ASM
* Prolific amounts of vesicle traffic observed

BY END OF PHASE:
* Precursor neural tissues done proliferating
* Differentiating into mature neurons

Canalicular

* Dramatic changes in lung morphology
* Differentiation of pulmonary epithelium
- Formation of future air/blood barrier
* Surfactant synthesis
* Arterioles of bronchial circulation appear adjacent to
nerve trunks and bundles
* Capillary canalization of lungs begins
* Conducting and gas exchange regions are easily
distinguished

* Spatial separation between ganglia due to
increased lung growth
* Ganglia become compact and spherical; migrate
away from nerve bundles
* Decrease in nerve bundle diameter
* Mucosal innervation is established followed by
mucosal vasculature
* Appearance of neurotransmitters

- SP fibers in ASM (humans)

- CGRP fibers in epithelium (rat & humans),
trachea, bronchial SM, and around blood vessels
(rat)




Developmental

Fetal Lung Development

Development of Airway innervation

Phase
* Rapid lung growth * Increased spatial separation between ganglia
- Peripheral airways form widened airspaces * Maturation of ganglia and nerves
(saccules) * Ganglia neurons and axons in nerve bundles are
Saccular * Significant expansion of gas exchange region ensheathed by glial cell processes
* Bronchial mucosal circulation complexity increases | * Full expression of neurotransmitters
- Developing into microvessel network * SP* C-fibers in epithelium (humans), lamina propria
* Arterioles follow nerve bundles (rats)
* Branching morphogenesis IN HUMANS
* Enlargement of airways and gas exchange region * Formation of basal nerve plexus
* Alveolarization - Composed of sensory and motor neurons
* Cellular differentiation - Lays just above basement membrane in
- Continues throughout lifespan of all species epithelium
Postnatal - Tracheal epithelial differentiation is the most * Nerves from plexus ascend between epithelial cells;

extensively characterized

arborize; spread varicose fibers over apical surface
of epithelium

- Varicose fibers terminate in one or more swollen
varicosities containing SP & CRGP

- These varicose fibers are C-fibers




1.3 Sensory Innervation of the Airway

1.3.1 Afferent Fiber Type

Numerous retrograde and anterograde tracing studies established that nearly the
entirety of sensory innervation in the lower airway originates in the nodose and jugular
ganglia located on the vagus nerves, with a smaller contribution coming from sensory
fibers originating in the dorsal root ganglia(7, 14, 38, 66, 80, 127, 137). The trachea and
main bronchi are innervated by fibers carried in the vagal branches of the superior
laryngeal and recurrent laryngeal nerves. Smaller branches of the vagus nerve innervate
the remaining portions of the airway (7, 14, 38, 66, 80, 127, 137). There are three types
of afferent sensory nerve fibers typically identified in the airway below the larynx: slowly
adapting stretch receptors (SAR), rapidly adapting stretch receptors (RAR) and
bronchopulmonary C-fibers (31, 60).

1.3.2 Slowly Adapting Stretch Receptors

SARs are an example of afferent nerves that respond to non-harmful distention
of the lung. This type of stretch-sensitive mechanosensor exhibits slow adaptation
responses to sustained lung distention. While highly sensitive to mechanical stimulation
SARs are relatively insensitive to chemical stimulation (60). Signal transduction in these
nerve fibers is conducted via myelinated A-6 fibers that are between 1-5 ym in diameter

and have conduction velocities between 5-30 m/s (90, 101).

1.3.3 Rapidly Adapting Stretch Receptors

RARs are stretch-sensitive mechanosensors that rapidly adapt during maintained
inflation. They have the ability to readily respond to changes in the mechanical
properties of the airways and are functionally important in airway defensive mechanisms,
including initiation of the cough reflex (14). The greatest concentration of RARs in the
airways, established through electrophysiological studies, is around the carina, hilum,
and main bronchi, though they are found throughout the airways (60, 109). Upon
activation, signals from RARs are also conducted via A-0 fibers, though generally they
have slower conduction rates than SARs (17, 31). The most striking difference between
RARs and SARs is that RARs are able to respond to a variety of stimuli including inhaled

irritants and endogenous mediators of inflammation (14, 60).



1.3.4 Bronchopulmonary C-fibers

C-fibers are classified as such due to their slow conduction velocities (0.6-2 m/s;
45). The slow propagation of action potentials can be attributed to the fact that they are
thin (0.1-1 um), unmyelinated nerve fibers. C-fibers are highly chemosensitive, and in
nearly every mammalian respiratory system. They are vigorously activated by capsaicin,

the active ingredient in peppers of the Capsicum family (14, 84).

Histological and functional studies carried out in cats found that thin,
unmyelinated fibers account for the majority of afferent nerve fibers in the airways (4).
Bronchopulmonary C-fiber is the collective terminology for two classifications of C-fiber
afferents in the airways: bronchial C-fibers and pulmonary C-fibers. A distinction was
made between the two, based on their anatomic location within the airway; bronchial C-
fibers are found within the airway mucosa, pulmonary C-fiber afferents innervate
intrapulmonary lung tissue. Bronchial C-fibers are most accessible to chemicals injected
into the bronchial circulation, while chemicals injected into the pulmonary circulation
were more readily accessed by pulmonary C-fibers (32, 83). This distinction however, is
not generally made in rats, since the circulatory accessibility is not as clear in smaller
animals (17, 61).

Though bronchial and pulmonary C-fibers have differing sensitivities and
responses to lung inflation, activation of bronchopulmonary C-fibers evokes a multitude
of defensive reflexes including rapid shallow breathing, apnea, bronchoconstriction,

mucus secretion and extravasation of plasma and cough (31, 32, 35, 148).

1.3.5 Connection to Central Nervous System

These three types of afferent nerve fibers travel within the vagus nerves and
synapse with second order neurons in the nucleus of the solitary tract (NTS). Though
the three fiber types generally terminate in the middle and caudal portions of the NTS

(73, 74), each fiber terminates in specific non-overlapping regions (34, 42, 79).

Appreciating the classifications of afferent sensory terminals in the airways and
the different fiber types involved in signal transduction is an important first step toward
understanding the consequences of hypersensitivity in these nerve terminals during
chronic inflammatory states. It is also pertinent to elucidate what is happening in the

soma of these afferents, upon activation.



1.4 Nodose & Jugular Ganglia Neurons

1.4.1 Anatomical Organization and Embryonic Origin

As previously mentioned, retrograde and anterograde tracing studies
demonstrated that the majority of airway afferent sensory innervation is from C-fibers
originating in the nodose and jugular ganglia (4, 7, 38, 66, 80, 127, 137). The nodose
(inferior) and jugular (superior) ganglia, located on the left and right vagus nerves at the
level of the jugular foramen (Figure 1-2), bilaterally innervate the lower airways, and also
provide sensory afferent innervation for other viscera including the heart and Gl tract. In
rats and adult mice, the nodose and jugular ganglia are present as a single fused
ganglion containing the jugular ganglion in the rostral portion, and the nodose ganglion

in the caudal region (112).

Despite being in a single fused ganglion, nodose and jugular neurons exhibit
differences in afferent fiber type, sensitivity to pharmacological stimuli and airway
irritants, as well as variations in neuropeptide expression and reliance on differing
growth factors during development. These differences might be attributed to the differing
embryonic origin of the two ganglia. D’Amico-Martel and Noden (33) using the technique
of embryonic tissue transplantation, illustrated that jugular ganglion neurons originate
from the neural crest, while neurons in the nodose ganglion are derived from the third

and fourth epibranchial placodes.



Figure 1-2 (2)

Figure 1-2. Anatomical orientation of the nodose and jugular ganglia.

The nodose (inferior) and jugular (superior) ganglia are on the vagus nerve
(CNX) and are located just distal of the jugular foramen (JF) where the vagus
nerve exits the brainstem.
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1.4.2 Fiber Type and Sensitivity to Pharmacological Agents and Airway Irritants

Electrophysiological studies conducted in rats demonstrate that a large
percentage (75%) of afferent fibers originating in the nodose ganglion are C-fibers (90).
This work also determined that nodose ganglion neuron afferents have two additional
classifications of fiber type. Both are myelinated, fast conducting A-type fibers (>10m/s
conduction velocity); however, the fibers termed “Ah-type” had conduction velocities as
low as 4m/s and had broad action potentials (>2ms) that closely resemble those of
unmyelinated C-fibers. This study did not determine which tissue(s) these afferent fibers
were innervating; however, this does not rule out the possibility of airway innervation via

nodose C-fibers.

Another study using rats, attempting to discern if afferent fiber type of nodose
and jugular neurons could be determined on the basis of morphological markers as well
as response to pharmacological stimuli, utilized differences in the calcium transients of
cultured nodose and jugular neurons following capsaicin treatment as a way to
determine the associated fiber type (30). Capsaicin sensitivity, which was first
characterized in dorsal root ganglion, is considered the standard identifying trait of

nociceptive, C-fibers (150).

It was established that 58% of the viable neurons examined were capsaicin-
sensitive. Of neurons exhibiting increased calcium transients in response to a low dose
of capsaicin, 60% were nodose neurons, and 56% were jugular neurons (30). When a
maximal dose of capsaicin was administered, jugular ganglion neurons were significantly
more responsive than nodose ganglion neurons. From these results it was concluded
that jugular ganglion neurons have a significantly higher sensitivity to capsaicin (30),
which might indicate a higher concentration of C-fibers in jugular neurons. However, as
in the Li and Schild (90) study, the site of innervation was not established, in this

instance due to the use of cultured neurons.

As far as identifying afferent fiber type on the basis of morphology (soma size,
surface texture, color, or shape), no morphological differences were noted between
nodose and jugular neurons that responded to capsaicin treatment. However, it was
documented that capsaicin-sensitive neurons in both ganglia were predominantly less
than 35 um in diameter, and that as soma size increased, the percentage of neurons

responsive to capsaicin decreased (30).
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A much clearer picture of the origin of sensory afferent nerve fibers in the airways
exists in the guinea pig. Studies have ascertained that the afferent fibers of nodose
ganglion neurons are myelinated, fast conducting A-0 fibers, whereas the afferent fibers
of jugular ganglion neurons are an equal mixture of myelinated A-6 fibers and
unmyelinated C-fibers (127). Though some differences have been noted, these findings
have, for the most part, been generally accepted as the organization of vagal sensory

afferents in other mammalian species.

An additional study employing electrophysiology examined the sensitivity of rat
airway vagal afferents to pharmacological (capsaicin), irritant (cigarette smoke), and lung
inflation stimuli in relation to conduction velocities (60). This investigation concluded that
in rat airways, a small percentage of A-0 fibers are mildly stimulated by chemical
irritants, but C-fibers are the primary chemosensitive afferents; however, location of the
soma associated with the nerve fibers was not determined (60). Studies in guinea pigs
have determined that nodose ganglion A-0 afferents are stimulated during allergic airway
inflammatory events, resulting in increased tachykinin gene expression (49). Taken
together with the findings of the Ricco et al. (127) study, the conclusions of the Ho et al.
(60) study indicate that the A-6 fibers stimulated following irritant exposure could be

afferents originating in nodose neurons.

1.4.3 Neuropeptide Expression

Neuropeptides constitute one of the largest families of extracellular messengers,
and can act as neurotransmitters, hormones, and paracrine factors. In the airways the
release of neuropeptides such as the tachykinin, substance P (SP), results in

vasodilation, increased vascular permeability, and edema.

In primary cultures of rat postnatal nodose and jugular ganglia neurons, SP
immunoreactive cell bodies were detected in soma from both ganglia (99). However, in
cultures containing both nodose and jugular neurons the levels of SP produced and the
numbers of immunoreactive cell bodies were 2-3 times higher when compared with
primary cultures containing exclusively nodose ganglion neurons. Interestingly, the
amount of SP measured in nodose only primary cultures increased the longer the

neurons remained in culture (97).
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SP immunoreactivity in nodose and jugular ganglia neurons of rats, mice and
guinea pigs colocalizes with the neuropeptides neurokinin A (NKA) and calcitonin-gene
related peptide (CGRP; 39, 58, 104). NKA is a potent bronchoconstrictor, while CGRP
acts as a vasodilator. Though neurons in both ganglia express the same neuropeptides,
the amounts of each varied between nodose and jugular neurons, which might account
for the differing responses of nodose and jugular neurons following afferent nerve

activation.

1.4.4 Growth Factor Reliance

Numerous studies in several different species have established that neurons in
the nodose and jugular ganglion require different growth factors for their survival.
MacLean et al. (98) found that adding the neurotrophin, nerve growth factor (NGF) to

primary cultures of early postnatal nodose neurons had no effect on neuronal survival.

Work employing the use of transgenic mice has helped to elucidate trophic needs
of vagal sensory neurons. Experiments using NGF -/- mice determined that there was
no change in neuron number in nodose ganglia; however, there was a significant
depletion in the number of jugular neurons, when compared to wild type controls
(reviewed in 134). However, Forgie et al. (50), using a different NGF -/- transgenic
model, found that there were a small population of nodose neurons that were supported
by NGF.

When brain derived neurotrophic factor (BDNF) knock out mice were examined,
significant losses in nodose neurons were detected, while the number of jugular ganglia
neurons remained unchanged (reviewed in 134). A group using transgenic mice that
over-express BDNF found that the number of neurons in the nodose ganglion was
selectively increased, while the number of neurons in other ganglia did not change in
number (86).

Nodose and jugular ganglia neurons have differing trophic support requirements,
as well as differences in embryonic origin, neuropeptide expression and sensitivity to
inhaled irritants. These dissimilarities may all be important factors in determining the

severity of the response that is generated upon activation of airway afferent nerves.
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1.5 Afferent Nerve Action

The afferent sensory nerve fibers in the airways, can be activated by a multitude
of noxious stimuli including: capsaicin, cigarette smoke, ozone, allergens, bradykinin,
low pH, ether, formalin, SO,, (TDI), histamine, methylcholine, prostaglandins,
leukotrienes, cold air, and hypertonic saline (reviewed in 94, 100). The action potentials
generated as a result of depolarizing events at sensory nerve endings are propagated
toward the central nervous system, as well as through the antidromic conduction of
impulses through terminal arborizations of sensory afferent nerve fibers. The peripheral
signals being conducted at the collateral branches to unstimulated nerve endings have

been termed an axon reflex (10).

Information arriving at the NTS in the brainstem, from nodose and jugular
afferents in the airways, elicits differing responses depending on which receptor type
(SAR, RAR, C-fiber) was activated in the airways(78). Signals conducted via SARs
affect the Breuer-Hering reflex. RAR stimulation initiates gasping and cough reflexes. C-

fiber afferent transmission results in rapid, shallow breathing and apnea (78).

Within the airways, antidromic stimulation of nociceptive afferent fibers initiates
neuropeptide release from sensory nerve endings, leading to neurogenic inflammation in
the airways (10). A number of physiological and pathological functions in the airways are
mediated by nodose and jugular sensory afferents and the neuropeptides released from

these nerve fibers.

1.6 Neuropeptides in the Airway

SP was first described in 1931 by von Euler & Gaddum in the brain and intestine
as a smooth muscle-contracting substance, and a vasodepressor (147). SP is an 11-
amino acid peptide (29) localized in nodose and jugular neurons as well as in peripheral
nerve fibers within and beneath the respiratory epithelium, amongst bundles of smooth
muscle, encircling blood vessels and submucosal glands, and in close relationship to
resident immune cells (72). The synthesis of SP in nodose and jugular ganglia neurons
is the result of preprotachykinin-1 gene expression. This gene contains four different
transcripts capable of producing SP, thereby increasing the probability that SP will be

generated upon gene expression (124). Helke et al. (58) found that post-translation
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modifications of SP occur during peptide storage in vesicles and axonal transport to

nerve terminals.

SP exerts its effects in the airway through preferentially binding with neurokinin 1
(NK-1) receptors, though it may also act through the NK-2 and NK-3 receptors (116). In
the lower airways receptors have been localized on the epithelium, small blood vessels
and glands in the lamina propria (19, 111, 118, 129). Binding of SP with NK-1 initiates
receptor-mediated inflammatory responses characterized by plasma extravasation,
vasodilation and mucus secretion (8, 68, 96). The actions of SP in the airways are
terminated through rapid degradation by the tissue peptidase neutral endopeptidase and
angiotensin-converting enzymes, which have been localized to tissues that also have
NK-1 receptors (19, 75, 111, 118, 129). Cigarette smoke-induced neurogenic
inflammation in rat has been show to be partially mediated by SP NK-1 interaction,
characterized by plasma extravasation and goblet cell exocytosis (108). NK-1 receptors
are localized to endothelial cells in postcapillary venules and SP binding with NK-1
results in endocytosis of the ligand receptor complex. Vagal stimulation increased the
number of NK-1 immunoreactive endothelial cell endosomes, indicating that SP may
have a direct effect on endothelial cells (20). This direct effect of SP on plasma
extravasation in endothelial cells of the postcapillary venules in rat trachea was later
demonstrated through i.v. injections of SP. Within 20 sec of injection intracellular gaps
appeared between endothelial cells, peaking in numbers after 1 min, and then
decreasing with a half life of 3.2 min (106). The gaps between endothelial cells

accounted for ~ 3% of the surface area of postcapillary venules.

SP release from sensory afferents in the airways has also been shown to
modulate immune cell functions, including T-lymphocytes proliferation, macrophage
activation, enhanced macrophage and neutrophil phagocytosis, lymphocyte, neutrophil,
eosinophil, and monocyte chemotaxis, enhanced cytokine release from activated
monocytes and endothelial cell proliferation (9, 28, 55, 72, 81, 102, 115, 139).

Under normal physiological conditions the actions of SP described here are
important in protecting the airways when noxious stimuli are encountered. It is when
pathological states induced by chronic inflammatory events, that the effects of SP have

detrimental consequences.
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1.7 Neurotrophins

The neurotrophins (NTs) are a group of structurally related proteins whose
primary function is regulating the survival and differentiation of neurons in both the
peripheral and central nervous system (24). The group includes NGF, BDNF,
neurotrophin-3 (NT-3), and neurotrophin 4/5 (NT-4/5). NTs act primarily as target-
derived paracrine and autocrine trophic factors (125), and are released from nerve-

associated cells such as glial cells, Schwann cells and fibroblasts (88, 89).

As previously discussed, the NTs, NGF and BDNF, are responsible for the
survival of nodose and jugular ganglia neurons, and have been shown to differentially
affect the capsaicin-sensitivity of airway C-fibers in vitro (151). To exert their effects on
particular neuronal subsets, NGF and BDNF act through specific high affinity (KD10-11)
tropomyosin-related kinase (Trk) receptor tyrosine kinases. NGF preferentially binds to
TrkA, BDNF and NT-4/5 to TrkB, and NT-3 to TrkC (114). NTs can also bind the low
affinity (KD10-9) pan-neurotrophin receptor p75NT(82).

Studies have determined that NTs also act as mediators of inflammation, by
altering the expression of neuropeptides that are released from sensory nerve terminals
and through direct interactions with immune cells in both human and animal models (18,
21). Tachykinin production in nodose and jugular ganglia neurons is increased when
levels of NGF and BDNF are increased (65, 91, 97, 138). The respiratory epithelium
and immune cells, including mast cells, T and B-lymphocytes, and activated
macrophages that are present in or recruited to the airways during inflammatory events,
produce and release NTs (21, 22, 43, 76, 87, 141, 144). The interaction of NTs,
neuropeptides, and immune cells in the airways leads to inflammation that is

characteristically seen in asthma.

1.8 Neurogenic Inflammation

Neurogenic inflammation is the term coined by Jancso et al (69), to describe the
increase in vascular permeability, plasma extravasation, and tissue swelling occurring in
the skin and eyes when sensory nerves were stimulated by topical administration of
irritants or by antidromic electrical stimulation (68, 69). Lundberg et al (95) were the first
group to describe neurogenic inflammation in the airway. They found that inhalation of

cigarette smoke, administration of capsaicin or electrical stimulation of the vagus nerve,
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induced an increase in plasma protein extravasation in the airways. The effects were
abolished following pretreatment with capsaicin or a SP antagonist, and it was noted that
exogenous SP given following depletion of SP from sensory nerve fibers elicited the
same effects as the noxious stimuli. These results led them to hypothesize that SP
released from capsaicin-sensitive nerve fibers mediates neurogenic inflammation in the
airways (